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Chronic diseases are multifactorial pathological conditions
considered as a serious public health problem, accounting
for about 60% of deaths worldwide. The immune system
has a central role in many processes involving chronic
diseases. Immunological research involving cancer, meta-
bolic syndrome, heart diseases, and others has not only
enabled the understanding of the mechanisms that underlie
these diseases but also suggested new therapies that may
impact positively on patients minimizing morbidity and
mortality. This special issue aims to present and discuss the
advancement of research and innovative therapies involving
molecular targets associated with the immune system and
chronic diseases as well as the possibility of involving
communicable diseases and chronic emerging.

In this special issue, V. Nguyen et al. reviewed the role of
interleukin-7 (IL-7) and its receptor in immunosenescence.
The review demonstrates that IL-7 is critical to the mainte-
nance of a vigorous health span and longevity. P. Castro-
Sánchez et al. investigated gene expression profiles of human
phosphotyrosine phosphatases (PTPs) consequent to Th1
polarization and effector function and suggested a regulatory
role of autoimmune-related PTPs in controlling T-helper
polarization in humans. P. G. Reis et al. investigated possible
associations between genetic polymorphisms of IL17A
G197A and those of IL17F T7488C with Chagas Disease
(CD) and/or the severity of left ventricular systolic dysfunc-
tion (LVSD) in patients with chronic Chagas cardiomyopathy
(CCC). L.-L. Zhang et al. showed the mechanism whereby

poly-L-arginine and lipopolysaccharide can synergistically
induce the release of interleukin-6 and interleukin-8 in NCI-
H292 cells. In this research, the authors concluded that JNK
signaling pathway contributes to the release of IL-6 and IL-8,
which is stimulated by the synergistic actions of poly-L-
arginine and lipopolysaccharide in NCI-H292 cells.

Idiopathic chronic inflammatory conditions (ICIC) such
as allergy, asthma, chronic obstructive pulmonary disease,
and various autoimmune conditions are a worldwide health
problem. Understanding the pathogenesis of ICIC is essential
for an effective therapy and prevention. However, efforts are
hindered by the lack of comprehensive understanding of the
human immune system function. In this context, S. Balzar
describes the concept of stochastic continuous dual resetting
(CDR) of the immune repertoire as a basic principle that gov-
erns the function of immunity. J. Zheng et al. analyzed the
expression of IL-6, TNF-α, and MCP-1 in respiratory viral
infection in acute exacerbations of a chronic obstructive
pulmonary disease.

Inflammation, altered immune cell phenotype, and func-
tions are key features shared by diverse chronic diseases,
including cardiovascular, neurodegenerative diseases, diabe-
tes, metabolic syndrome, and cancer. Natural killer (NK)
cells are innate lymphoid cells primarily involved in the
immune system response to non-self-components but their
plasticity is largely influenced by the pathological microenvi-
ronment. Altered NK phenotype and function have been
reported in several pathological conditions, basically related

Hindawi
Journal of Immunology Research
Volume 2017, Article ID 4284327, 3 pages
https://doi.org/10.1155/2017/4284327

https://doi.org/10.1155/2017/4284327


to impaired or enhanced toxicity. L. Parisi et al. reviewed and
discussed the role of NKs in selected, different, and “distant”
chronic diseases, cancer, diabetes, periodontitis, and athero-
sclerosis, placing NK cells as crucial orchestrator of these
pathologic conditions.

In this line, to introduce chronic diseases, inflammatory
process and new biomarkers, S. Vachatova et al. studied the
role of selected inflammatory and anti-inflammatory serum
markers of psoriatic patients in the pathogenesis of meta-
bolic syndrome (MetS) and psoriasis. The study was based
on the comparison between the group of psoriatic patients
and the control group. S. Akarsu et al. compared the frequen-
cies of MetS and its components in discoid lupus erythema-
tosus (DLE) with the non-DLE control group. Additionally,
the authors determined the differences of sociodemographic
and clinical data of the DLE patients with MetS compared
to that of the patients without MetS. This was a cross-sec-
tional, case-control study. C. D. P. Júnior et al. studied the
influence of the expression of inflammatory markers on the
kidney after fetal programming in an experimental model
of renal failure. A study carried out by O. Khalifa et al.
observed the influence of the geographic origin in the
TMEM187-IRAK1 polymorphisms associated with rheuma-
toid arthritis susceptibility in Tunisian and French female
populations. Y. Araki and T.Mimura reviewed the epigenetic
mechanisms such as histone modifications, DNA methyla-
tion, and microRNAs in the development of rheumatoid
arthritis (RA). The review shows that aberrant epigenetic
changes contribute to the development of RA and affect
disease susceptibility and severity. A cross-sectional study
conducted by J.-K. Kim et al. demonstrated that the neu-
trophil extracellular trap (NET) formation might be chan-
ged in end-stage renal disease (ESRD) patients, explaining
their higher incidence of coronary artery diseases (CAD).
In addition, the uremia-associated-increased NET forma-
tion may be a sign of increased burden of atherosclerosis.

J. Wu et al. reported 48 chronic granulomatous disease
(CGD) patients in a single-center study from Mainland
China. They identified 39 gene mutations in these patients,
including 36 mutations in CYBB gene, 1 mutation in CYBA
gene, 1 mutation in NCF1 gene, and 1 mutation in NCF2
gene. They found that the compulsory Bacillus Calmette-
Guerin (BCG) vaccination for all infants after birth contrib-
utes to the early onsets in CGD patients in Mainland China.
The study carried out by S. J. Lee et al. showed that the serum
levels of 25-hydroxyvitamin D3 were significantly lower in
patients with primary Sjogren’s syndrome (SS) compared
with those in age- and sex-matched sicca controls. Further-
more, Sjogren’s syndrome disease activity index (ESSDAI)
was negatively associated with serum levels of 25(OH)-
D3 and positively associated with B-cell activation of the
tumor necrosis factor family (BAFF). J. Zhao et al. demon-
strated the differences in antibody responses to mycobacte-
rium tuberculosis antigens in Japanese tuberculosis
patients infected with the Beijing/non-Beijing genotype.
M. R. Al-Anazi et al. showed the association of Toll-like
receptor 3 single nucleotide polymorphisms and hepatitis
C virus infection. Y. Han et al. demonstrated that there
is an impairment of ex vivo phagocytic function of

macrophages from myelodysplastic syndrome (MDS)
patients. The authors also showed levels of reorganization
receptors CD206 and SIRPα were lower accompanied by
an increase in the iNOS levels secreted by macrophages
in MDS. These findings show that monocyte-derived mac-
rophages are impaired in MDS. J. E. Kim et al. reviewed
the medical records of 30 patients with anetoderma. The
results suggest that protruding type anetoderma may rep-
resent a more advanced stage, and the metalloproteinase-
(MMP-) 2 and MMP-9 could be responsible for elastic
fiber degradation in anetoderma.

The review article by A. Mietelska-Porowska and U.
Wojda highlighted the alterations concerning T lymphocytes
and immune mediators such as cytokines and chemokines in
Alzheimer’s disease brain, cerebrospinal fluid, and blood
and the mechanisms by which peripheral T cells cross
the blood brain barrier and the blood-CSF barrier. L. Frick
and C. Pittenger showed in original review evidences that
immune dysregulation contributes to the pathophysiology
of obsessive-compulsive disorder, Tourette syndrome, and
pediatric autoimmune neuropsychiatric disorders associated
with streptococcal infections. The authors explore new
hypotheses as to the potential contributions of microglial
abnormalities to pathophysiology, beyond neuroinflamma-
tion, failures in neuroprotection, lack of support for neuronal
survival, and abnormalities in synaptic pruning.

C. Auriti et al. discussed the genetic and biologic charac-
teristics of mannose-binding lectin, a member of the collect-
ing family, and its role in the susceptibility to infections and
to ischemia-reperfusion-related tissue injuries during the
perinatal period and the possible future therapeutic applica-
tions. P. M. Becher et al. compared the acute and chronic
phases of viral myocarditis to identify the immediate effects
of cardiac inflammation as well as the long-term effects after
resolved inflammation on cardiac fibrosis and consequently
on cardiac function.

The topic of immunological research and cancer was
extensively discussed. P. H. Pandya et al. provided the frame-
work for a novel subspecialty known as immunooncology
This review highlights the fundamentals of incorporating
precision medicine to discover new immune biomarkers
and predictive signatures. A. M. Mehta et al. described in a
review that multiple genes and loci are associated with varia-
tion in risk of cervical cancer. Rather than one single gene
being responsible for cervical carcinogenesis, the authors
postulate that variations in the different immune response
genes lead to subtle differences in the effectiveness of the anti-
viral and antitumor immune responses, ultimately leading to
differences in risk of developing cervical cancer and progres-
sive disease afterHPV infection. L.M. Barajas-Castañeda et al.
analyzed the overexpression of MMP-3 and uPA with dimin-
ished PAI-1 related to metastasis in ductal breast cancer
patients attending a public hospital in Mexico City. D.-
W. Yeh et al. showed the role of Toll-like receptor signal-
ing in the interplay between inflammation and stemness in
cancer cells.

Innovative therapies were also a highlighted topic in this
special issue. The study by S. F. G. Zorzella-Pezavento et al.
demonstrated that previous vaccination with pVAXhsp65
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was able to reduce experimental autoimmune encephalomy-
elitis (EAE) clinical manifestations in C57BL/6 mice and trig-
gered higher IL-10 production at the central nervous system.
The review article by H. Mitoma et al. indicates that epitope-
specific GAD65Ab-induced impairment of GABA release is
involved in the pathogenesis of GAD65Ab-positive cerebellar
ataxias (CAs) and supports the early detection of GAD65Ab-
associated CA to initiate immunotherapy before irreversible
neuronal death in the cerebellum. I. Rohm et al. showed that
treatment with ivabradine in patients with chronic heart
failure resulted in an improvement of heart failure symptoms
and ejection fraction as well as a normalization of inflamma-
tory mediators. A study conducted by L. Mattson et al.
suggested the potential involvement of type I interferon sig-
nalling in immunotherapy in seasonal allergic rhinitis. B.
Ye et al. reviewed the genetically modified T cell-based adop-
tive immunotherapy in hematological malignancies. A.
Navinés-Ferrer et al. focus on IgE-related chronic diseases,
such as allergic asthma and chronic urticaria (CU), and on
the role of the anti-IgE monoclonal antibody, omalizumab,
in their treatment. Y. Zhou et al. demonstrated that dendritic
cells modified by tofacitinib exhibited a typical tolerogenic
phenotype, and Tofa-DCs pulsed with myelin oligodendro-
cyte glycoprotein (MOG)35–55 could effectively dampen the
severity and progression of experimental autoimmune
encephalomyelitis (EAE). This suppression of EAE was asso-
ciated with a remarkable decrease of Th1/Th17 cells and an
increase in regulatory T cells (Tregs).

I.-S. Lee et al. demonstrated the anti-inflammatory effects
of ginsenoside Rg3 via inhibiting NF-kappa B activation in
IL-1β-induced A549 cells and human asthmatic lung tissue.
A study conducted by X. Meng et al. verified the hyperlipid-
emia caused by overuse of glucocorticoid after liver trans-
plantation and the immune adjustment strategy. J. Wang
et al. provide a detailed overview about an important consid-
eration that long-term administration of DT induces a
humoral immune response with an appropriate production
of anti-DT antibodies that can inactivate DT and thus abro-
gate its effect in the DEREGmouse. Additionally, the authors
showed that anti-DT mouse serum partially neutralized DT-
induced Foxp3 inhibition. H. Dong et al. present a brief sum-
mary of the defensins in immunity with specific reference to
human and animal tuberculosis and explore their potential as
a novel approach to therapy or prophylaxis.

Margarete Dulce Bagatini
Andréia Machado Cardoso

Alessandra Antunes dos Santos
Fabiano Barbosa Carvalho
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The age of an individual is an important, independent risk factor for many of the most common diseases afflicting modern societies.
Interleukin-7 (IL-7) plays a central, critical role in the homeostasis of the immune system. Recent studies support a critical role for
IL-7 in themaintenance of a vigorous healthspan.We describe the role of IL-7 and its receptor in immunosenescence, the aging of the
immune system.Anunderstanding of the role that IL-7 plays in agingmaypermit parsimonious preventative or therapeutic solutions
for diverse conditions. Perhaps IL-7 might be used to “tune” the immune system to optimize human healthspan and longevity.

1. Introduction

One’s chronological age is an important, independent risk
factor for many of the most common diseases afflicting the
aging population of the world. Thus, understanding the cen-
tral mechanisms driving senescence may have global impact
to improve healthspan and reduce healthcare costs. A diverse
group of degenerative pathological processes contribute to
the decline and dysfunction of multicellular organisms.
Among these are fibrosis, calcification, stem cell drop-out,
nonenzymatic glycation, degradation of extracellular matrix
(ECM), compromisedmitochondrial biogenesis, loss of tissue
homeostasis, and uncontrolled inflammation. Immunosenes-
cence is the lifelong reduction in immunological reserve and
homeostasis. This process contributes to reduced resistance
to infectious diseases (e.g., pneumonia, influenza, meningitis,
and urinary tract infections), increased propensity to develop
cancer, and increased autoimmune disease (e.g., rheumatoid
arthritis, thyroiditis, systemic lupus erythematosus, and mul-
tiple sclerosis) observed in aged individuals. Furthermore,
immunosenescence limits the success of medical interven-
tions such as vaccination and efforts to augment antitumor
immunity. Attempts to pinpoint a single “cause”of senescence
in general and immunosenescence in particular havemet with
limited success. However, recent studies support a critical role
for IL-7 in themaintenance of a vigorous healthspan and have
identified IL-7 and its receptor and associated proteins, “the
IL-7 network,” as a useful biomarker of successful aging [1].

To understand the IL-7 network, we begin with a descrip-
tion of IL-7, the IL-7 receptor, and downstream signal trans-
duction. We document how aging affects various parts of
the immune system, B cells, T cells, and so forth, in an effort
to understand which aspects of the elegant immune mecha-
nism are most vulnerable and connected to IL-7. Next, we
examine mechanisms of immunosenescence through the
prism of the “molecular and cellular hallmarks of aging” as
defined by Lopez-Otin et al. [2]. Among these hallmarks
are as follows: (a) increasing damage to DNA, (b) genomic
instability and epigenetic changes, (c) telomere shortening,
(d) stem cell exhaustion, (e) limited capacity for regeneration,
(f) loss of proteostasis, (g) senescence of cells (e.g., Hayflick
limit), and (h) altered communication between cells, tissues,
and organs. Each of these mechanisms (and probably more!)
contributes to the development of immunosenescence.
Finally, we describe efforts to utilize the IL-7 axis for therapeu-
tic purposes. While initial attempts to develop therapeutics
based on the IL-7 network have met with limited success,
efforts are ongoing to harness the pleiotropic activities of this
“lympho-homeostatic” cytokine.

2. IL-7, IL-7 Receptor, and IL-7 Signal
Transduction

IL-7 is a member of the common γ chain (γc-CD132) family
of cytokines that include interleukin-2 (IL-2), IL-4, IL-7, IL-9,
IL-15, and IL-21 [3, 4]. Like other members, IL-7 signals via a
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ternary complex formed with its unique α-receptor, IL-7Rα
(CD127), and the common γc receptor (Figure 1). This
interaction stimulates the Janus kinase (JAK) and signal
transducer and activator of transcription (STAT) proteins
with subsequent activation of the phosphoinositol 3-kinase
(PI3K)/Akt, or Src pathways to facilitate target gene tran-
scription [3].

Two forms of the IL-7R, membrane-bound and soluble
IL-7R, exhibit different functions [5, 6]. Membrane-bound
IL-7R mediates IL-7 signal transduction, while soluble IL-7R
provides a modulatory control mechanism [7]. Lundstrom
et al. (2013) suggest that the soluble form of the IL-7R may
potentiate IL-7 signaling and augment autoimmunity [8].

The signaling cascade(s) initiated by γc interleukins and
their receptors regulates homeostasis of B, T, and natural
killer (NK) cells of the immune system.

3. Immunosenescence: The Result of Multiple
“Hits” to Immune Cell Development

Immunosenescence affects multiple cells within the hemato-
poietic lineage as described below. The result is a gradual
deterioration of immune function with age. Disruption of
the IL-7 signaling pathway plays a central role in this process.

3.1. Hematopoietic Stem Cells. The diverse cells of the
immune system derive from bone marrow-derived hemato-
poietic stem cells (HSC) (Figure 2). HSC self-renew to pre-
vent clonal exhaustion and differentiate along multiple
lineages. Aging HSC demonstrate a reduced capacity for
self-renewal [9, 10] and ability to differentiate along the
lymphoid lineage [11] which is accompanied by an age-
dependent increase in cell-cycle inhibitor p16INK4a [11].

3.2. B Lymphopoiesis. Antibody-producing B cells arise in the
bonemarrow fromHSC via the common lymphoid precursor
(CLP) cell [12] (Figure 3).CLPcells give rise to earlypro-Bcells
(CD43+,CD45+, andMHCII+) via successfulD-J heavy chain
gene joining in an IL-7 receptor-dependent manner. The
activity of the recombination activating genes (RAG1/RAG2)
controls rearrangement and assembly of immunoglobulins
[13]. Late pro-B cells (CD43+, CD45+, CD40+, CD19+, and
MHCII+) undergo heavy chain VH joining to the DJ
fragments [14]. Next large pre-B cells express the pre-B cell
receptor complex (BCR: surface immunoglobulin, +CD79a/b
coreceptor) and differentiate into small pre-B cells character-
ized by light chain DJ rearrangement.

Bone marrow development of B cells is characterized by
both positive and negative selection. Cytokines such as B
cell-activating factor (BAFF, tumor necrosis factor ligand
superfamily member 13B), a proliferation-inducing ligand
(APRIL, tumor necrosis factor ligand superfamily member
13 (TNFSF13)), and engagement of the BCR drive B cell
expansion. If the BCR does not bind a ligand, the further
development of the B cell is interrupted and the cell
undergoes apoptosis (positive selection). If the BCR binds a
self-antigen, central tolerance can result via several mecha-
nisms, that is, clonal deletion, receptor editing, or anergy
[15]. To complete development, the IgM-bearing immature
B cells exit the bone marrow circulating to peripheral lym-
phoid tissues such as the spleen. There, B cells can undergo
further activation, affinity maturation, and immunoglobulin
class-switching eventually differentiating into antibody-
producing plasma cells.

IL-7 plays multiple important roles during B cell lympho-
poiesis. Prior to very early B cell development, IL-7 promotes
the commitment of CLP cells to the B-lineage [16]. Pro-B
cells bear IL-7 receptors that facilitate the survival, prolifera-
tion, and maturation to pre-B cells. IL-7 acts in concert with
Pax-5, E2A, and EBF and other transcription factors to regu-
late immunoglobulin gene rearrangement by modulating
Foxo protein activation and RAG enhancer activity. Similar
to other cytokines, IL-7R signaling is regulated by the
suppressor of cytokine signaling (SOCS) proteins [17].

Age-associated changes in humoral immunity include
reduced numbers of pro- and pre-B cells with diminished
RAG expression [18, 19] resulting from a compromised bone
marrow microenvironment [20]. These defects in B cell
development result in the generation of less effective anti-
bodies with reduced diversity and lower affinity [21, 22] as
well as production of autoantibodies, a result of compro-
mised tolerance. Murine pro-B cells fail to respond to IL-7
but not to other growth factors [23], a finding consistent
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Figure 1: Schematic of IL-7R signal transduction. IL-7 and its cell-
surface receptor—a heterodimer consisting of the IL-7Rα and the
common γ chain (γc)—form a ternary complex that engages the
JAK-STAT pathway. The subsequent downstream activation of
PI3K, bcl-2, and src kinases leads to gene transcription. IL-7R
signal transduction is important in directing the differentiation,
proliferation, and survival of immune cells including B, T, and
natural killer (NK) cells. The IL-7Rα chain is shared with another
receptor recognizing thymic stromal lymphopoietin (TSLP). In this
scenario, the IL-7Rα noncovalently associates with the cytokine
receptor-like factor 2 (CRLF2). Likewise, the γc is shared with other
receptors specifically recognizing IL-2, IL-4, IL-9, IL-15, and IL-21.
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with an important role of IL-7 in aging of the hematopoietic
microenvironment.

3.3.TLymphocytes andThymic Involution.The thymusplays a
central role in immunity being theprimary organ facilitatingT
cell maturation and development of self-tolerant, self-major
histocompatibility complex-restricted, immunocompetent T
cells [24–26] (Figure 4). A dramatic reduction in the size of
the thymus accompanies aging suggesting a critical role in
immunosenescence. Thymic epithelial cells (TEC) provide
a favorable stromal microenvironment to nurture T cell
development [27, 28]. Paracrine growth factors such as
IL-7, other cytokines, and cell-surface antigens combine

to direct thymopoiesis. The process begins when HSC-
derived early thymic precursor (ETP) cells that are surface
negative for CD4 and CD8 (so-called “double negative
cells”) traffic into the thymus via the corticomedullary
junction and localize in the outmost cortical zone. These
double negative ETP cells develop along the following
pathways; DN1 [CD44+ CD25−], DN2 [CD44+ CD25+],
DN3 [CD44− CD25+], and DN4 [CD44− CD25−]. Most
cortical thymocytes next express CD4 and CD8 (becoming
double positive) during rearrangement of T cell receptor
(TCR) genes [29, 30] and selection against self-reactive
antigens. Finally, migration to the thymic medulla is
accompanied by differentiation into single-positive CD4+
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Figure 2: The development of lymphocytes. CLP cells are the earliest lymphoid progenitor cells derived from hematopoietic stem cells, giving
rise to T-lineage, B-lineage, and natural killer (NK) cells. lL-7 plays a significant role at specific stages in the development of these cells. (See
text for details.)
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Figure 3: Schematic of B lymphopoiesis in the bone marrow. The presence of various cell-surface markers is indicated in parallel with each
stage in the development of B cells. Among these, IL-7 is important in early B cell differentiation because it promotes the commitment of CLP
to the B-lineage. It also acts in concert with transcription factors to regulate immunoglobulin gene rearrangement in the pro-B cell and early
pre-B cell stages. Early pre-B cells express IL-7Rα until V-DJ rearrangement is complete. Successfully rearranged cells then proliferate in
response to IL-7 and other cytokines.
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Figure 4: Effect of IL-7 on T cell regeneration. IL-7 regulates T cell homeostasis through three immune modulation pathways: thymic
differentiation, peripheral expansion, and extrathymic differentiation. To regenerate peripheral T cells, IL-7 directs T cell differentiation
and maturation in the thymus. As age-related decline in thymic function becomes apparent, IL-7 contributes to the maintenance of the T
cell pool through the expansion of existing peripheral T cells. Extrathymic differentiation from CLP cells is possible but is only a minor
pathway. In all three scenarios, IL-7 is known to have an important signaling effect.
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or CD8+ cells ready to populate peripheral lymphoid
tissues [31].

The so-called “thymic involution” is characterized by
reduced epithelial space and cellularity accompanied by an
increase in perivascular space and a progressive replacement
with fat [32–34]. This process begins as early as age 9 months
[35] with several phases of more rapid regression (in those
under 10 years of age and between the ages of 25 and 40
years) with slower atrophy thereafter [33]. Despite these
dramatic changes, the aging thymus continues to produce T
cells albeit at a reduced rate [36, 37]. For example, Jamieson
et al. (1999) found evidence of recent thymic emigrants
(RTE) among elderly individuals by documenting T cell
receptor excision circle-positive (TREC+) T cells [37].

Numerous studies have tried to nail down the cause of
thymic aging. IL-7 is a strong candidate because it is produced
by TECs and is critically important for thymopoiesis. IL-7
declines with age, and treatment of mice with anti-IL-7 anti-
bodies elicits a phenotype similar to thymic involution [38].
In some studies, IL-7 therapy of oldmice increases thymic cel-
lularity and weight. However, Sempowski et al. demonstrated
an increase in peripheral TREC+ CD8+ T cells following

treatment with IL-7 for two weeks, although this therapy did
not increase the number of thymocytes [39]. When Phillips
et al. engineered thymic stromal cells to produce exogenous
IL-7, older mice displayed increased CD25+ DN thymocytes
but exhibited no change in thymic output or reversal of thymic
involution [40]. Apparently, IL-7 can reverse a checkpoint
defect early in thymopoiesis without benefit for reversal of
thymic involution.

The generation of thymic T cells decreases by perhaps
100 times with age. Although the generation of novel naive
T cells is reduced, the diversity of the youthful T cell reper-
toire is maintained during aging by homeostatic prolifera-
tion (Figure 5). Overall, the richness of the repertoire is
only reduced by perhaps 2–5-fold for both CD4+ and CD8+
lymphocytes. However, differences in the homeostatic pro-
liferation of CD4+ and CD8+ cells drive the imbalance of
these cells observed in aging: there is a modest increase in
the clonality of CD4+ cells but a large increase for CD8+
cells with a concomitant decline in the size of the CD8+
compartment [41, 42].

IL-7 drives T cell proliferation without inducing a switch
to a memory phenotype [43]. Concentrations of IL-7 do not
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Figure 5: While thymic regeneration of T cells in healthy adults experiences a 10–100-fold decrease, homeostatic T cell proliferation remains
stable throughout life. Both T cell lineages decrease by 2–5-fold in diversity. However, differences in the homeostatic proliferation of CD4+
and CD8+ cells drive the imbalance of these cells observed in aging: there is a modest increase in the clonality of CD4+ cells but a large
increase for CD8+ cells with a concomitant decline in the size of the CD8+ compartment.
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decline with age and thus are unlikely to become rate limiting
in the peripheral expansion of naive T cells which is driven by
tonic TCR signals and IL-7 [44, 45]. This is consistent with
the observations that the CD4+ lymphocyte compartment
is not reduced in size with aging. Naive CD4+ T cells from
aged individuals express more high-affinity IL-2 receptors
(CD25) becoming more IL-2 responsive [46] which undoubt-
edly supports their survival. CD31 is expressed on a subset of
naive CD4+ T cells that are recent thymic emigrants. TREC
concentrations decrease slightly in CD31+ CD4+ T cells with
age consistent with only limited replication in this population
[47].With thymic involution, the CD31+ population shrinks
and the CD31−naive T cell population increases in size and
its T cell receptor excision circle content more drastically
declines [47]. The loss of CD31 expression in naive T cells is
generally not associated with the acquisition of phenotypic
markers of memory T cells. Clones derived from the naive
CD8+T cell compartment largelymaintain a naive phenotype
as only a small fraction of these clones expresses memory cell
markers. Furthermore, TCRdiversity inCD8+memoryTcells
is about tenfold lower than that of CD4+memory T cells [48].
Presently, the reasons for the large depletion of the CD8+
compartment are not clear.

4. IL-7R Network as a Biomarker of Aging

The age of an individual is an important, independent risk
factor for many of the most common diseases afflicting
modern societies. Biomarkers can improve our understand-
ing of age-associated conditions, changes in status of health,
morbidity, and mortality by documenting biological age
versus chronological age [1].Recent studies outofNetherlands
indicate that IL-7 and its receptor may provide promising
biomarkers of immunosenescence.

As part of Netherlands’ Leiden Longevity Study (LLS),
Passtoors et al. (2015) identified a set of 1853 genes that
associated with chronological age. 244 of this panel were
associated with increased familial longevity, that is, they
were differentially expressed in middle-aged children of
siblings of healthy nonagenarians [1]. Among these genes,
low expression of the IL-7 receptor (IL-7R) in old age was
associated with a better metabolic profile (e.g., insulin sensi-
tivity and lower blood lipids) and thus nominated as a
candidate biomarker for healthy aging [49]. This does not
imply that reduction of IL-7R expression in general is benefi-
cial to maintaining good health. Proteins interacting with the
IL-7R were identified using the STRING protein-protein
interaction database (http://string-db.org/). This approach
identified the “IL-7R network” which is comprised of the
following proteins: IL2RG, IL-7, TSLP, CRLF2, JAK1, and
JAK3. A short description of their function(s) demonstrates
how they are connected.

4.1. IL-7 and IL-7R. IL-7 and its receptor, IL-7R/CD127,
regulate development, differentiation, and survival of T cells
at multiple levels. The Leiden Longevity Study group previ-
ously observed that the offspring of nonagenarian siblings
do not exhibit the expected age-related reduction of periph-
eral naive T cells [50]. Reduced IL-7 signaling may somehow

protect naive T cells with benefit to the biological age and
health status of elderly individuals. A more robust naive T
cell repertoire is expected to provide better protection from
novel pathogens encountered as one ages.

Levels of gene expression of the IL-7R gene network were
measured by RT-PCR of whole blood samples from 87 nona-
genarians who also had a nonagenarian sibling, 337 of their
offspring, considered “healthy agers,” and 321 controls from
the LLS. After statistical adjustment for multiple group test-
ing, three genes, IL-7R, IL2RG, and IL-7, showed significant
differential expression with >5% difference between nonage-
narians and middle-aged controls. Expression of the ligand
genes of the IL-7R complex (i.e., IL-7R, IL2RG, IL-7, TSLP,
and CRLF2) was all lower in nonagenarians, whereas expres-
sion of JAK1 and JAK3 was higher. The expression level of
the IL-7R gene set was significantly different between the
nonagenarians and younger controls (P = 4 6 × 10−4). Among
the offspring of the nonagenarians, expression of the IL-7R
complex/ligands IL-7R, IL2RG, IL-7, TSLP, and JAK3 was
lower versus that of the controls with the IL-7R exhibiting the
most significant difference. In contrast, JAK1 was higher
among offspring. However, higher expression of IL7R is
actually associatedwith protection frommortality (see below).
How does one explain this paradox?

4.2. Interleukin-2 Receptor Gamma. Interleukin-2 receptor
subunit gamma (IL2RG), also called the common gamma
chain (γc), or CD132, is an essential component of inter-
leukin signaling involving IL-7, IL-2, IL-4, IL-9, IL-15,
and IL-21. CD132 is a 369 amino acid glycoprotein that
participates in the initiation of signaling cascades that
direct the differentiation and maturation of lymphocytes,
including T cells, B cells, and NK cells. CD132 is encoded
by the gene IL2RG, located on the q arm of the X chromosome
at position 13.1. X-linked SCID is caused by one of over 200
mutations in this gene. For reasons that are unclear, overex-
pression of the genemay impair the immune response in neu-
ropsychiatric disorders, including schizophrenia. Pathways
involving IL2RG are involved in human T cell lymphotropic
virus type 1 (HTLV-I) infection and the T helper 17 cell
(Th17) differentiation pathway [51].

4.3. Thymic Stromal Lymphopoietin (TSLP). Thymic stromal
lymphopoietin (TSLP), a member of the cytokine I receptor
family, binds heterodimeric CRLF2 and the IL-7Rα and acti-
vates theSTAT3, STAT5, and JAK2pathways.Thesepathways
control differentiation and proliferation of hematopoietic
stem cells. Fibroblasts, epithelial cells, and stromal cells all
expressTSLP.TSLPproduction is stimulatedby inflammatory
cytokines such as IL13, by pathogens or physical injury [52].
Triggering toll-like receptor 3 (TLR-3) can also induce TSLP
secretion. Elevated expressionofdendritic cell expressedTSLP
contributes to the pathogenesis of asthma [53], atopic derma-
titis [54], and inflammatoryarthritis [55], diseasesknowntobe
associated with abnormal regulation of IL-7.

4.4. CRLF2. Cytokine receptor-like factor 2, a member of the
cytokine I receptor family, is a receptor for TSLP. Heterodi-
merization of CRLF2 with the IL-7Rα by TSLP initiates
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JAK-STAT phosphorylation-mediated transcriptional con-
trol as noted above.

4.5. JAK1 and JAK3.Cytokine signaling crosstalk results from
cross-specificity in activation by the Janus kinase (JAK) and
signal transducers and activators of transcription (STAT).
The JAK family comprises four members, each associated
with particular cytokine signal transduction. The JAK-
STAT pathway is initiated following binding of IL-7 to its
receptor complex. Subsequently, phosphorylation of tyrosine
residues on the receptor takes place, thus recruiting STATs,
which in turn are tyrosine-phosphorylated by JAKs. The
activated STATs dimerize and migrate to the nucleus to
induce transcription of targeted genes. Stimulation of
numerous STATs by the JAK kinases leads to significant
cross-talk. Research indicates that clathrin phosphorylation
is caused by the activation of the pro-T cells by IL-7. Severe
combined immunodeficiency (SCID) syndrome results from
aberrant JAK signaling [56]. Mutation in the JAK3 kinase
gene causes autosomal SCID with increased susceptibility
to life-threatening opportunistic infections during infancy.

4.6. Mortality and IL-7R Gene Expression. In the Leiden
Longevity Study, survival analysis was made using a Cox
proportional hazard model for low versus high IL-7R gene
expression in 81 nonagenarians versus the combined group
of 619 of their middle-aged offspring and controls. Among
nonagenarians (hazard ratio (HR)= 0.60, 95% CI 0.40–0.92,
P = 0 018) as well as middle-aged subjects (HR=0.50, 95%
CI 0.30–0.82, P = 0 007), high IL-7R gene expression is asso-
ciated with reduced mortality over 10 years; that is, higher
gene expression levels of IL-7R in blood predict better
survival in both age groups. Seemingly, high levels of IL-7R
are beneficial. Do the middle-aged children of nonagenarians
also have higher mortality over a 10-year period? The data do
not have the statistical power to answer this question. But
assuming the children follow the pattern of the entire
middle-aged group, they may be more resistant to immuno-
senescence at a cost of poorer short-term health/immune
function and an increased chance of death over the short
term. It is as if there is a limited total supply of lymphocytes
that can be induced by IL-7 over a lifetime. Consuming the
lymphocytes in youth and middle age provides better health,
with the caveat that it may limit the possibility of living to old
age. Fewer/less active lymphocytes during middle age may
increase the chance of disease somewhat but result in a large
enough pool of lymphocytes in old age to promote viability.
Perhaps IL-7R represents a case antagonistic pleiotropy.

Alternatively, the authors speculate that perhaps the
nonagenarian members of long-lived families exhibit more
“efficient” IL-7 signaling, requiring fewer naive T cells to
preserve their immunological functional reserve to combat
infections in old age. This contrasts with individuals with
severe combined immunodeficiencies (SCIDs) and HIV
infections who exhibit very low IL-7R signaling [57–59].

4.7. Higher IL-7R Expression Is Associated with a Higher
Prevalence of Immune-Related Diseases. Interestingly, in
the LLS, the difference in IL-7R expression between

offspring and controls remained after adjustment for preva-
lence of T2D, COPD, and RA. Thus, the IL-7R expression
levels in blood associated with immune-related disease on
the one hand and decreased mortality over a 10-year period
on the other, suggesting that increased immune health may
trade off with an increased chance of autoimmune and
inflammatory diseases.

5. Paradigms and Mechanisms of
Immunosenescence

Lopez-Otin et al. (2013) recently summarized current
“Molecular and cellular hallmarks of aging” [2]. Among these
were increasing damage to DNA, genomic instability and
epigenetic changes, telomere shortening, stem cell exhaus-
tion, limited capacity for regeneration, loss of proteostasis,
senescence of cells (e.g., Hayflick limit), and altered commu-
nication between cells, tissues, and organs. All of these mech-
anisms (and probably more!) contribute to the development
of immunosenescence.

5.1. Damage toDNA.Many syndromes of premature aging are
characterized by defects in DNA repair pathways [60, 61].
Accelerated immune system aging has been linked to defects
in the MRE-ATM DNA repair pathway in patients with
rheumatoid arthritis which renders naive CD4 T cells more
susceptible to apoptosis [62]. Similar damage gradually
accumulates in aged individuals, although damage to DNA
in naive CD4 T cells in normal individuals is minimal up
to the 7th decade of life [63]. Perhaps as important, accu-
mulation of damage to mitochondrial DNA (mtDNA) of
lymphocytes is well documented and is likely to play an
important role in immunosenescence [64, 65].

5.2. Integrity of Telomeres. The termini of chromosomes are
comprised of repetitive nucleotide sequences called telo-
meres. The average human telomere encodes ~2500 copies
of the hexamer, TTAGGG. Over the lifetime of an individual,
telomeres shorten with each cell division, beginning from
about 11 kilobases at birth to less than 4 kilobases in old
age. The telomerase reverse transcriptase (TERT) gene and
associated telomerase RNA component (TERC) as RNA
template catalyze the addition of the telomeric repeats to
the chromosome ends to prevent shortening in germ-line
cells, embryonic stem cells, and the majority of tumor cells.

Telomerase activity and telomere length correlate with
stage of differentiation and activation of B and T lympho-
cytes [66]. Age-associated telomere attrition in naive T cells
is well documented despite the continued expression of telo-
merase [67].MemoryT lymphocytes andnaiveT lymphocytes
differ in their telomeric lengths and replicative capacity [68].
Defects in proliferation of effector memory T cells correlate
withmarkers of senescence suchasCD57andshorter telomere
length [69]. Brazvan et al. (2016) showed that among apanel of
cytokines, IL-7 and IL-15 increased telomere length and
hTERT gene expression in cord blood cells consistent with
the function of these cytokines to maintain the naive pheno-
type of progenitor cells [70]. Although telomere dysfunction
accompanies aging and autoimmunity (e.g., rheumatoid
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arthritis [63]), “telomere-based” therapies for immunosenes-
cence [71, 72] have to date largely failed.

5.3. Metabolic Mechanisms of Cellular Aging. Telomere
attrition, DNA damage responses, mtDNA damage, and
mitochondrial dysfunction are intimately connected to the
metabolic changes associated with aging [73, 74]. Like tumor
cells, aerobic glycolysis enables T cell proliferation [75].
Mitochondria-derived reactive oxygen species (ROS) play a
key role in T cell receptor-mediated signaling [76]. Autophagy
provides another level of control of T cell differentiation and
survival [77, 78], and inmice, agingofTcellsmaybeassociated
with a defect in chaperone-mediated autophagy [78].

mTOR signaling has been implicated in mammalian life-
span and human longevity [79, 80]. AMPK [81], a sensor of
low intracellular glucose, is activated by phosphorylation on
Thr172 in its catalytic α-subunit to shift metabolism towards
catabolism and inhibit mTOR activity in T cells [82, 83]. The
senescent CD27-CD28-CD4+ T cell subset showed sponta-
neous AMPKα activation and downstream p38 signaling
[84]. In senescent CD8+ T cells, p38 signaling inhibited
mTORC1-independent autophagy.

IL-7 augments phosphorylation of S6 and 4EBP1 which
are downstream targets of the mTOR complex 1 (mTORC1).
Rapamycin, known to extend the lifespan of several species
including mice, blocks these effects of IL-7. The stimulation
of pre-B leukemia cells by IL-7-R complex member TSLP is
also inhibited by rapamycin [85].

Ouyang et al. (2009) implicated IL-7R as a Foxo1
target gene [86], and Kerdiles et al. (2009) showed that
Foxo1 links homing and survival of naive T cells by regu-
lating L-selectin, CCR7, and the IL-7R [87]. Furthermore,
IL-7 induces Foxo1 phosphorylation with resultant target
gene transcription [87]. In B cells, the mTOR complex 2
(mTORC2) suppresses IL-7R gene expression by regulating
Foxo1 phosphorylation [88].

Reduced IL-7 levels may contribute to lower mTORC1
activation, and IL-7R signaling correlates with mTORC2
activation of RPTOR, Foxo1, and mTOR genes [1, 79]; both
effects associated with increased lifespan/longevity. Higher
mTOR levels reduce HSC function [89], which could result
in fewer lymphocytes later in life. Considering the clear
connections with IL-7 signaling and similar findings on the
level of gene expression variations, mTOR signaling might
also be involved in “inflammaging” as part of its lifespan-
regulating effect.

5.4. Inflammaging. The “inflammaging” hypothesis postu-
lates that systemic inflammation makes a significant contri-
bution to the process of aging [90, 91] (Figure 6). Healthy
nonagenarians from the Leiden study display fewer age-
related characteristics of “immunosenescence” and relatively
low levels of proinflammatory markers [50]. The paradigm
proposes that reduced function of the aging innate and
adaptive immune systems promotes low-grade inflamma-
tion mediated by diverse mechanisms. Chronic infections
(e.g., herpes simplex-1 virus (HSV-1) and cytomegalovirus
(CMV)) and various endogenous antigens such as oxidized
lipoproteins, advanced glycation end products, cellular

debris, misfolded proteins and products of nitrosylation,
reactive oxygen intermediates, and so forth stimulate the
immune system. By interacting with danger-associated
molecular pattern (DAMP), recognition molecules such as
the toll-like receptor (TLR) chronic activators reduce effec-
tive responses to infections and cancer, while mediating
low-grade tissue damage. Immunosenescence is character-
ized by the deterioration of immune function at multiple
levels, often driven by chronic low-grade inflammation.

5.5. The Senescence-Associated Phenotype (SASP).One postu-
lated origin of proinflammatory cytokines may be the senes-
cent cells themselves. The senescence-associated phenotype
(SASP) characterizes old cells that have not been eliminated
by the aging immune system. While cell senescence may
reduce the odds of carcinogenic transformation, damaged
cells with the cytokine secretory phenotype accumulate pro-
moting tissue disruption, atrophy, and dysfunction. Recent
remarkable studies demonstrate that clearance of p16Ink4a-
positive senescent cells delays aging-associated disorders in
mice [92].

A unique subset of B cells, age-associated B cells (ABC)
expressing the transcription factor T-bet, accumulate pro-
gressively with age [93]. Aged mice exhibit ~5–10-fold
increase in ABC with a higher proportion in females and
autoimmunity. These cells promote apoptosis of pro-B
cells via secretion of TNFα [94]. Whether the age-dependent
reduction in IL-7-mediated pro-B to pre-B cell check-
point transition relates to the activity of ABC will await
future study.

5.6. Stem Cell Attrition versus Regeneration. In the adaptive
immune system, the generation of novel naive T cells is
completely dependent on thymic function (see 2.3). Thus,
the dramatic involution of the mammalian thymus supports
a key role in T cell homeostasis with aging. However, recent
work documents substantial differences between short-lived
rodents and much longer living humans [95]. In humans,
maintenance of a robust repertoire during adulthood is
dependent on homeostatic proliferation of the existing CD4
T lymphocyte pool versus repopulation from the thymus
[96]. IL-7 is uniquely important in the homeostatic mainte-
nance of and peripheral expansion of naive T cells [44, 45].
Concentrations of IL-7 do not decline with age and do not
become limiting in this process. Thus, IL-7 augments naive
CD4 T cell proliferation without promoting a switch to mem-
ory cells [43].

In contrast to CD4 cells, the CD8 lymphocyte compart-
ment shrinks with age. The reasons for this are not clear
[42, 48]. Furthermore, T cell receptor diversity is about ten-
fold lower for CD8 versus CD4 memory cells [97]. Reynolds
et al. (2013) suggest that increased IL-7-mediatedproliferation
secondary toa reduced threshold for IL-7Ractivationmay lead
to a steep decline in lymphocyte populations with aging [98].
Thus, the balance between TCR engagement and homeostatic
cytokine stimulation needs to be “tuned” for optimal survival/
maintenance versus triggering increased turnover [99]. Pro-
duction of excess cytokines and their receptors (e.g., IL-2 and
interferon gamma) during inflammation is expected to upset
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this balance to accelerate immunosenescence. Thus, not
unexpectedly, several autoimmunoinflammatory diseases are
associated with accelerated immunosenescence [100].

6. Medical Conditions Associated with IL-7/IL-
7R Dysfunction

Numerous studies implicate IL-7 and IL-7R signaling in the
pathogenesis of immunoinflammatory disorders [101–104].
Meta-analysis and genome-wide association studies demon-
strate that genetic variation in the IL-7R gene is associated
with type 1 diabetes [105], multiple sclerosis [106–108],
ulcerative colitis [109], and primary biliary cirrhosis [110].
These results support the hypothesis that genetic variation
in and the expression of the IL-7R gene contributes to the
pathogenesis of autoimmune and chronic inflammatory
disease. However, many of these diseases are multigenic
and the IL-7R network probably accounts for only a fraction
of the variation.

Gain-of-function mutations as well as insertions and
deletions in the IL-7Rα gene frequently occur in both B and
T cell acute lymphocyte leukemias (ALL) [52, 111–113].
Details of multiple structural insights into the aberrant IL-7
signaling observed in malignant leukemia cells are described
in beautiful detail by Walsh [52].

Mutations in the extracellular domain of IL-7Rα are asso-
ciated with severe combined immunodeficiency (SCID) of
the T− B+ NK+ type [57, 114]. Premature termination of
the mRNA, folding defects, and/or destabilized IL-7-Rα-
receptor protein compromises interactions with IL-7 to limit
signal transduction with global effects on immune function.
More than 300 mutations have been identified in the γc
receptor in patients suffering from X-linked SCID (see
http://research.nhgri.nih.gov/scid/). The phenotype of γc
SCIDs is T− B+ NK− [114]. Bone marrow transplantation
is the current therapy for both IL-7Rα and γc SCIDs. Do
SCIDs exhibit accelerated aging? This is an interesting, but
probably impossible question to answer, given the complexity
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of these patients and their generally shorter average lifespans
due to infectious complications.

6.1. Clinical Experience with IL-7. Recent studies have shown
that (1) in treated HIV-infected adult patients [115, 116],
thymic function can be maintained or improved to facilitate
CD4 lymphocyte repopulation and (2) growth hormone
treatment [111] or androgen antagonism [117, 118] can
augment adult thymopoiesis. Thus, thymic atrophy may be
at least partially reversible and/or immunosenescence can
be delayed. Furthermore, the human adult thymus may have
more reserve than previously thought [69, 119]. Based on its
pleiotropic activities, replacement or augmentation of IL-7 is
a rationale therapeutic approach to counteract immunose-
nescence (Figure 7).

6.2. Pre-Pro-B Cell Growth-Stimulating Factor (PPBSF). Both
IL-7 (reviewed in Sportes et al. [120]; Capitini et al. [121])
and HGF (reviewed in Ido and Hirohito [122]) have been
tested in numerous human clinical trials as separate agents
and, in general, have been well tolerated and mediated some
beneficial effects. Administration of IL-7 to normal individ-
uals caused an expansion of CD8+ and CD4+ T cells but a
relative decrease in T-regulatory cells [123]. Also, in normal
individuals, IL-7 increased the T cell receptor diversity by
preferential expansion of naive T cell subsets resulting in

a circulating T cell pool that more closely resembled that
seen in earlier life [120]. This suggests that IL-7 therapy
could enhance and broaden immune responses particularly
among individuals with limited naive T cells and dimin-
ished repertoire diversity, as it occurs after chemotherapy-
induced lymphocyte depletion. In a phase I study, IL-7
administered to patients with incurable malignancy mark-
edly increased peripheral CD3+, CD4+, and CD8+ T cells
and transitional B cells, and also, induced in the bone mar-
row a marked polyclonal proliferation of pre-B cells [124].
IL-7 therapy has also enhanced T cell recovery in HIV-1-
infected adults [125, 126].

HGF administered as a gene-therapy or as a recombinant
protein has been tested in clinical trials for hepatitis [77],
fulminant liver failure [122], coronary artery disease
[127–130], ischemic cardiac disease [131], and critical limb
ischemia [132, 133].

McKenna et al. [134] identified a naturally occurring
heterodimeric self-assembling form of IL-7 with the beta
chain of hepatocyte growth factor, called pre-pro-B cell
growth-stimulating factor (PPBSF) (HGF) [135, 136]. HGF
is a heterodimeric, pleiotropic cytokine regulating paren-
chymal cell growth, motility, and morphogenesis [137].
HGF contributes to the regulation of hematopoiesis in
mouse fetal liver and adult bone marrow [138, 139] as well
as lymphopoiesis [140, 141].

T-cell
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T cells
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Bone marrow

Young Old
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Figure 7: In some studies, Il-7 therapy caused rejuvenation of the T cell population, broadened immune responses in cancer patients, and
enhanced T cell recovery in HIV-1-infected adults. (See Section 6.)
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The IL-7/HGFβ hybrid cytokine selectively induces
proliferation and differentiation of pre-pro-B cells in rat
BM, by upregulating the IL-7Rα chain and cμ expression,
to enable pro-B cells to respond to monomeric IL-7 [142].
Lai et al. fused Il-7 and HGFβ via a peptide flexible linker
[143]. This recombinant single-chain (sc) IL-7/HGFβ pro-
tein, unlike IL-7, stimulates the proliferation of day 12 spleen
colony-forming units (CFU-S12) and pre-pro-B cells, as well
as common lymphoid progenitors (CLPs). Furthermore, cells
from scIL-7/HGFβ-stimulated cultures generated B-lineage
cells in vivo more effectively than did those from cultures
stimulated with IL-7. scIL-7/HGFβs exhibit the so-called
“juxtacrine signaling” via engagement of both the IL-7 and
HGF (c-Met) receptors. Administration of the IL-7/HGFβ
hybrid cytokine significantly enhances thymopoiesis after
syngeneic or allogeneic bone marrow transplantation and
promotes antitumor immunity [144].

6.3. Cyt107, Recombinant Human IL-7 (rhuIL-7). Several
companies have initiated clinical trials of IL-7-based
molecules.

The Cytheris SA molecule, Cyt107, has been the subject
of 18 clinical trials according to http://Clinicaltrials.gov.
Trials have sought to boost immunity in (a) chronic virus
infections (HIV, hepatitis B, and hepatitis C); (b) recipients
of hemopoietic stem cell transplants (HSCT); (c) various
cancers (metastatic breast, Ewing’s sarcoma, glioma, metasta-
tic prostate [combined with Provenge], metastatic melanoma
or locally advanced or metastatic kidney cancer, rhabdomyo-
sarcoma, and neuroblastoma); (d) sepsis; and (e) idiopathic
CD4 lymphocytopenia. Unfortunately, Cytheris SA filed for
bankruptcy in June 2013, and presently, the development
of rhuI-L7 has been suspended. Commercial rights have
been returned to the French ANRS (National Agency for
AIDS Research).

Initial first-in-human safety trials showed that a single
cycle of 3 weekly subcutaneous (sc) injections of recombinant
human interleukin 7 (r-huIL-7) was safe. r-huIL-7 improved
restoration of immune CD4 T cell in human immunodefi-
ciency virus- (HIV-) infected patients (NCT01241643).
Two phase II trials evaluated the effect of repeated cycles of
r-hIL-7 (20μg/kg). r-hIL-7 was well tolerated with four grade
4 events that were not life-threatening [145]. INSPIRE II
(NCT01190111) was a single-arm trial conducted in the
United States and Canada, whereas INSPIRE III (EudraCT;
number 2010-019773-15) was a dual arm trial with 3 : 1 ran-
domization of r-hIL-7 versus control conducted in South
Africa and Europe. Eligible participants had plasma HIV
RNA levels < 50 copies/mL during antiretroviral therapy
and with CD4 T cell counts between 101 and 400 cells/μL.
A repeat cycle was given when CD4 T cell counts fell to
<550 cells/μL. A total of 107 patients were treated and
received 1 (n = 107), 2 (n = 74), 3 (n = 14), or 4 (n = 1)
r-hIL-7 cycles during a median follow-up of 23 months.
After the second cycle of treatment, anti-r-hIL-7 binding
antibodies were observed in 82% and 77% of patients in
INSPIRE 2 and 3, respectively (neutralizing antibodies in 38%
and 37%), without affecting the CD4 T cell response. 50%
of the patients spent >63% of their follow-up time with a

CD4 T cell counts > 500 cells/μL. In conclusion, repeated
cycles of r-hIL-7 achieved sustained CD4 T cell restoration
to >500 cells/μL and were well-tolerated in the majority of
study participants.

6.3.1. Cyt107 in Sepsis. Sepsis is characterized by life-
threatening organ dysfunction caused by dysregulated host
responses to infection [146]. Sepsis continues to be the pri-
mary cause of death in the intensive care unit despite decades
of research and dozens of clinical trials of various targeted
antisepsis associated proinflammatory agents. Despite a state
of “hyper-inflammation,” sepsis impairs adaptive antimicro-
bial immunity characterized by compromised T cell function
leading to aberrant antigen presentation with increased sus-
ceptibility to nosocomial infections such as Pseudomonas
aeruginosa. Shindo et al. [147] demonstrated that recombi-
nant huIL-7 improves survival in a murine 2-hit model of
sublethal cecal ligation and puncture followed by Pseudomo-
nas aeruginosa pneumonia. rhuIL-7 increased survival from
56 to92%with increased absolutenumbersof immuneeffector
cells in lung and spleen reduced sepsis-induced loss of lung
innate lymphoid cells (ILCs). Translation of this work to
humans is in progress. A multicenter, randomized, double-
blinded, placebo-controlled study of two dosing frequencies
of CYT107 to restore absolute lymphocyte counts in sepsis
patients [IRIS-7B (Immune Reconstitution of Immunosup-
pressed Sepsis patients)] is underway (http://Clinicaltrials.
gov: NCT02640807). To allow a common statistical analysis
of the primary end points and analysis of the enrolled patient
population, a parallel study will be performed in France.

6.3.2. Cyt107 in Idiopathic CD4 Lymphopenia. Idiopathic
CD4 lymphopenia (ICL) is a rare syndrome defined by low
CD4 T cell counts (<300/μL) without evidence of HIV
infection or other known cause of immunodeficiency. ICL
suffer opportunistic infections with no established treat-
ments. Sheikh et al. [148] initiated an open-label phase 1/2A
dose-escalation trial of 3 subcutaneous doses of rhuIL-7
weekly in patients with ICL at risk of disease progression
(#NCT00839436). The number and function of circulating
CD4 and CD8 T cells and tissue-resident CD3 T cells in
the gut mucosa and bone marrow was increased. Overall,
recombinant huIL-7 was well tolerated; however, one patient
developed systemic lupus erythematosus while on study and
another experienced a hypersensitivity reaction with subse-
quent development of nonneutralizing anti-IL-7 antibodies.

6.3.3. Cyt107 in Cancer. Cyt-107 has been evaluated in
patients suffering from cancer. Most of this work has not
been reported in the medical literature. The Fred Hutchinson
Cancer Research Center with the National Cancer Institute
(NCI) Cancer Immunotherapy Trials Network [http://
ClinicalTrials.gov; NCT01881867] is the primary sponsor of
a multicenter randomized phase II trial to evaluate glycosyl-
ated recombinant human interleukin-7 (CYT107) after vac-
cine therapy in patients with metastatic hormone-resistant
prostate cancer.

6.4. IL-7 Fc Fusion Protein: GX-I7.GX-I7 is an immunoglobu-
lin fusion protein recombining human IL-7 with a hybrid Fc
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(hyFc) being developed byGenexine, a Korean company, with
USA subsidiary Neoimmune Tech Inc. based in Rockville,
MD. hyFc is composed of the hinge-CH2 region of immuno-
globulin D (IgD) and the CH2-CH3 region of immunoglobu-
lin G4 (IgG4). This molecule is expected to have markedly
reduced Fc receptor binding while maintaining FcRn binding
and the characteristic long plasma half-life of an antibody
(perhaps 2-3 weeks). A randomized, double-blind, placebo-
controlled, single-ascending dose study designed to assess
the safety, tolerability, pharmacokinetics, and pharmacody-
namics of GX-I7 in healthy volunteers is presently recruiting
patients (http://ClinicalTrials.gov; NCT02860715).

Published preclinical studies support the development of
GX-I7, (a) as intranasal pretreatment for generating protec-
tive immunity against influenza infection [149], (b) as an
adjuvant for DNA vaccines [150] and HCV [151], and (c)
as an adjuvant for various T cell therapies [152].

6.5. Gene Therapy Employing IL-7. Numerous groups are
utilizing transgenically delivered IL-7 or its receptor to aug-
ment antitumor immunity. Regulatory T cells (Tregs) limit
the antitumor effects of tumor-specific CTLs [153–158].
Early work to increase in vivo immunostimulation of adop-
tively transferred T cells utilized IL-2 [159]. Although IL-2
is a potent T cell growth factor, it is not selective for effector
T cell subsets and can augment the expansion and inhibitory
activity of Tregs [160]. In contrast, IL-7 augments expansion
of naive and memory T cells without activity on Tregs that
lack the IL-7Rα [114, 123, 161]. Furthermore, in early clinical
trials, recombinant IL-7 expanded naive and central-memory
T cell subsets but not Tregs [123, 124]. Vera et al. [162]
reported that IL-7 cannot support the in vivo expansion
of adoptively transferred chimaeric antigen receptor- (CAR-)
redirected CTLs because these effector-memory T cells, like
Tregs, also lack IL-7Rα. To address this deficiency, Perna
et al. [163] created GD2-specific CAR/CTLs bearing a func-
tional transgenic IL7Rα and showed that IL-7, in contrast
to IL-2, can support the proliferation and antitumor activity
of these cells both in vitro and in vivo in the presence of
functional Tregs.

7. Conclusion: The Yin andYang of IL-7 inAging

The notion that low IL-7R expression levels are beneficial for
reaching healthy old age corresponds with previous observa-
tions that patients suffering from autoimmune disease
express increased levels of the IL-7 receptor/ligand complex
genes [101, 102, 104] and that antagonizing IL-7 or the
IL-7R may offer possible treatments [95, 101]. However,
the results of the Leiden Longevity Study found that gene
expression levels of IL-7R decrease with chronological age.
On the other hand, the Leiden study also found that
higher levels of IL-7R correlate with reduced 10-year mor-
tality and that effect was pronounced in the nonagenarian
population in which individuals at the high end of the
overall lower IL-7R expression lived longer. To optimize
health and lifespan, it may be useful to “thread the needle,”
lowering IL-7R enough to preserve peripheral T cells and help
maintain low mTOR levels, while maintaining enough to

maintain immune function. Transient modulation of IL-7R
is one potentially effective strategy to reach this goal. Another
possible conclusion is “correlation is not causation” and that
the genes of IL-7/IL-7R complex are only part of the answer.

The remarkable plasticity of the adaptive immune system
over many decades is a testament to several intrinsic features
of its design. Despite attacks on its integrity from multiple
angles, the size and diversity of the naive lymphocyte reper-
toire is maintained well into the 9th decade of life. While IL-7
is a necessary contributor to this “lympho-homeostasis” and
its action is required for successful aging,wholesale augmenta-
tion of IL-7 above “normal” levels may disrupt this delicate
balance. Numerous animal and several human studies suggest
much promise remains for the utilization of IL-7 as a specific
“immune tonic” or adjuvant. To this end, we look forward to
the next generation of improved IL-7-based therapeutics.
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The aim of this studywas to investigate possible associations between genetic polymorphisms of IL17AG197A (rs2275913) and IL17F
T7488C (rs763780) with Chagas Disease (CD) and/or the severity of left ventricular systolic dysfunction (LVSD) in patients with
chronic Chagas cardiomyopathy (CCC). The study with 260 patients and 150 controls was conducted in the South and Southeast
regions of Brazil.The genotyping was performed by PCR-RFLP.TheA allele andA/A genotype of IL17Awere significantly increased
in patients and their subgroups (patients with CCC; patients with CCC and LVSD; and patients with CCC and severe LVSD) when
compared to the control group. The analysis according to the gender showed that the A/A genotype of IL17A was more frequent
in female with LVSD and mild to moderate LVSD and also in male patients with LVSD. The frequency of IL17F T/C genotype was
higher in male patients with CCC and severe LVSD and in female with mild to moderate LVSD. The results suggest the possible
involvement of the polymorphisms of IL17A and IL17F in the susceptibility to chronic Chagas disease and in development and
progression of cardiomyopathy.

1. Introduction

Chagas disease (CD) is a serious anthropozoonosis common
in the Americas and found mainly in endemic areas of the 21
Latin American countries [1]. On account of multinational
initiatives, infection prevalence is progressively decreasing,
and it is estimated that 6 to 8million individuals are currently
infected in the world, with an incidence of 28.000 cases
a year [2]. Chagas disease presents an acute phase and a
chronic phase. After the acute phase, most of the infected

patients enter in the chronic phase of the disease and about
60 to 70% of infected persons are considered to have the
indeterminate form (asymptomatic) of the disease [3–6].
After several years (10 to 30) of starting the chronic phase,
30 to 40% of the patients develop clinical manifestations
known as the clinical forms: cardiac, digestive (mainly
megaesophagus and megacolon), and cardiodigestive [5, 6].
The chronic Chagas cardiomyopathy (CCC) is the most
severe form of the disease that affects 20 to 30% of the
infected individuals. In endemic areas the disease is the
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Table 1: Characteristics of the chronic Chagas disease patients and controls from South and Southeast of Brazil.

CD patients CCC Without CCC Control
𝑁 = 260 𝑁 = 212 𝑁 = 48 𝑁 = 150

Gendera 𝑛 (%)
Male 121 (46.5) 97 (45.8) 24 (50.0) 74 (49.3)
Female 139 (53.5) 115 (54.2) 24 (50.0) 76 (50.7)

Ageb

Min-max 31–90 31–90 38–76 28–100
Mean ± SD (year) 62.9 ± 10.0 63.9 ± 10.2 58.6 ± 7.8 62.3 ± 17.4

CCC, patients with chronic Chagas cardiomyopathy; Min, minimum age; Max, maximum age; SD, standard deviation.
aNo statistically significant difference was observed between the groups for gender.
bStatistically significant difference was observed between the groups for age: CCC versus without CCC.

main death cause in patients aged between 30 and 50 years
[5, 7].

It is known that genetic variability and immunologic
response influence the pathogenesis of the chronic phase of
the disease. Associations were observed in several cytokine
genes [8] with the susceptibility or protection against the
development or progression of the CD and/or its clinical
forms.The IL-17 is a proinflammatory cytokine secreted by T
cells activated and expressed in different tissues.This cytokine
takes part in inflammatory responses mediated by T cells
and plays an important role in the tissue homeostasis and
diseases progression [9]. The IL-17F presents a high degree
of homology with the IL-17A (57% identical) [9] and seems
to have a biological action similar to IL-17A, in vitro and in
vivo, though significantly weaker [10]. The genes that codify
them are mapped in the same chromosome, in the position
6p12 [9, 11].

Polymorphism in genes encoding cytokines may influ-
ence the level of cytokines production and, consequently,
cause different immunological responses to different dis-
eases. Previous studies show that genetic polymorphisms
of IL17A G197A and IL17F T7488C affect the production
of IL-17A and F, respectively [12, 13]. Such polymorphisms
have already been associated with autoimmune and inflam-
matory diseases, as rheumatoid arthritis [14], periodontitis
[15], and cancer, both gastric [16] and breast cancer [17].
To our knowledge, only one study involving the SNPs
of IL17A and the CD [18] was found so far, and if we
consider the SNPs of IL17F there are no related articles
published yet. For this reason, our study aims to investi-
gate whether the genetic polymorphisms of IL17A G197A
(rs2275913) and IL17F T7488C (rs763780) were related to
CD and/or the severity of the left ventricular systolic dys-
function (LVSD) in patients with CCC from North and
Northeast regions of Parana and the Northeast region of São
Paulo (states located in the South and Southeast of Brazil,
resp.).

2. Material and Methods

2.1. Patients and Controls. For this study, 260 patients with
chronic CDwere selected from different municipalities in the
North and Northwest regions of Parana and in the Northwest
region of São Paulo.The patients were cared for in the Chagas

Disease Laboratory in the State University of Maringa, the
Clinical Hospital in Londrina, and the Base Hospital of the
Medical School in São José do Rio Preto. All patients were
submitted to a resting electrocardiogram (ECG) exam and a
two-dimensional echocardiography. Patients who presented
a normal ECG were classified as patients without CCC
and patients with electrocardiographic changes, common to
CCC, were classified as patients with CCC. The severity of
the LVSD was measured according to the left ventricular
ejection fraction (LVEF) and the Teichhoolz method was
applied following the II Brazilian Guideline for Severe Heart
Diseases [19]. Patients with CCC were classified considering
the (LVEF) in three different groups: patients without LVSD
(LVEF > 60%); patients with mild to moderate LVSD (LVEF
40–60%); and patients with severe LVSD (LVEF < 40%). To
all statistical analysis were considered the following groups:
all Chagas disease patients (CD), chronic Chagas cardiomy-
opathy patients (CCC), without Chagas cardiomyopathy
patients (without CCC), chronic Chagas cardiomyopathy
patients with LVSD (with LVSD), chronic Chagas cardiomy-
opathy patients without LVSD (without LVSD), patients with
mild to moderate LVSD (Mild/moderate LVSD), and patients
with severe LVSD (severe LVSD).

The control group was composed of 150 individuals,
healthy and nonrelated, patient’s spouses, and contacts retire-
ment communities’ residents with negative serology to T.
cruzi antigens. The clinicopathological features of patients
and controls are presented in Table 1. No significant differ-
ences were observed among groups in terms of gender, but
differences in age were observed between CCC and without
CCC patients (63.9 ± 10.2 versus 58.6 ± 7.8, respectively;
𝑃 ≤ 0.05). Due to the significant miscegenation of Brazilian
population we consider patients and controls as a mixed
ethnic group (Caucasians,Mulattos, and Blacks) according to
Parra et al. (2003) [20]. Mean age, gender rates, and residence
in the same geographical areas were carefully matching to
select the groups.

The laboratory diagnosis of CD in patients and con-
trols was made by ELISA (Enzyme-Linked ImmunoSorbent
Assay) test, in serum or plasma, using the immunoas-
say “Chagas” from Abbott Laboratories (Santiago, Chile).
In cases of weak reagent, the diagnosis was confirmed
by the indirect immunofluorescence test (IIFT) with the
IMUNOCRUZI� antigen (Biolab, Rio de Janeiro, Brazil) or
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ELISAcruzi (bioMerieus SA, Brazil), respecting themanufac-
turer’s instructions.

The Ethics committees from each institution have
approved this study, as seen in the protocols they have reg-
istered (012/2010-COPEP-UEM, CAAE 0296.0.093.000–09;
FAMERP - # 009/2011), and written informed consent was
obtained from all subjects prior to participation.

2.2. DNA Extraction and Genotyping. The extractionmethod
used in this research was the salting-out adapted [21]. The
genomic DNA was extracted from 250 𝜇L of buffy-coat
obtained from 5mL of peripheral blood collected in tubes
with EDTA (Ethylenediaminetetraacetic acid). Thematerial’s
concentration and purity were determined by NanoDrop
2000� equipment (Thermo Scientific, Wilmington, USA).

The SNPs in IL-17A (rs2275913) and IL-17F (rs763780)
were genotyped using PCR-RFLP (Polymerase Chain Re-
action-Restriction Fragment Length Polymorphism) [15].
The primers sequences to IL17A G197A were sense 5-AAC-
AAGTAAGAATGAAAAGAGGACATGGT-3 and anti-
sense 5-CCCCCAATGAGGTCATAGAAGAATC-3, while
to IL17F T7488C they were sense 5-ACCAAGGCTGCT-
CTGTTTCT-3 and antisense 5-GGTAAGGAGTGGCAT-
TTCTA-3. The reaction of DNA amplification was made in
a total volume of 30 𝜇L, containing 100 ng of genomic DNA,
1,0 𝜇M from each primer, 200𝜇M from each dNTP, 2,0mM
of MgCl2, 3 𝜇L of 10x PCR buffer, and 1,5U of Taq DNA
polymerase (Invitrogen Life Technologies, Grand Island, NY,
USA).The PCR products were digested during one hour sub-
mitted to 37∘Cwith the enzyme XagI (Fermentas, Canada) to
IL17A G197A and the enzyme NlaIII (New England Biolabs)
to IL17F T7488C and, subsequently, separated by agarose gel
electrophoresis to 3,5% with SYBR Green (Invitrogen Life
Technologies, Grand Island, NY, USA).

2.3. Statistical Analysis. The allele and genotype frequencies
of IL17A G197A and IL17F T7488C were estimated and
the genotype distribution was evaluated to Hardy-Weinberg
balance [22]. The association tests were realized to the
codominant, dominant, recessive, overdominant, and log-
additive genetic inheritance models. The 𝑃 ≤ 0.05 values
were considered statistically significant to Chi-square test
with Yates correction and logistic regression. The statistical
comparisons between these groups were realized and the
estimated risk to develop CD and/or CCC in individuals
who hold genetic polymorphisms was calculated by deter-
mination of OD (Odds Ratio) with 95% of confidence
interval, adjusted by gender and age. All statistical analysis
was performed using the software SNPStats (http://bioinfo
.iconcologia.net/index.php)[23] andtheOpenEpiprogram,ver-
sion 3.03a (http://www.openepi.com/Menu/OE_Menu.htm).

3. Results

The ratio distributions of genotype frequency for all ana-
lyzed genes were in Hardy-Weinberg equilibrium (𝑃 >
0.05). In order to evaluate the possible association of IL17A
G197A and IL17F T7488C SNPs and Chagas disease, the
allele and genotype frequencies between patients (CD) and

their subgroups (CCC, without CCC, with LVSD, without
LVSD,Mild/moderate LVSD, severe LVSD) and controls were
compared (Table 2). Statistically significant differences were
observed for A allele and A/A genotype of IL17A but no
significant difference was found to IL17F.

The A allele frequency of IL17A was significantly higher
in the CD patients when compared to controls (𝑃 = 0.032,
OR = 1.46, 95% CI = 1.05–2.05). The same was found when
CCC patients (𝑃 = 0.021, OR = 1.52, 95% CI = 1.08–2.15),
patients with CCC and LVSD (𝑃 = 0.009, OR = 1.73, 95% CI
= 1.15–2.59), and patients with CCC and severe LVSD (𝑃 =
0.009, OR = 1.97, CI = 1.20–3.21) were compared to controls.

The A/A genotype was more frequent in the CD patients
than in the control group and statistically significant dif-
ferences were observed in more than one model of genetic
inheritance (Codominant: 𝑃 = 0.019, OR = 4.53, 95% CI
= 1.31–15.73; Recessive: 𝑃 = 0.0089, OR = 4.12, 95% CI =
1.20–14.13; Log-additive: 𝑃 = 0.02, OR = 1.50, 95% CI =
1.06–2.13). Same results can be seen when the subsets are
compared: CCC versus controls (Codominant: 𝑃 = 0.01, OR
= 5.16, 95% CI = 1.47–18.14; Recessive: 𝑃 = 0.0048, OR = 4.67,
95% CI = 1.35–16.18; Log-additive: 𝑃 = 0.013, OR = 1.57, 95%
CI = 1.09–2.24); patients with CCC and LVSD versus controls
(Codominant: 𝑃 = 0.006, OR = 6.81, 95% CI = 1.77–26.29;
Dominant: 𝑃 = 0.034, OR = 1.73, 95% CI = 1.04–2.87;
Recessive: 𝑃 = 0.0045, OR = 5.73, 95% CI = 1.52–21.64; Log-
additive: 𝑃 = 0.0046, OR = 1.85, 95% CI = 1.20–2.85); patients
with CCC and severe LVSD versus controls (Codominant:
𝑃 = 0.0047, OR = 9.64, 95% CI = 2.28–40.85; Recessive:
𝑃 = 0.002, OR = 8.18, 95% CI = 2.00–33.51; Log-additive: 𝑃 =
0.057, OR = 2.11, 95% CI = 1.24–3.60). For all comparisons,
the recessive inherence model was the best according Akaike
information criteria (AIC). It means that two copies of A are
necessary to change the risk, so G/A or G/G have the same
effect. No difference was observed when allele and genotype
frequencies of IL17A were compared between patients with
CCC and patients without CCC. Likewise, no association
was observed when the progression of cardiac forms was
considered: the different forms (without LVSD, with LVSD,
mild/moderate LVSD, and severe LVSD) were compared
with each other and no statistically significant difference was
noticed.

After stratifying according to gender significant differ-
ences were observed for IL17A and IL17F genotype frequen-
cies when the progression of cardiac form was evaluated.The
IL17AA/A genotype was more frequent in female with LVSD
(OR = 6.63, 95% CI = 1.21–36.40) and with mild/moderate
LVSD (OR = 7.57, 95% CI = 1.07–53.40) than in the control
group, although not significant males with LVSD also had
higher frequency of AA genotype compared to controls (13.5
versus 7.84%, resp.) (Table 3). In relation to IL17F, the T/C
genotype was more frequent in male patients with severe
LVSD when compared to other groups: without LVSD (OR
= 4.82, 95% CI = 1.55–14.98), with mild/moderate LVSD (OR
= 6.00, 95% CI = 1.18–30.63), without CCC patients (OR =
6.70, 95% CI = 1.19–37.53), and controls (OR = 3.40, 95% CI =
1.24–9.31). In female statistical difference was not observed,
although T/C was higher in mild/moderate LVSD (17%)
when compared to others patients and control (Table 4).

http://bioinfo.iconcologia.net/index.php
http://bioinfo.iconcologia.net/index.php
http://www.openepi.com/Menu/OE_Menu.htm
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Table 2: Genotypes and allele frequencies distribution of IL17A rs2275913 and IL17F rs763780 in Chagas disease patients and controls in a
population from South and Southeast of Brazil.

Allele/genotype 𝑛
(%)

CD patients CCC Without
LVSD

With
LVSD

Mild/moderate
LVSD

Severe
LVSD

Without
CCC Control

𝑁 = 260 𝑁 = 212 𝑁 = 109 𝑁 = 103 𝑁 = 52 𝑁 = 51 𝑁 = 48 𝑁 = 150

IL17A G197A
G 369 (71.2) 297 (70.4) 159 (72.9) 138 (67.6) 72 (70.6) 66 (64.7) 72 (75.0) 235 (78.3)
A 149 (28.8)a 125 (29.6)b 59 (27.1) 66 (32.4)c 30 (29.4) 36 (35.3)d 24 (25.0) 65 (21.7)
GG 130 (50.2) 104 (49.3) 58 (53.2) 46 (45.1) 24 (47.0) 22 (43.1) 26 (54.2) 88 (58.7)
GA 109 (42.1) 89 (42.2) 43 (39.5) 46 (45.1) 24 (47.0) 22 (43.1) 20 (41.7) 59 (39.3)
AA 20 (7.7)e 18 (8.5)f 8 (7.3) 10 (9.8)g 3 (6.0) 7 (13.8)h 2 (4.1) 3 (2.0)
IL17F T7488C
T 484 (93.1) 394 (92.9) 207 (94.9) 187 (90.8) 97 (93.3) 90 (88.2) 90 (93.7) 282 (94.0)
C 36 (6.9) 30 (7.1) 11 (5.1) 19 (9.2) 7 (6.7) 12 (11.8) 6 (6.3) 18 (6.0)
TT 224 (86.2) 182 (85.8) 98 (89.9) 84 (81.6) 45 (86.5) 39 (76.5) 42 (87.5) 132 (88.0)
TC 36 (13.8) 30 (14.2) 11 (10.1) 19 (18.4) 7 (13.5) 12 (23.5) 6 (12.5) 18 (12.0)
CCC: patients with chronic Chagas cardiomyopathy; LVSD: left ventricular systolic dysfunction; Recessive model: AA versus GA + GG; OR: odds ratio; CI:
confidence interval. Adjustment of the genotypic differences for the effect of age and gender was applied.
a
𝑃 = 0.032. OR = 1.46 and 95% CI = 1.05–2.05; CD patients versus controls.

b
𝑃 = 0.021. OR = 1.52 and 95% CI = 1.08–2.15; CCC versus controls.

c
𝑃 = 0.009. OR = 1.73 and 95% CI = 1.15–2.59.With LVSD versus controls.

d
𝑃 = 0.009. OR = 1.97 and 95% CI = 1.20–3.21. Severe LVSD versus controls.

eRecessive model: 𝑃 = 0.009; OR = 4.12; 95% CI = 1.20–14.13. CD patients versus controls.
fRecessive model: 𝑃 = 0.005; OR = 4.67; 95% CI = 1.35–16.18. CCC versus controls.
gRecessive model: 𝑃 = 0.005; OR = 5.73; 95% CI = 1.52–21.64. With LVSD versus controls.
hRecessive model: 𝑃 = 0.002; OR = 8.18; 95% CI = 2.00–33.51. Severe LVSD versus controls.

Table 3: Genotype frequencies of IL17A rs2275913 in Brazilian patients with LVSD in chronic Chagas cardiomyopathy, stratified according
to gender.

Gender IL17A G197A
With
LVSD
𝑛 (%)

Mild/moderate
LVSD
𝑛 (%)

Control
𝑛 (%)

Male
GG 23 (45.1) 13 (59.1) 43 (58.11)
GA 24 (47.06) 9 (40.9) 30 (40.54)
AA 4 (7.84) 0 1 (1.35)

Female
GG 23 (45.1) 11 (37.93) 45 (59.21)
GA 22 (43.14) 15 (51.72) 29 (38.16)
AA 6 (11.76)a 3 (10.35)b 2 (2.63)

LVSD, chronic Chagas cardiomyopathy patients with left ventricular systolic dysfunction; OR, odds ratio; CI, confidence interval.
Data adjusted by age.
Only significant results are showed.
aOR = 6.63 and 95% CI = 1.21–36.40; with LVSD versus control.
bOR = 7.57 and 95% CI = 1.07–53.40; mild/moderate LVSD versus control.

Considering the variable age, no significant difference was
observed between IL17 SNPs and CD and/or the severity of
the left ventricular systolic dysfunction (LVSD).

4. Discussion

The identification of genes that are candidates for susceptibil-
ity or protection against CD has major implications, not only
to better understand the pathogenesis of the disease, but also
to control and develop therapeutic strategies. In this study, a
possible association between the genetic polymorphisms of
IL17A G197A and IL17F T7488C with CD and the severity

of CCC was investigated in a population from South and
Southwest regions in Brazil.

In this study, the IL17A A allele and the A/A genotype
were more frequent in CD and CCC patients, female with
LVSD or mild/moderate LVSD and male with LVSD when
compared to control. The risk to severe LVSD was observed
in male carrying the IL17F T/C genotype. The IL17 polymor-
phism could be correlated to the risk of disease, indicating
susceptibility to chronic Chagas disease and increasing risk
of severe cardiomyopathy when gender was considered in
multivariate analyses. The mutant allele A of IL17A was
associated with a higher production of IL-17 [12] and the
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Table 4: Genotype frequencies of IL17F rs753780 in Brazilian Chagas disease patients with chronic cardiomyopathy, stratified according to
gender.

Gender IL17F T7488C
Without
LVSD
𝑛 (%)

Mild/moderate
LVSD
𝑛 (%)

Severe
LVSD
𝑛 (%)

Without CCC
𝑛 (%)

Controls
𝑛 (%)

Male TT 40 (86.96) 21 (91.3) 19 (65.5) 22 (45.8) 64 (86.49)
TC 6 (13.04)a 2 (8.7)b 10 (34.5) 2 (4.2)c 10 (13.51)d

Female TT 58 (92.06) 24 (82.8) 20 (90.9) 20 (41.7) 68 (89.47)
TC 5 (7.94) 5 (17.2) 2 (9.1) 4 (8.3) 8 (10.53)

CCC, chronic Chagas cardiomyopathy; LVSD, left ventricular systolic dysfunction; OR, odds ratio; CI, confidence interval.
Data adjusted by age.
Only significant results are showed.
aOR = 4.82 and 95% CI = 1.55–14.98; severe LVSD versus without LVSD.
bOR = 6.02 and 95% CI = 1.18–30.78; severe LVSD versus mild/moderate LVSD.
cOR = 6.70 and 95% CI = 1.19–37.53; severe LVSD versus without CCC patients.
dOR = 3.40 and 95% CI = 1.24–9.31; severe LVSD versus controls.

IL-17F activity is similar to IL-17A, although significantly
weaker [10, 12, 13]. Based on these findings, it is possible to
infer that the higher production of IL-17, a proinflammatory
cytokine, could contribute to tissue damage and might be
related to the development and progression of CCC in this
population.

Considering the IL-17 biological function in Chagas
disease, Guedes et al. [24] showed that the neutralization of
IL-17 in mice BALB/c infected with T. cruzi has resulted in a
higher recruitment of inflammatory cells to the cardiac tissue
in the acute phase of the infection, leading to an increase in
myocarditis and, consequently, premature death, despite the
reduction of the local parasitism. Miyazaki et al. [25] have
reported the importance of the IL-17 in the T. cruzi infection
and the cardiac inflammation control in CD. They observed
that in the experimental acute infectionwithT. cruzi, disabled
mice in IL-17 presented a higher mortality rate and para-
sitemia when compared to the group control (C57BL/6, wild
type), as well as a lower expression of cytokines, as IFN-𝛾, IL-
6, andTNF-𝛼, suggesting a protective role of IL-17 in the acute
phase of the disease. The neutralization of IL-17 also resulted
in a higher production of IL-12, IFN-𝛾, TNF-𝛼, chemokines,
and its receptors, indicating that the IL-17 may perform a
role in the control of cardiac inflammation, through the
modulation of Th1 response. On the other hand, Magalhães
et al. [26] showed that in Chagas patients with cardiac form
the total lymphocytes and the Th17 cells presented a low
expression of IL-17A in comparison to the patients with the
indeterminate form and control group, and the analysis of
correlation between IL-17A and the cardiac function showed
that the high expression of this cytokine was associated with a
better clinical outcome in the human CD, according to values
of the ejection fraction and left ventricular diastolic diameter,
indicating a protective role against the severity of CCC.

Five SNPs of IL17A were analyzed in patients with CD in
a population of an endemic region of Colombia. >The SNP
rs8193036 was associated with the protection against T. cruzi
infection and the development of CCC. Meanwhile for the
SNP rs2275913, the same SNP evaluated in this study, the fre-
quency of allele A was higher in patients than in controls and

significant differencewas observed, although significancewas
lost after the correction [18]. We observed that IL17A A allele
and AA genotype were higher in Chagas disease as well in
CCC with or without LVSD, but no difference was observed
between CD or CCC patients. However, after stratifying
according to gender, female with IL17AAA genotype had risk
of developingmild/moderate LVSD (approximately seven), as
male to develop LVSD (although not significant); and male
with IL17F T/C genotype had higher risk to develop severe
LVSD compared to other cardiac form and controls.

A study conducted by Peng et al. [27] in Chinese patients
with dilated cardiomyopathy did not find association with
IL17A G197A and IL17F T7488C polymorphism. However,
after stratification by gender, the IL17F was associated with
dilated cardiomyopathy in male patients that present the
T/C-C/C genotypes, suggesting that the presence of the
rare allele (C) might be associated with the disease in
these patients. In this study we found that the IL17F T/C
genotype was associated with developing severe LVSD in
male patients when the sample stratification by gender was
done.

The risk of development severe cardiac form in male
with CD was showed in two Brazilian studies. Rassi et al.
[28] showed that gender (male) and left ventricular systolic
dysfunction on echocardiography are potential risk factors
for death in subjects with CD. They evaluated a cohort
of 424 Brazilian outpatients followed for about eight years
and confirmed the results in 153 patients of other Brazilian
community hospital. Faé et al. [29] observed a higher risk
of developing severe forms of cardiomyopathy in men (OR
= 8.75), corroborating the results of this study.

The present study has potential limitations. The major
limitation was the number of patients limiting the signifi-
cance of results and consequently no strong association could
be found, principally when independent multiple compar-
isons were carried out. However, the risk of population strat-
ification bias, due to differences in ethnic background, was
minimized by matching patients with controls individuals
of the same ethnic background. Mean age, gender rates,
and residence in the same geographical areas were carefully
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matching to select the groups. Another limitation was that
IL17 gene expression or serum levels were not evaluated.

5. Conclusions

In these South and Southeast Brazilian patients, the IL17A
polymorphisms, AA genotype and A allele, were associated
with susceptibility to chronic CD and the severity of the
left ventricular systolic dysfunction (LVSD). In addition,
the IL17A A/A genotype was associated with mild/moderate
LVSD in female patients, whereas the IL17F T/C genotypewas
associated with severe LVSD in male patients. These results
suggest the possible involvement of the polymorphisms of
IL17A and IL17F in the susceptibility to chronic CD and in
development and progression of CCC. Additional studies are
needed to confirm these results and for understanding the
functional role polymorphism in CD.
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Background. Neutrophils are involved in the pathogenesis of atherosclerosis by neutrophil extracellular trap (NET) formation.
We hypothesized that the NET formation of neutrophils might be changed in end-stage renal disease (ESRD) patients,
explaining their higher incidence of coronary artery diseases (CAD). Method. A cross-sectional study was performed in 60
maintenance hemodialysis (MHD) patients, 30 age- and sex-matched healthy individuals (HV, negative control), and 30
patients with acute infection (positive control). Neutrophil activation and function were measured with reactive oxygen
species (ROS) activity, degranulation, NET formation, and phenotypical changes. Result. Compared with HV, neutrophils
extracted from MHD patients displayed significantly increased levels of basal NET formation, ROS production, and
degranulation, suggesting spontaneous activation in uremia. Also, an increase in citrullinated histone H3 was detected in
this group compared to the HV. And neutrophils from HV were normal CD16bright/CD62Lbright cells; however, neutrophils
from MHD were CD16bright/CD62Ldim, similar to those from patients with acute infections. Interestingly, multivariate analyses
identified the prevalent CAD and neutrophil counts as independent determinants of baseline NET formation (β = 0 323,
p = 0 016 and β = 0 369, p = 0 006, resp.). Conclusions. Uremia-associated-increased NET formation may be a sign of increased
burden of atherosclerosis.

1. Introduction

Patients with end-stage renal disease (ESRD) are clearly at
a high risk of death, approximately ten times greater than
those of the general population. Death in ESRD patients
generally results from cardiovascular (CV) disease or
infection, and increasing evidence suggests that immune
dysfunction contributes to both complications [1, 2]. In
fact, alterations in the immune system are well established
in ESRD patients [2, 3]. The retention of uremic toxins
and cytokines is regarded as a key contributor of immune

dysfunction by inducing oxidative stress and inflammation
[1–4], rendering the patients more susceptible to infections
[5] and atherosclerosis [6–8].

Among the complex cascade of immune system, the
importance of innate immunity, especially the role of neutro-
phils, has been recently emphasized. Neutrophils are the
most abundant human immune cell that kills bacteria. How-
ever, recently, the potent role of neutrophils in chronic
inflammation has been also emphasized [9]. Particularly in
ESRD patients, the bactericidal abilities are known to be
reduced despite the increased basal activation state of
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neutrophils (neutrophil priming), suggesting the dysfunction
of neutrophils [10–13]. Rather, the excessive activation and
increased apoptosis in uremic condition cause low-grade
inflammation, endothelial dysfunction, and atherosclerosis
[14]. The formation of neutrophil extracellular traps (NETs),
a newly discovered novel cell death program, could support
the putative roles of neutrophils [15, 16].

NETs are networks of extracellular DNA fibers, primarily
composed of histones and antimicrobial proteins released
from neutrophils [17, 18]. Initially, NETs were described as
an antimicrobial mechanism whereby invading pathogens
become entrapped in the web-like structure [18]. However,
increasing evidence suggests that NETs play more significant
roles in autoimmune or inflammatory pathologies by serving
as endogenous stimuli (e.g., alarmins) [19]. NETs induce
sterile inflammation in multiple diseases, including vasculitis
[20], rheumatoid arthritis [21], systemic lupus erythemato-
sus [22, 23], coronary artery disease (CAD) [24], and athero-
sclerosis [15], which can be harmful to the host. Previous
studies have demonstrated that during NET formation, his-
tone proteins can be citrullinated and this histone hyperci-
trullination mediates chromatin decondensation and NET
release [25]. In fact, citrullination of histone is an early
response to inflammatory stimuli in neutrophils, and citrulli-
nated histone H3 (Cit H3) has been identified as a compo-
nent of NETs [25, 26].

Despite such studies focusing on inflammatory diseases,
no studies have been performed in hemodialysis (HD)
patient. HD patients are a specialized population character-
ized by chronic low-grade inflammation and increased
oxidative stress with abundant uremic toxins [1, 4, 27]. Thus,
we hypothesized that the NET formation might be changed
in HD patients, leading to the higher prevalence of cardiovas-
cular diseases in this population.

2. Materials and Methods

2.1. Study Population. In this cross-sectional study, we evalu-
ated 60 maintenance HD (MHD) patients (35 men, 25
women) who had received HD three times per week for at
least 3 months prior to the study. MHD patients with a
history of active infection within 2 weeks, malignancy,
decompensated liver cirrhosis, or those taking immune sup-
pressants were excluded. All patients underwent regular
HD for 3.5–4 h, three times per week, using standard bicar-
bonate dialysis (sodium 138mmol/L, HCO3 35–40mmol/L,
potassium 1.5mmol/L, calcium 1.25mmol/L, and magne-
sium 0.75mmol/L) and semisynthetic membranes (dialysis
filter surface areas 1.5–2.1m2). Baseline demographic data,
including age, sex, and smoking status, as well as clinical data
regarding the underlying cause of renal disease, comorbidi-
ties (diabetes, hypertension, CAD, peripheral arterial disease,
and cerebrovascular accident), and medication history, were
obtained. In this study, the presence of CAD was restricted
to the angiographically documented significant coronary ste-
nosis with coronary intervention (percutaneous coronary
intervention or coronary artery bypass graft surgery). Bio-
chemical analyses of white blood cells (WBC), neutrophils,
lymphocytes, and levels of hemoglobin, serum albumin, total

cholesterol, urea nitrogen, creatinine, uric acid, high-
sensitivity C-reactive protein (hs-CRP), and beta-2 micro-
globulin were measured.

In addition, 30 age- and sex-matched healthy individuals
(HV, negative control), as well as 30 age- and sex-matched
patients with acute infection (positive control), were also
included in the study. The inclusion criteria for HV were
individuals with normal physical and neurological examina-
tions, without history of chronic comorbid conditions such
as hypertension, diabetes, and hyperlipidemia. For positive
controls, blood samples from patients with full-blown infec-
tion were acquired. Patients admitted to intensive care unit
for severe sepsis or septic shock were included, and blood
samples were acquired within 24 hours after admission.
The study protocol was approved by the Institutional Review
Board at Hallym University Sacred Heart Hospital, and
informed consent was obtained from all patients.

2.2. Isolation of Neutrophils. Whole blood was collected fol-
lowing cannulation of the vascular access but before the ini-
tiation of dialysis. Peripheral blood samples were collected
using a needle and syringe by gently aspirating into EDTA
vacuum container tubes. To avoid in vitro activation or mod-
ification, blood samples were processed immediately follow-
ing collection, without manipulation. Neutrophils were
isolated as previously described using dextran sedimentation
of red blood cell (RBC) pellets [28]. Cells were collected by
centrifugation and found to contain >95% neutrophils. For
patients with acute infections, samples were obtained within
24 h after hospital admission. To evaluate neutrophil func-
tion, reactive oxygen species (ROS) activity, degranulation,
and NET formation were assessed at baseline and upon
stimulation.

2.3. Flow Cytometric Analysis of Surface Receptors and
Activation Markers in Blood Neutrophils. For analysis of phe-
notype, freshly isolated cells were incubated with the CD15
(clone HI98), CD16 (clone NKP15), and CD 62L (clone
DREG-56) to find out surface expression of those markers.
In addition, to find degranulation and activation status of
neutrophils, the expression of various granule markers such
as CD 35 (clone E11), CD63 (clone H5C6), and CD 66b
(clone G10F5) antibodies (BD Biosciences, San Jose, CA,
USA) was evaluated at 4°C for 30min in the dark. Cells were
then washed with PBS twice and resuspended in 0.5mL of
0.5% paraformaldehyde (Sigma Chemical Co, Poole, UK).
Flow cytometry was performed using a FACScalibur (BD
Biosciences, San Jose, CA, USA) based on CD15-positive
neutrophils. For all cases, at least 15,000 cells were acquired
for each case and analyzed by gating on neutrophils.

2.4. NET and ROS Quantification Assay. The formation of
NETs was evaluated at basal state and at activated state using
the membrane impermeable DNA-binding dye, SYTOX
green (Molecular Probes, Invitrogen Life Technologies).
Experiments were performed in 96-well culture plates.
Freshly isolated neutrophils (2× 105/well) were stimulated
with a protein kinase C activator, phorbol 12-myristate 13-
acetate (PMA, 0.01 μg/mL final; Biovision, USA) for 1 h.

2 Journal of Immunology Research



Following PMA stimulation or basal state, cells were incu-
bated with 2μM SYTOX green to detect extracellular DNA.
After 30min, neutrophils were washed and resuspended in
RPMI and the plates were read using the SpectraMAX

Gemini fluorescence microplate reader (Molecular Devices,
Sunnyvale, CA, USA) at excitation and emission wavelengths
of 500nm and 530nm, respectively. The data were analyzed
using SoftMax Pro Software (Molecular Devices). To
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Figure 1: Basal activity of neutrophils of the HV, MHD, and acute infection groups. Compared with HV patients, neutrophils extracted from
MHD individuals produced significantly higher levels of ROS (a), basal NET formation (b), and hypercitrullination (c) compared with those
from the HV group.

Table 1: Biochemical parameters in HV, MHD, and infection groups.

Variables HV (n = 30) MHD (n = 60) Infection (n = 30)
WBC count (/μL) 4813± 1006 6180± 1807∗ 18815± 3991∗∗
Neutrophil count (/μL) 3115± 1101 4374± 1694∗ 17750± 6540∗∗
Hemoglobin (g/dL) 13.8± 0.3 10.3± 0.9∗ 8.6± 2.1∗∗
Urea nitrogen (mg/dL) 16.0± 0.9 52.6± 20.4∗ 38.2± 13.6∗∗
Creatinine (mg/dL) 0.8± 0.2 8.2± 3.4∗ 1.6± 0.5∗∗
Albumin (g/dL) 4.1± 0.1 3.6± 0.5∗ 3.1± 1.1∗∗
Uric acid (mg/dL) 4.6± 1.8 6.9± 1.6∗ 7.8± 1.5∗
Cholesterol (mg/dL) 170.1± 7.5 139.0± 28.7∗ 110.8± 21.1∗∗
hs-CRP (mg/L)† −0.21± 0.6 0.40± 1.13∗ 16.1± 10.6∗∗
Intact PTH (pg/mL) — 181.5± 149.2 —

β2-microglobulin — 22.9± 8.4 —

spKt/V — 1.60± 0.28 —

nPCR (g/kg/day) — 1.20± 0.13 —
∗p < 0 001 compared to HV, ∗∗p < 0 001 compared to HV and MHD.
†Log transformed.

3Journal of Immunology Research



measure ROS, isolated neutrophils were incubated at 37°C
for 30min in the presence of 2μM 2′,7′-dichlorofluorescin
diacetate (Molecular Probes), which is used to detect hydro-
gen peroxide, peroxyl radicals, and peroxynitrite anions. To
evaluate NET formation following 1h PMA stimulation,
extracellular fluorescence was measured using a spectrofluo-
rometer at excitation and emission wavelengths of 488 nm
and 527 nm, respectively.

2.5. Western Blot Analysis. Neutrophil lysates obtained
from HV, MHD, and acute infection were tested for his-
tone H3, citrullinated histone H3 (Cit H3) (anti-Histone
H3 (citrulline R2+R8+R17) antibody, Abcam), and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH, internal
control) by Western blots. For Western blot analysis, pro-
teins (about 100μg per lane) were separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 15% polyacrylamide gels and transferred onto
nitrocellulose membranes (Bio-Rad Laboratories, Hercules,
CA). The membranes were blocked in 0.05% PBS-Tween
(PBST) containing 5% milk (Bio-Rad Laboratories, Hercules,

CA) and then incubated with the primary antibody at
4°C overnight.

2.6. Statistical Analysis. As an exploratory study, the sample
size of the study was planned based on an expected mean dif-
ference between MHD and 2 control populations (negative
and positive) of 20% of NET formation. Using nonparamet-
ric sample size estimation, the sample size calculation for the
group sequential design resulted in a sample size of 62
patients in whom control groups were equally divided into
30 patients to achieve a power of at least 80%. Statistical anal-
yses were performed using SPSS version 25.0 software (SPSS
Inc., IL, USA). All data are expressed as the mean± standard
deviation (SD) or medians and ranges. Differences between
groups were analyzed by the independent t-test for continu-
ous parameters. A repeated measures analysis of variance
(ANOVA) linear model was used to compare laboratory
parameters among the 3 groups, healthy control, MHD
patients, and those with acute infection. Correlations
between clinical and biochemical factors and baseline NET
fluorescence were evaluated using Pearson’s correlation or
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Figure 2: Response of neutrophils to stimulus. NET formation was increased 2.31-fold upon PMA treatment in HV. NET formation among
the MHD and acute infection groups, however, was only stimulated 1.89- and 1.28-fold, compared with that observed in the HV group,
supporting the spontaneous activated state of neutrophils.
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Spearman’s rank correlation. With multiple regression anal-
ysis, the influences of prevalent CAD and inflammation on
baseline NET formation were assessed. Statistical significance
was accepted when p < 0 05.

3. Results

All data are summarized in Table 1. MHD patients had sig-
nificantly elevated concentrations of serum urea, creatinine,
and hs-CRP levels, compared with HV patients. In addition,
MHD patients also had significantly higher WBC and circu-
lating neutrophil counts in peripheral blood, compared with
HV individuals. As expected, patients with acute infection
had the highest levels of WBC, neutrophils, uric acid, and
hs-CRP of the three groups.

3.1. Basal Activities and Phenotypes of Neutrophils in Dialysis
Patients. Figure 1(a) shows basal ROS production in neutro-
phils. Compared with HV patients, neutrophils extracted
from MHD individuals produced significantly higher levels
of ROS, indicating that they were activated spontaneously.
ROS production in MHD patients, however, was lower than
that in neutrophils extracted from patients with acute

infections (Figure 1(a)). Basal NET formation was also signif-
icantly higher in the MHD group, compared with the HV
group. The median levels of fluorescence were 5187.3,
7767.6, and 9784.2 in the HV, MHD, and acute infection
groups, respectively (Figure 1(b); HV versus MHD,
p = 0 04; HV versus infection p = 0 03). Also, as shown in
Figure 1(c), an increase in Cit H3 was detected in the MHD
group compared to that in the HV group.

Also, as shown in Figure 2, NET formation was increased
2.31-fold upon PMA treatment in HV. NET formation
among the MHD and acute infection groups, however, was
only stimulated 1.89- and 1.28-fold, compared with that
observed in the HV group (p = 0 014 and p = 0 006, resp.).
These data are not surprising given that neutrophils from
patients with acute infections are constitutively activated,
and therefore, additional activation may be limited. Similarly,
neutrophils from MHD patients are spontaneously activated
at baseline and their response to stimulation may also
be limited.

And there were significant differences in neutrophil phe-
notypes amongMHD patients. As shown in Figure 3, neutro-
phils from HV patients were normal CD16bright/CD62Lbright

cells; however, neutrophils from MHD patients were
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CD16bright/CD62Ldim, similar to those from patients with
acute infections. Expression of CD35 was also significantly
increased on the surface of neutrophils from MHD
patients, compared with HV patients, indicating spontane-
ous degranulation. The expression of CD63 and CD66b
was not significantly different between MHD and HV
individuals; however, all three markers were significantly
higher in the acute infection group than in the HV and
MHD groups (Figure 4).

3.2. Correlation with Clinical Characteristics. Among the
patients undergoing MHD, mean age was 64.0± 13.1 years
and 35 patients (58.3%) were male. The causes of ESRD were
diabetic nephropathy (32 patients), hypertensive nephro-
sclerosis (14 patients), chronic glomerulonephritis (7
patients), and others (7 patients). The median length of dial-
ysis was 26.6 months, and 19 (31.7%) had a previous history
of CAD. Since variability in baseline NET formation was
observed in the MHD group, we tried to find clinical and bio-
chemical parameters associated with increased NET forma-
tion at baseline. Patients were divided into 2 groups based
on median NET formation (7767.6). As shown in Table 2,

increased NET levels were only associated with the previous
history of CAD, but not with age, BMI, diabetes, or dialysis
duration. Also, blood urea nitrogen and creatinine levels
were not associated with NET levels. The median NET for-
mation between MHD patients with and without CAD was
12222.0 (IQR, 7666.0, 18526.5) and 6463.8(IQR, 3812.1,
10200.1), respectively. Among the biochemical parameters,
whole blood WBC (p = 0 02) and neutrophil (p < 0 001)
counts were significantly elevated in patients with increased
NET formation, as were N/L ratios (p = 0 001) and hs-CRP
(p = 0 01) levels.

Baseline NET formation was positively correlated with
CAD,peripheralneutrophil count, and inflammatorymarkers
such asN/L ratio and hs-CRP levels (Table 3).Moreover,mul-
tivariate analyses identified the prevalence of CAD and neu-
trophil counts as independent predictors of baseline NET
formation (β = 0 323,p = 0 01 andβ = 0 369,p = 0 006, resp.).

4. Discussion

This study found that basal NET formation was significantly
increased in MHD patients and was associated with

Table 2: Comparisons of baseline characteristics according to median level of baseline NET in MHD patients.

Baseline NET (median 7767.6)
Variables Total <median level ≥median level p

Age (years) 64.0± 13.0 62.4± 13.2 65.5± 13.0 0.35

Gender, male, n (%) 35 (58.3) 18 (62.1) 17 (54.8) 0.38

BMI 22.9± 4.4 22.6± 4.2 23.2± 4.6 0.61

Diabetes 35 (58.3) 17 (58.6) 18 (58.1) 0.59

Duration of dialysis (months) 49.4± 26.6 54.1± 25.2 41.9± 28.4 0.22

Systolic blood pressure (mmHg) 145.0± 19.8 141.9± 20.4 148.0± 19.4 0.24

Diastolic blood pressure (mmHg) 81.3± 10.7 79.0± 8.6 83.4± 12.2 0.11

Previous CAD, n (%) 19 (31.7) 4 (13.8) 15 (48.4) 0.004

Previous cerebrovascular accident, n (%) 9 (15.0) 2 (6.9) 7 (22.6) 0.08

WBC count (/μL) 6180± 1807 5622± 1896 6700± 1578 0.02

Neutrophil count (/μL) 4374± 1694 3482± 994 5302± 1777 <0.001
Lymphocyte count (/μL) 1271± 479 1370± 479 1168± 460 0.13

N/L ratio 4.2± 3.0 2.7± 0.9 5.8± 4.4 0.001

Hemoglobin (g/dL) 10.3± 0.9 10.5± 0.9 10.2± 0.9 0.14

Urea nitrogen (mg/dL) 52.6± 20.4 55.1± 22.3 50.3± 18.5 0.36

Creatinine (mg/dL) 8.2± 3.4 8.9± 3.5 7.6± 3.1 0.17

Albumin (g/dL) 3.6± 0.5 3.6± 0.6 3.6± 0.5 0.76

Uric acid (mg/dL) 6.9± 1.6 6.9± 1.9 6.8± 1.4 0.86

Cholesterol (mg/dL) 139.0± 28.7 145.9± 29.2 132.6± 27.7 0.07

hs-CRP (mg/L)∗ 0.40± 1.13 0.03± 0.94 0.75± 1.20 0.01

Intact PTH (pg/mL) 181.5± 149.2 201.0± 158.8 163.1± 139.6 0.33

β2-microglobulin 22.9± 8.4 20.6± 5.8 25.7± 10.2 0.06

spKt/V 1.60± 0.28 1.57± 0.23 1.64± 0.33 0.42

Medications, %

Aspirin 56.8% 59.1% 55.5% 0.78

Lipid-lowering agent 35.0% 33.3% 37.1% 0.44

All data are expressed as mean ± SD except for those with ∗ which are expressed as median with range.
BDI-II: Beck depression inventory II; BMI: body mass index; ESRD: end-stage renal disease; intact PTH: intact parathyroid hormone; TSH: thyroid-stimulating
hormone; hs-CRP: high-sensitivity C-reactive protein; spKt/V: single pool Kt/V; nPCR: normalized protein catabolism rate.
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peripheral blood neutrophil counts, inflammatory markers,
and a prevalent CAD. Decreased NET formation in response
to external stimuli was also observed and may explain why
MHD patients are more susceptible to infection. Neutrophil
dysfunction and increased NET formation may contribute
to the pathogenesis and risk of cardiovascular complications
in MHD patients.

Macrophages have generally been considered the major
immune cells involved in the pathogenesis of atherosclerosis;
however, the roles of polymorphonuclear neutrophils are
becoming increasingly recognized [29], because the first cells
to respond to tissue damage are neutrophils. Neutrophils pri-
marily orchestrate the early stages of atherosclerosis by
mechanisms involving the release of alarmins, thereby pro-
motes arterial recruitment of classical monocytes and macro-
phages [29, 30]. Indeed, NETs as well as neutrophils were
identified in luminal location in murine and human athero-
sclerotic lesions [31]. Recently, Warnatsch et al. reported that
cholesterol crystals triggered neutrophils to release NETs and
these NETs primed macrophages for cytokine release, acti-
vating T helper cells that amplify immune cell recruitment
in atherosclerotic plaque [32]. That study also identified
NETs adjacent to cholesterol crystals in atherosclerotic
lesions in apolipoprotein E-deficient mice, suggesting that
NETs could act as an endogenous toxin triggering vascular
inflammation.

In fact, uremia-associated immune cell dysfunction has
been established as a risk factor for viral-associated cancers,
infections, and a decreased response to vaccines in patients
with renal dysfunction [33–35]. The increased risk of athero-
sclerosis and vascular complications is also likely related to
uremia-associated immune dysfunction and inflammation.
Neutrophils are spontaneously activated with abundant

uremic toxins and oxidative stress. We hypothesized that
such primed neutrophils will release more NETs and aggra-
vate vascular inflammation and atherosclerotic complica-
tions, based on the neutrophil-macrophage interactions in
atherosclerosis [30], which is exceedingly prevalent in
MHD patients. Although the dysfunction of neutrophils has
been reported in multiple studies, no clinical investigations
have been performed to assess the direct relationship
between NET formation and clinical outcome. To our knowl-
edge, this is the first study investigating the potential role of
NET formation on inflammation and vascular complications
in MHD patients.

This study confirmed the basal activation state of neutro-
phils in MHD patients. Baseline NET formation and ROS
production were significantly elevated in those patients,
compared with HV individuals. Nevertheless, the response
to external stimuli and the degree of NET formation in
response to PMA were significantly decreased in MHD
patients. Considering the importance of NET formation on
the bactericidal activity of neutrophils, the dysfunction of
neutrophils may underlie the higher infection rates among
MHD patients.

Also, the phenotype of neutrophils was changed in MHD
patients; neutrophils were primarily CD16bright/CD62Ldim,
which produce significantly higher levels of ROS and higher
levels of NET formation. Such phenotypic changes are con-
sistent with previous studies characterizing neutrophil dys-
function in cerebrovascular inflammation [36] and uremia
[37]. These phenotypical changes as well as the spontaneous
priming, but reduced bactericidal activities of neutrophils,
may be due to the imbalance between apoptosis and necrosis
[13]. Some uremic toxins delay apoptosis, causing neutro-
phils to undergo necrosis, which is associated with the release
of numerous proinflammatory molecules [38]. In support of
this, significant correlation was observed among NET forma-
tion, N/L ratio, and the expression of inflammatory markers,
including hs-CRP in our study.

And one more interesting finding in our study is that
patients with a previous history of CAD had significantly
higher levels of basal NET formation than did patients with
no history of CAD. Increased NET formation and the pheno-
typic changes observed in blood samples represent the in vivo
inflammatory conditions associated with coronary athero-
sclerosis. Although a causal relationship between the preva-
lence of CAD and neutrophil dysfunction with increased
NET formation was not identified in this study, an important
link between these factors and cardiovascular disease is none-
theless likely. In addition, the numbers of circulating neutro-
phils in peripheral blood was also correlated with baseline
NET formation in this study. The number of circulating neu-
trophils was significantly higher in patients with MHD com-
pared with HV. Thus, an increase in circulating neutrophil
count may be related to neutrophil activation and inflamma-
tion, indicative of underlying CAD or vascular atherosclero-
sis in HD patients.

Our study has several limitations. First, CAD was defined
as significant coronary stenosis with coronary intervention
(percutaneous coronary intervention or coronary bypass
graft surgery). However, the prevalence of silent ischemia is

Table 3: Correlation analysis of baseline NET levels with clinical
parameters.

NET
Correlation coefficient p

Age 0.101 0.44

Gender 0.134 0.31

Dialysis duration 0.009 0.94

Diabetes 0.095 0.47

CAD 0.470 <0.001
Cerebrovascular accident 0.139 0.29

WBC count (/μL) 0.246 0.05

Neutrophil count (/μL) 0.486 <0.001
Lymphocyte count (/μL) −0.201 0.17

N/L ratio 0.364 0.009

Hemoglobin (g/dL) −0.156 0.23

Cholesterol −0.219 0.09

hs-CRP (mg/L)∗ 0.284 0.02

β2-microglobulin 0.234 0.16

spKt/V 0.063 0.71

BDI-II: Beck depression inventory II; hs-CRP: high-sensitivity C-reactive
protein; BMI: body mass index.
∗A log-transformed value.
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frequent in ESRD patients. Therefore, the prevalence of CAD
may be underestimated in this study. And, although MHD
patients with an acute or recent infection were excluded in
study design, the possibility of having chronic infection such
as gingivitis or asymptomatic urinary tract infection cannot
be completely excluded. These chronic infections may influ-
ence the neutrophil activity. Lastly, due to the small number
of included study, this is an explorative study.

5. Conclusions

The study provides direct evidence of spontaneous neutro-
phil activation with increased NET formation in MHD
patients and their close relationship with in vivo inflam-
matory conditions and prevalent CAD. Additionally, the
number of circulating neutrophils may also be a reflection
of the overall neutrophil activation and could be a sign of
atherosclerotic vascular complications in ESRD.
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Inflammation, altered immune cell phenotype, and functions are key features shared by diverse chronic diseases, including
cardiovascular, neurodegenerative diseases, diabetes, metabolic syndrome, and cancer. Natural killer cells are innate lymphoid
cells primarily involved in the immune system response to non-self -components but their plasticity is largely influenced by the
pathological microenvironment. Altered NK phenotype and function have been reported in several pathological conditions,
basically related to impaired or enhanced toxicity. Here we reviewed and discussed the role of NKs in selected, different, and
“distant” chronic diseases, cancer, diabetes, periodontitis, and atherosclerosis, placing NK cells as crucial orchestrator of these
pathologic conditions.

1. Introduction

Inflammation is now considered a crucial hallmark of chronic
disorders, including cardiovascular [1], neurodegenerative
diseases [2–4], diabetes [5, 6], metabolic syndrome [7, 8],
and cancer [9–11]. Inflammation acts as a relevant orches-
trator in their insurgence, development, and progression
[1, 2, 6, 10]. Inflammatory cells, which comprise cells from
innate ad adaptive immunity, are characterized by different
phenotype and functions, which involve direct (by con-
tact) or distant (by soluble factors) interaction with their
target cells [12–14]. Immune cells, form either innate or
adaptive immunity, given their cellular plasticity, have been
reported to acquire an altered phenotype upon different
stimuli. This has been described for diverse immune cell
type, including macrophages (M), neutrophils (N), myeloid-
derive-suppressor cells (MDSC), dendritic cells (DC), natural
killer (NK) cells, and T cells [12–14]. Immune cell altered
functions include attenuation of targeting/killing activities,
tolerogenic/immunosuppressive behaviour, and the acquisi-
tion of proangiogenic functions. These alterations, occurring

at both tissue levels and systemically, are finely tuned by
the (chronic) pathological environment. Here, we focused on
NKs as key orchestrator in inflammatory chronic diseases,
such cancer, type 1 diabetes, periodontitis, and atherosclero-
sis. The aim was to discuss how such very different patholo-
gies, with diverse aetiology and photogenic mechanisms,
share a common and relevant hallmark, such inflammation,
dissecting whether NK cells act as crucial orchestrators in the
induction and progression of the conditions selected.

NKs are innate lymphoid cells, primarily involved in
the host defence against infection and in the process of
tumour immunosurveillance. A part from their crucial role
in those processes, NK cells are involved in the graft-versus-
host disease, the regulation of haematopoiesis, and exert
regulatory effects on the adaptive immune cell counterpart
[15]. Virus infected and tumour transforming cells share
the feature of low/null expression of the MHC-I molecule,
representing one of the mechanisms through which NK cells
are able to recognize target/non-self -cells. Nevertheless, this
mechanism alone does not trigger cytotoxicity, unless it is
combined with the altered expression of other molecules
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Figure 1: Different human NK subsets. Three different NK subsets have been characterized on the basis of distinctive surface antigen
expression and described as (a) CD56dimCD16+ that represents the conventional cytotoxic NKs, characterized by the high release of perforin
and granzymes; (b) CD56brightCD16− that are able to release a large amount of cytokines; (c) CD56superbrightCD16− that are able to produce
proangiogenic factors, including VEGF, IL-8, and SDF-1 and are characterized by the expression of specific surface markers as CD9 and
CD49a.

on the target cell surface, acting as activatory ligands. NK
cells are equipped with surface receptors that trigger cell
activation (immunoreceptor tyrosine-based activationmotifs
(ITAM)) or inhibition (immune tyrosine-based inhibitory
motifs (ITIM)) [16]. NK cells also directly contribute to
adaptive immune responses, interacting with DCs and by
triggering T cell responses. Induction of DC maturation to
produce TNF-𝛼 and IL-12 and upregulation of costimulatory
ligands are triggered by NK cells [17]. Moreover, NK cells
proliferate and acquire cytotoxic activity and the capacity
to produce IFN-𝛾 through the interaction with DCs [18].
Apart from activation of other cells of innate immunity,
NK cells also enhance induction of CD8+ T cell responses
that is influenced by NK-released IFN-𝛾, which promotes
antigen processing and presentation to T cells and T helper
type 1 (Th1) cell polarization [19]. Two major circulating
human NK cell subsets have been characterized based on
the expression of surface antigens: CD56, an isoform of the
human neural cell adhesion molecule, and CD16, the low-
affinity Fc receptor necessary for the antibody-dependent
cellular cytotoxicity (ADCC). Peripheral NK cells are pre-
dominantly CD56dimCD16+ cytotoxic NK cells acting mainly
through the release of perforin, a membrane pore-forming
toxin, and granzyme which activates the apoptotic cascade
on target cells. However, approximately 5% of circulating
NK cells show a CD56brightCD16− phenotype. These cells
can produce high levels of some cytokines. Upon activation,
CD56brightCD16− NK cells release IFN-𝛾 and TNF-𝛼, and
they kill target cells more efficiently [20].Within the develop-
ing decidua, a third NK subset is found, the decidual NK cell
(dNK). dNK cells display a CD56superbrightCD16− phenotype
[21] and are closely linked with vascularization of the decidua
in both humans and mice. dNK cells physiologically produce
VEGF, PlGF, and IL-8, are poorly cytotoxic, and are associated
with the induction of CD4+ T regulatory (Treg) cells [22, 23]
(Figure 1).

2. Natural Killer Cells and Cancer

Strong evidences suggest that the presence of inflammatory
cells within the tumour microenvironment (TME) plays a
crucial role in the development and/or progression of human
cancers [10, 12, 24–27]. Among the host-dependent biological
features of the tumour hallmarks, defined by Hanahan and
Weinberg [28], there are “evading immune destruction” and
“tumour-promoting inflammation,” which together with the
immune orchestration of angiogenesis point out the key role
of the immune system in neoplastic diseases [9, 10, 12, 24].

Alterations in NK cell activity have been described
in different type of cancer and are associated with the
induction of a tolerogenic and less/poor cytotoxic func-
tions with decreased expression of the activatory receptor
NKG2D, altered degranulation, and release of perforin and
granzyme. Recently, Bruno et al. identified a new NK cell
subset in tissue and peripheral blood of non-small-cell
lung cancer (NSCLC) patients, termed, respectively, tumour
infiltrating (TINKs) and tumour associated (TANKs) NKs,
which are able to promote angiogenesis [29, 30]. NSCLC
TINK/TANKs are characterized by a decidual like pheno-
type CD56brightCD16−VEGFhighPlGFhighIL-8+IFN-𝛾low, able
to promote endothelial cell migration and induction of
capillary-like structures [29, 30].

Several TME released components, including TGF-𝛽,
hypoxia, and adenosine, mostly shared with the decidual
tissues, are implicated in NK cell response against tumours
[31] (Figure 2).

TGF-𝛽 is one of the numerous TME factors involved
in the induction of immune cell polarization [32] and is
expressed at high levels both in the tumour microenvi-
ronment and in the decidua [29]. During carcinogenesis,
TGF-𝛽 acts as a tumour suppressor, by inhibiting tumour
cell replication and favouring apoptosis [33, 34], while at
later stages of tumour progression it exerts protumourigenic
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tumourmicroenvironment, including TGF-𝛽, hypoxia, adenosine, acidic of the environment, and tumour exosomes (TEXOs), can inhibit NK
response against tumours either by interfering with NK cell direct/cytokinemediated tumour cell lysis or by supporting tumour angiogenesis.

effects that include tumour survival, induction of epithelial-
mesenchymal transition (EMT), enhanced tumour invasion,
and immunosuppressive and proangiogenic activities [32–
34]. TGF-𝛽 has been found to polarize the CD56dimCD16+
peripheral NK cells towards a decidual like phenotype,
defined asCD56brightCD16− andKIR+ CD9+ CD49a+ [29, 35–
37]. TGF-𝛽 has been shown to inhibit CD16mediated human
NK cell IFN-𝛾 production and ADCC though SMAD3
[36]. Bruno et al. demonstrated that TGF-𝛽 significantly
contributes in the induction of the angiogenic-switch of NK

cells from healthy individuals [30], promoting the induction
of the TINK/TANK CD56brightCD16−VEGFhighPlGFhighIL-
8+INF𝛾low phenotype in vitro.

A hypoxic microenvironment is another common feature
shared between the decidua and the TME [38, 39]. A
combination of TGF-𝛽 hypoxia and 5-aza-2-deoxycytidine,
a demethylating agent, has been found to convert FACS
sorted peripheral blood CD56dimCD16+NK cells into dNKs,
characterized by low cytotoxicity and high expression levels
of VEGF, the CD9 dNK marker, and KIRs [36].
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Adenosine is a soluble immunomodulatory molecule
acting through adenosine receptors expressed on diverse
immune cell type, including NK cells [40, 41]. Up to 20-
fold increases in the adenosine content in extracellular fluid
of solid carcinomas have been reported [42]. Adenosine
accumulation is partially associated with hypoxia and its
release in the extracellular environment and can impair
NK cell cytolytic activities by decreasing TNF-𝛼 secretion
(following IL-2 stimulation), decreasing cytotoxic granule
exocytosis, and attenuating perforin and Fas ligand-mediated
cytotoxic activity as far as cytokine release. Most of these
effects are attributed to stimulation of the cyclic adenosine
monophosphate/protein kinase A (PKA) pathway, following
the binding of adenosine to A2A receptors on NK cells
[43].

Recently, great interests arise on tumour released vesicles,
including exosomes, in shaping immune cell response [44,
45]. Exosomes are small (40 to 110 nm) membrane vesicles
of endocytic origin which are actively secreted from several
cell types. Exosome content includes a variety of biologically
active molecules such as proteins, mRNAs, and miRNAs
reflecting the cell of origin. They probably mediate a range
of local and systematic functions, including immune stim-
ulation or suppression, cell-to-cell communication, deliv-
ery of proteins, and genetic material, including miRNA,
tumour immune escape, and tumour cell communication
[46, 47]. Tumour derived exosomes appear to regulate NK
cells impairing their killing activity by downregulating per-
forin/granzyme production and/or NKG2D ligand expres-
sion [48, 49]. Exosome release could explain the effects of
tumours on the polarization of peripheral NK cells towards
TANK phenotype. The NKG2D/NKG2DL system plays an
important role in tumour immune surveillance [42, 48, 49].
There are convincing evidences that exosomes derived from
diverse cancer cell lines, including mesothelioma, breast, and
prostate cancer cells, express NKG2D ligands, and thereby
downregulate NKG2D expression on NK cells and CD8+ T
cells, resulting in impaired cytotoxic effector functions [48–
50]. It has also been shown that leukaemia/lymphoma T and
B cells secrete NKG2D ligand-expressing exosomes with the
ability to impair the cytotoxic potency of NK and T cells from
healthy donors [44, 45].

Recently, STAT5 has been proposed as a key regulator
in NK cells and demonstrated that STAT5 acts as a molec-
ular switch from tumour surveillance to tumour promotion
[39]. Consistent with its function as the major STAT pro-
tein downstream of IL-7, IL-2, and IL-15, Gotthardt et al.
reported STAT5 role in tumour angiogenesis showing that
Stat5Δ/ΔNcr1-iCreTg-Vav-Bcl2 mice displayed an increased
tumour growth compared with wild-type mice [51]. In addi-
tion, production of VEGF by NK cells is higher in STAT5-
deficient mice compared with wt-mice. To elucidate the role
of VEGF production in NKp46+ cells, Gotthardt and col-
leagues established VegfaΔ/ΔNcr1-iCreTg mice, characterized
by NKp46+VEGF− cells. In v-abl+ tumour, RMA-S, and A-
MuLV-induced leukaemia tumour models, they showed a
significant reduction of tumour burden and fewer CD31+
blood vessels in tumours.

3. Natural Killer Cells in Type 1 Diabetes

Type 1 diabetes (T1D), an autoimmune disease characterized
by almost complete beta cell destruction and hyperglycaemia,
accounts for only about 5–10% of all cases of diabetes,
whereas its incidence is dramatically increasing worldwide
over the last 50 years [52]. Different immune cells, such
macrophages and dendritic and T cells, have been suggested
to play crucial roles in type 1 diabetes pathogenesis [53–55].
The contribution of autoreactive T cells to the destruction of
pancreatic 𝛽 cells as a consequence of an immunologically
mediated destruction of the pancreatic tissues has been
proposed as the key pathogenicmechanisms in type 1 diabetes
[56, 57]. Nevertheless, diverse inflammatory cells, from both
innate and adaptive immunity, interact with the pancreatic
parenchyma, supporting the overall inflammatory state in
T1D. NKs cells represent the major source of IFN-𝛾, a
Th1 proinflammatory cytokine acting as a master regulator
of different immune cell response. High release of IFN-𝛾
within the pancreatic tissues inT1Dpatientsmay significantly
contribute to the excessive, uncontrolled, and unresolved
autoimmune response mediated by autoreactive T cells.
While NK cell response against autologous pancreatic islet
has been reported in vitro [58], contrasting results have been
reported in in vivo models.

Two in vivo studies correlate NK cells to diabetes pro-
gression. In the first study (Figure 3(a)), an in vivo model of
coxsackievirus B4- (CVB4-) induced diabetes was employed,
showing that NK antiviral defence, raised by beta cells in
response to IFNs, resulted in a reduced permissiveness to
infection and subsequent natural killer (NK) cell-dependent
death [59]. Another in vivo study (Figure 3(b)), using a T cell
receptor transgenic model where T1D was induced via anti-
CTLA-4 mAb treatment, revealed that higher frequency of
NK cells exited in aggressive insulitis, resulting in b-islet cell
destruction [60].

Conversely, there are several reports supporting a pro-
tective role exerted by NK cells, in NOD mice undergoing
complete Freund’s adjuvant (CFA). In this work, NOD/SCID
mice immunizedwith CFA recover its protective effects when
CD3−DX5+ NKs were adoptively transferred into animal
recipients, by downregulating autoreactive T cell response
[61] (Figure 3(c)).

Whether the murine model employed is relevant for the
NK cell behaviour detected in the context of T1D is still
debated. For example, NOD mice are characterized by an
unusual genetic composition in the genomic regions that
influence NK cell activity.

The NKG2D activatory receptor has been demonstrated
to be overexpressed inNODNKs due to the overexpression of
its Rae-1 ligand. Further, diverse NK cell inhibitory receptors
have been found to be differentially expressed in NOD mice
as compared to C57BL/6 control animals [62]. Altogether,
these genetic peculiarities may explain the low NKs activity
detected in NODmice [62, 63].

Moving to humans (Figure 3(d)), contrasting results have
been reported as well (Figure 2). Most of them documented
low number of circulating NK cells in T1D patients [64–
66] or a functional altered state [67, 68]. The major concern
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Figure 3: Natural killer cells in type1 diabetes. Several in vivo studies correlate NK cells to diabetes progression: an in vivo model of
coxsackievirus B4- (CVB4-) induced diabetes showed that NK antiviral defence resulted in a reduced permissiveness to infection and
subsequentNK cell-dependent death (a). Anti-CTLA-4mAb treatment of T cell receptor transgenicmice demonstrated that higher frequency
of NK cells induces aggressive insulitis, resulting in b-islet cell destruction (b). A protective role of NK cells was reported in NOD mice
undergoing complete Freund’s adjuvant (CFA). NOD/SCID mice immunized with CFA recover its protective effects when CD3−DX5+ NKs
are adoptively transferred into animal recipients, by downregulating autoreactive T cell response (c). In human samples, lower expression
of the NKp30 and NKp40 was detected in type 1 diabetic patients as compared with control. Type 1 diabetic patients display an increased
frequency of KIR gene haplotypes, including the activating KIR2DS3 gene, with a genetic interaction between the KIR and HLA complexes
(d).

regarding these studies is that, even if NK cells were directly
isolated from T1D patients, the detection of functional
alteration was performed by assessing NK cell cytolysis on
K562 tumour cells.

Rodacki et al. investigated the frequency and activatory
state of peripheral blood NK cells in individuals with T1D
at different stages (recent versus long-standing onset) [69,
70]. No significant difference between the activatory state,
as detected by IFN-𝛾 and perforin release, was observed
betweenNK cells derived from either recent or long-standing
T1D patients. In contrast, lower expression of the NCR
NKp30 and NKp40 was detected in NK cell isolated from
long-standing type 1 as compared with control subjects.
Further, gene expression analysis revealed that type 1 dia-
betic patients display an increased frequency of KIR gene
haplotypes, including the activating KIR2DS3 gene, with a
genetic interaction between the KIR and HLA complexes
[69, 70].

4. Natural Killer Cells in Periodontitis

Periodontitis, defined as the inflammation of the periodon-
tium involving the supporting tissues of the teeth, affects as
much as 80% of the middle-aged population; by comparison,
the prevalence of aggressive periodontitis reaches up to
1–1.5% [71].

The role of NK cells in periodontitis has been poorly
investigated; however decreasedTh cells and upregulation of
NK cells during CP have been documented [72].

The role of NKs in periodontitis represents a still debated
issue. Indeed, contrasting results have been reported by using
human specimens.While someof them showed a relationship
between NK number, phenotype, and periodontal state [73–
76], others reported no significant correlation [73, 77].

Relevant increase of CD57 NK cells has been observed by
Fujita et al. and related to periodontal diseases progression
as a consequence of an unresolved immune response within
periodontal tissues [73–76].
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Contrast studies conducted by Fujita et al. and Cobb et
al. revealed relatively low numbers of natural killer cells in
chronic gingivitis and periodontitis samples, as compared to
healthy subjects’ correlation [73, 77].

Conversely, in vitro studies have focused on the inter-
action between NK cells and the main bacterial species
involved in the pathogenesis of periodontitis (Figure 4), like
A. actinomycetemcomitans, P. gingivalis, and F. nucleatum
[78].

Direct recognition of Fusobacterium nucleatum, a gram-
negative anaerobe microorganism ubiquitous to the oral
cavity [79], by the NK cell natural cytotoxicity receptor
NKp46, has been reported to aggravate periodontal disease
[78] (Figure 4(A)).

Actinobacillus actinomycetemcomitans, a gram-negative
bacterium which has been associated with severe oral infec-
tions [80], has been shown to elicit rapid gamma interferon
responses by natural killer cells, via dendritic cell stimulation
[81] (Figure 4(B)). Increased type 1 cytokine production by
both dendritic cells and NK cells, following exposition to P.
gingivalis, has been described, resulting in increased P. gin-
givalis-specific IgG2 [81] (Figure 4(C)). Aggregatibacter acti-
nomycetemcomitans, a gram-negative anaerobic bacterium
strongly associated with localized aggressive periodontitis

[82], has been reported to indirectly induces CD2-like recep-
tor activating cytotoxic cells (CRACC) on NK cells, via
activation of dendritic cells and subsequent IL-12 signalling
[83]. CRACC induction was reported to be more signifi-
cantly pronounced in aggressive than chronic periodontitis
and positively correlated with periodontal disease severity,
subgingival levels of specific periodontal pathogens, and NK
cell activation in vivo [83] (Figure 4(D)).

Other relevant mechanisms driving NK cell contribution
to periodontitis involve ncr1 receptor recognition of still
unknown ligands on F. nucleatum surface. This interaction
resulted in TNF-𝛼 secretion that on one hand leads to
tissue damage by stimulating prostaglandin E2 release from
monocytes and fibroblasts, secretion of metalloproteinases
that degrade extracellular matrix (ECM) proteins, and on the
other hand induces osteoclast differentiation and activation
by increasing RANKL expression and the suppression of
osteoprotegerin, a cytokine receptor that belongs to tumour
necrosis factor (TNF) receptor superfamily expression in
osteoblasts, resulting in alveolar bone resorption [78] (Fig-
ure 4(E)).

Several conditions associated with periodontitis have
been related to alteration inNK cells cytotoxicity. A part from
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those related to bacterial infections, T2DM [67], smoking
habits [84] have been included as related conditions.

Fanconi anemia (FA), an autosomal recessive disorder
characterized by progressive pancytopenia and congenital
malformation of the skeleton [85], periodontitis, and gingivi-
tis, represents common inflammatory states in patients with
FA [85]. Natural killer (NK) cell numbers and function have
been reported to be decreased in some FA patients and this
was associated with impairment in the differentiation process
of the NK cells subsets [85, 86]. Myers et al. showed perforin
and granzyme reduced content inNKcells fromchildrenwith
FA as compared to controls [87].

Zeidel et al. reported that smokers without chronic
obstructive pulmonary disease (COPD) showed impaired
NK cytotoxic activity in peripheral blood and alteration in
systemic production of pro- and anti-inflammatory cytokines
[84].

A study performed on Papillon-Lefèvre syndrome (PLS),
an autosomal recessive disorder that exited in aggressive
periodontitis [88], revealed NK cell anergy, as compared
to healthy subjects with impairment of NK cell cytotoxic
function [89].

5. Natural Killer Cells in Atherosclerosis

Atherosclerosis is a chronic inflammatory disease affecting
elastic and large muscular arteries that are characterized by
lesions containing cholesterol, immune cells, smooth muscle
cells, and necrotic cores. Macrophages, dendritic cells, and
T cells represent the major immune cells populations within
developing lesions, even if other immune cell components
are involved, including NK cells [90]. Indeed, NKs have been
observedwithin atherosclerotic plaques in humans as far as in
mice [91, 92] and it has been demonstrated that in advanced
atherosclerotic lesions they mostly localized in the necrotic
core adjacent tissues, deep within plaques, and in shoulder
regions [90].

It has been suggested that several cytokines and chemok-
ines within lesions may be directly involved in NK cell
recruitment towards atherosclerotic plaque. Among all,
monocyte chemoattractant protein-1 (MCP-1) [93] as well as
fractalkine (CX3CL1) has been shown as relevant cytokines
able to enhance NK cell migration and activation result-
ing in an increased IFN-𝛾 release [94]. In addition, IL-
15, IL-12, IL-18, and IFN-𝛼, which represent major NK cell
chemoattractants, have been shown to promote atherogenic
process, potentially activating NK cells, or promoting their
crosstalk with other immune cells, including DC and mono-
cytes/macrophages [95–97] (Figure 5(a)). NKs have been
shown to participate in atherosclerosis via activatory recep-
tors that recognizeMHC-Imolecules (MICAandMICB) [98]
and by releasing IFN-𝛾, a proinflammatory cytokine [99]. In
this context, it was demonstrated that oxidized low-density
lipoprotein (LDL) can promote NK/dendritic cell crosstalk
by activating the CD48-2B4 axis and inducing an increased
production of IFN-𝛾 by NKs [100] (Figure 5(a)).

To specifically confirm that NK cells infiltrate the vessel
wall and contribute to atherosclerotic promotion and lesion
development, several in vivo models have been employed.

Whitman et al. create a chimeric atherosclerosis-susceptible
LDL receptor null (ldl-r−/−) mouse model also character-
ized by the impairment of NK cell functionality through
the expression of a transgene encoding for Ly49A. They
demonstrated that, even if no difference in either serum
total cholesterol concentrations or lipoprotein cholesterol
distribution was observed between the two groups of mice,
in Ly49A transgenic group the deficiency of functional NK
cells significantly reduced the size of atherosclerosis by 70%
in cross-sectional analysis of the aortic root and by 38% in the
intimal surface of the aortic arch [92, 99] (Figure 5(b)).

Selathurai et al. demonstrated that treatments with anti-
Asialo-GM1 inApoE(−/−)mice resulted inNKcells depletion
without affecting other lymphocytes ratios, associated with
reduced atherosclerosis (Figure 5(c)).These effects have been
shown to be independent from plasma lipids. Moreover
NKs isolated from mouse spleens for adoptive transfer into
lymphocyte-deficient ApoE(−/−)Rag2(−/−)IL2rg(−/−) mice
confirmed the proatherogenic activity of NK cells. Further,
the transfer of IFN-𝛾-deficient NK cells, but not granzyme
B and perforin-deficient NK cells, resulted in an increased
lesion size in the lymphocyte-deficient ApoE(−/−) mice as in
wild-type NK cells. Necrotic core was increased by wild-type
NK cells, whereas no changes were observed with perforin-
and granzyme B-deficient NK cell transfer [98] (Figure 5(d)).

Cheng et al. showed that combined B, T, and NK
cell deficiency accelerates atherosclerosis in BALB/c mice,
demonstrating the impact of lymphocytes, includingNKs, on
lipoprotein metabolism along with the relevant contribution
of lymphocyte subsets in plaque composition in atheroscle-
rosis [101].

Recent studies have suggested that not only might the
presence of NKs be considered in atherosclerosis progres-
sion, but also more importantly their ability to influence
other immune cells should be evaluated. Several evidences
demonstrated that NKs within atherosclerotic plaque are
activated by dendritic cells. NK-released cytokines are able in
turn to promote DC maturation, leading to an exacerbation
inflammatory response.NK/DC crosstalkmight be envisaged
as a potential interaction occurring within atherosclerotic
lesions, which might worsen disease progression [102] (Fig-
ure 5(a)). In fact, the crosstalk between activated dendritic
cells/macrophages and NK cells induces IFN-𝛾 release by
NK cells that in turn promotes metalloproteinases (MMPs)
secretion from cDCs and MΦ. Activated MΦ produce TNF-
𝛼 increasing enhance endothelial cell adhesion molecules
and MMPs can damage the extracellular matrix leading to
atherosclerotic plaque destabilization [102] (Figure 5(a)).

Indirect evidence that NK cells might contribute to
atherosclerotic disease is also provided by clinical obser-
vations in atherosclerotic patients. Recently, in a cohort of
124 patients it has been demonstrated that increased NK
numbers were observed in the arm of the study including
those patients with complications, suggesting NK cell direct
contribution in atherosclerosis progression [103]. Similarly, in
elderly atherosclerotic patients, an increased number of total
circulating NKs characterized by an impaired cytotoxicity
were shown [104]. According to these evidences, a significant
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Journal of Immunology Research 9

reduction of CD56dim NK cells and a concomitant loss of NK
cell function in terms of cytolytic activity were also found in
patients with unstable coronary artery disease (CAD) [105].

6. Conclusion

The contribution of natural killer cells to inflammatory
disease insurgence and progression represent an intriguing
topic for both basic scientists and clinicians. It is now
clear that immune cell plasticity within the pathological
microenvironment acts not only at local tissue but also at
systemic levels. Several studies performed in different and
distant pathologies like cancer, diabetes, and dental disorders
that share an inflammatory state as a crucial hallmark showed
altered NK cell activity at both local and systemic levels. This
will be crucial to propose NK cells as potential circulating
biomarkers to early detect diverse syndrome and/or predict
further outcome.

Some studies, here discussed, supported the evidence that
altered NK cell activities (enhanced/uncontrolled cytolysis
versus impaired cytolytic functions) are associated with
protective or deleterious effects. This knowledge suggests
that further studies, requiring proper animal models and
translation into human, are necessary to clarify the contribu-
tion of NK cells to the progression of inflammatory-related
pathologies, aiming at identifying potential modulators able
to shape NK cells, according to the pathological context.
Finally, considering their direct and indirect (crosstalk with
other arms on innate and adaptive immunity) contribution to
inflammatory conditions, NK cells can be placed as relevant
orchestrators in chronic diseases.
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Phosphotyrosine phosphatases (PTPs) constitute a complex family of enzymes that control the balance of intracellular
phosphorylation levels to allow cell responses while avoiding the development of diseases. Despite the relevance of CD4 T cell
polarisation and effector function in human autoimmune diseases, the expression profile of PTPs during T helper polarisation and
restimulation at inflammatory sites has not been assessed. Here, a systematic analysis of the expression profile of PTPs has been
carried out during Th1-polarising conditions and upon PKC activation and intracellular raise of Ca2+ in effector cells. Changes in
gene expression levels suggest a previously nonnoted regulatory role of several PTPs in Th1 polarisation and effector function. A
substantial change in the spatial compartmentalisation of ERK during T cell responses is proposed based on changes in the dose of
cytoplasmic and nuclearMAPK phosphatases. Our study also suggests a regulatory role of autoimmune-related PTPs in controlling
T helper polarisation in humans. We expect that those PTPs that regulate T helper polarisation will constitute potential targets for
intervening CD4 T cell immune responses in order to generate new therapies for the treatment of autoimmune diseases.

1. Introduction

CD4 T cells are important components of adaptive immune
responses. During antigen stimulation, T cells polarise
towards a type of effector cell specialised in controlling
different sorts of infections by secreting different cytokines:
Effector T helper 1 (Th1) secretes IFN𝛾 and is specialised
against intracellular pathogens, Th2 secretes IL-4 and is
specialised against helminths, and Th17 secretes IL-17 and is
specialised against extracellular bacterial and fungi. Despite
having a crucial role in the immunity against pathogens,
helper T cells are also involved in immune system-related
diseases, including allergies and autoimmune pathologies.
It is well established that Th2 responses mediate allergy
and, currently, major efforts are directed to understand the
pathological balance of Th1, Th2, and Th17 polarisation in
autoimmune diseases [1–4].

In humans, protein tyrosine phosphatases (PTPs) con-
stitute a family of more than 100 enzymes that regulate the
phosphorylation state of molecular components of signalling

networks. The folding of the PTP domain classifies PTPs
in four classes: class I, containing the classical nonrecep-
tor and receptor PTPs (NRPTPs and RPTPs, respectively)
and the dual specific phosphatases (DSPs) [5]; class II,
containing the low molecular weight PTP (LM-PTP); class
III, containing cell division cycle-25 PTPs (CDC25s); and
class IV, containing the eyes absent PTPs (EYAs) [6]. Cat-
alytic activity of classes I to III is based on a Cysteine
residue, while in the case of class IV it is based on an
Aspartic acid residue [5, 6]. Despite their important role
in balancing phosphorylation levels, it is becoming clear
that they also regulate intracellular signalling by mechanisms
not dependent on the phosphatase activity, including the
competition for the binding of inhibitors, like in the case of
phosphatase of regenerating liver-1 (PRL-1) [7], the control
of the spatial regulation of nonphosphorylated substrates,
like in the case of MAPK phosphatases (MKPs) [8], and the
control of the catalytic activity of other PTPs, like in the case
of noncatalytic myotubularins (MTMs) [9]. These mecha-
nisms underscore the relevance of the dose and the spatial
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regulation of PTPs in the signalling networks that control cell
responses.

Lymphocytes express around 60 to 70 genes coding for
PTPs [10–12] and the significance of the above-mentioned
regulatory mechanisms for the immune responses by human
CD4 T cells has been barely established. Studying these
mechanisms is needed in order to understand how CD4
T cells achieve normal immune responses while preventing
diseases. In this regard, the critical role of some classical
PTPs in lymphocyte activation and the association of genetic
variants to autoimmune disease have been described [13, 14].
Nonetheless the dose and the regulatory role of the majority
of DSPs and class II to IV PTPs (for simplicity called in this
study nonclassical PTPs or NCs) in T helper polarisation and
effector function have not been studied. Here, we characterise
the expression profile of the genes coding for these groups of
PTPs in human naı̈ve CD4 T cells, during the polarisation
to Th1 effector cells and in response to PKC stimulation and
cytosolic raise of Ca2+. Our data suggest that changes in
the dose of MAPK phosphatases (MKPs) might dramatically
affect the regulation of the MAPK module during T cell
polarisation and stimulation at the inflammatory sites. Gene
expression changes found in our study suggest the existence
of previously nonnoted regulators of Th1 polarisation and
effector functions and, consequently, potential targets for the
manipulation of CD4 T cell immune responses in future
research directed to obtain therapies for the treatment of
autoimmune diseases.

2. Materials and Methods

2.1. Cell Isolation, Culture, and Stimulation. Blood cells of
healthy adult donors (<65 year old) where obtained from
buffy coats processed at the transfusion centre of the “Comu-
nidad deMadrid,” Spain. Peripheral bloodmononuclear cells
(PBMCs) were obtained by Lymphoprep� (Rafer, Spain)
density gradient centrifugation. Näıve CD4 T cells were
isolated from PBMCs using the Naı̈ve CD4+ T cell Isolation
Kit II (Miltenyi Biotec, Germany). Purities over 95% were
typically obtained as assessed by flow cytometry. For Th1
polarising conditions, the obtained naı̈ve CD4 T cells were
cultured for 12 days in RPMI 1640 (Lonza Group, Switzer-
land) supplemented with 10% FCS (Gibco, USA), Penicillin-
Streptomycin 100U/mL and 100 𝜇g/mL, respectively, and
2mM L-Glutamine (all from Lonza Group, Switzerland) in
the presence of Dynabeads Human T-Activator CD3/CD28
(Invitrogen, USA) and 10 ng/ml of IL-12 (Peprotech, USA).
Th1 cells were then restimulated for 4 hours with 10 ng/mL
Phorbol 12-myristate 13-acetate (PMA) plus 1 𝜇M Ionomycin
(Th1-PI) (both from Sigma Aldrich, USA).

2.2. Flow Cytometry. Th1 polarisation was assessed by
analysing the production of IFN𝛾 in response to stimulation
with PMA and Ionomycin. Th1 cells were stimulated as
explained in Section 2.1 in the presence of 5𝜇g/mL Brefeldin
A (Sigma Aldrich, USA). Cells were then washed, fixed with
4% paraformaldehyde (Sigma Aldrich, USA) permeabilized
with 0,1% saponin (Sigma Aldrich, USA), and stained with
anti-IFN𝛾 antibody (BD pharmingen, USA). Flow cytometry

data were collected using a FacsCalibur flow cytometer (BD
Biosciences, USA).

2.3. Real-Time Quantitative Polymerase Chain Reaction
(qPCR). RNAwas extracted fromnaı̈ve,Th1, andTh1-PI cells
using the Absolutely RNAMicroprep Kit (Agilent Technolo-
gies, USA) and the RNA integrity was assessed using the
Agilent 2100 Bioanalyzer (Agilent Technologies, USA). 2 𝜇g
of RNAwas used to synthesize cDNAwith the High Capacity
cDNAReverse Transcription Kit (Applied Biosystems, USA).
Expression profiles were obtained by qPCR implemented
with TaqMan Low Density Arrays (TLDA, ThermoFisher,
USA) in a 7900HT Fast Real-Time PCR System (Applied
Biosystems, USA). Genes with CT values under 33 were
considered to be nonexpressed. Delta (D)CT was calculated
by using as housekeeping gene the average of CT values
obtained for the genes 18S and GNB2L1. RQ was calculated
using the 2−ΔΔCT method [48].

2.4. Data and Statistical Analysis. An agglomerative hierar-
chical tree was implemented in MATLAB (The Mathworks,
Inc, USA) by using Euclidean metrics and the ward method.
Statistical analysis was implemented in GraphPad Prism
version 5.04 (GraphPad Software, USA). Changes in mRNA
levels between different conditions (Näıve, Th1, and Th1-PI)
obtained for each donor were analysed with a paired 𝑡-test.
A consistent change in the expression level was considered
when it was obtained a difference in expression equal or
higher than 1,5 CTs in the majority of donors analysed
and a 𝑝 value under 0.1 in the 𝑡-test. In each data and
statistical analysis, only those donors were used in which all
the conditions that wanted to be compared were obtained
(𝑛 = 3 donors in analysis of Table 2 and Figures 2 and 3, 𝑛 = 2
in analysis of Figure 4(a) and 𝑛 = 4 donors in the analysis of
Figure 4(b)).

3. Results and Discussion

3.1. Th1 Polarisation of Human Naı̈ve CD4 T Cells. Human
naı̈ve CD4 T cells were isolated and polarised to Th1 condi-
tions as detailed in materials and methods. The polarisation
was confirmed by the production of IFN𝛾. The majority
of cells in the population produced IFN𝛾 in response to
phorbol esters and Ionomycin (PI) treatment (Figure 1(a)).
The induction of theTh1master regulator transcription factor
Tbet was also corroborated (Figure 1(b)). PKC activation
and cytosolic raise of Ca2+, induced by PI treatment, mimic
antigen stimulation via theT cell receptor (TCR) duringT cell
effector functions at inflammatory sites. By using this in vitro
model, we studied the amount of mRNA, which indicates the
dose of each PTP in naı̈ve andTh1 effector cells.

3.2. Expression Profile of PTPs Associated with Human CD4 T
Cells. We included in this study all NCs given the unknown
function of the majority of them in T cells and some classical
RPTPs and NRPTPs, due to their regulatory role in the
signalling downstream the TCR and cytokine receptors and
in the dynamics of the cellular machinery or due to their
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Figure 1: Assessment ofTh1 polarisation. (a) Flow cytometry dot plots represent the IFN𝛾 production against the size scatter ofTh1-polarised
cells without (Th1) or with PI treatment (Th1-PI). The percentage of IFN𝛾 producing cells is indicated. A representative experiment is shown.
(b) Determination of the RQ of the transcription factor Tbet in näıve andTh1 cells. The average and the standard deviations of 3 donors are
shown.

association with autoimmune diseases [13–25, 27, 28, 30–
35, 37–39, 49–52] (Table 1). An agglomerative hierarchical
tree and statistical analysis were used to characterise the
obtained expression profiles (see materials and methods).
Consistent with the high number of PTP-coding genes that
are expressed in the lymphoid compartment in mice [11],
the mRNA of all 14 classical PTPs and 55 out of 65 NCs
was detectable in the analysed human näıve and Th1 cells.
This fact underscored the relevant role of the family of PTPs
inTh1 polarisation and function. Agglomerative hierarchical
tree revealed clusters of PTPs, which share not only the
expression level and profile during Th1 polarisation but also,
in some cases, related functions (Figure 2). The change in the
expression profile during Th1 polarisation might be indica-
tive of previously nonnoted regulators of T cell activation/
polarisation.

3.2.1. Expression of Classical PTPs. The majority of classical
PTPs analysed (10 out of 14) were found inside the group of
high expression, including PTPRC (CD45), PTPN1 (PTP1B),
PTPN7 (HePTP), PTPN6 (SHP1), PTPRJ (CD148 or DEP-
1), PTPN4 (MEG1), PTPN12 (PTP-PEST), PTPN2 (TC-PTP),
PTPN22 (LYP), and PTPRA (PTP-alpha) (Figure 2). Consis-
tent with the established knowledge, PTPRC, an important
regulator of Lck activation [14, 16, 17], showed the highest
expression levels of all PTPs studied. PTPs found inside

the group of middle and low expression included PTPRK
(PTP-Kappa), PTPN13 (FAP-1 or PTP-BAS), PTPN18 (BDP1
or PTP-HSCF), and PTPN9 (MEG-2) (Figure 2).

PTPRJ, PTPN6, and PTPN7, which are known to regulate
intracellular phosphotyrosine levels during T cell activation
[18, 19, 28, 30, 31], were upregulated with Th1 polarisation
(Table 2). Consistent with our data, upregulation of PTPRJ in
response to TCR stimulation has been previously described
[18]. Interestingly, mouse Shp1 limits IL-4 signals and then
controls abnormal skewing to Th2 polarisation [49]. There-
fore, our data indicate that SHP1 might also have a role in
balancingTh1/Th2 polarisation in human CD4 T cells.

Our analysis uncovered a relation between the upregu-
lated expression and the function of some PTPs. For example,
PTPN9, which regulates the fusion of secretory vesicles
with the plasma membrane [32, 33], shared cluster with
the myotubularin MTMR2 (Figure 2), a known regulator of
endosomal dynamics (see below).The higher gene expression
found in Th1 cells (Figure 2 and Table 2) suggests an
important role of these PTPs in endosomal dynamics during
the immune responses of Th1 cells. Another example was
found inside the group of low expressed PTPs: PTPN18
and PTPN13 were found upregulated in the same cluster
(Figure 2). Both PTPs have been suggested to regulate
(PTPN18) or associate with (PTPN13) the actin cytoskeleton
[50, 51]. Interestingly, they also shared cluster with the DSP
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Slingshot-3 (SSH3), another regulator of the actin cytoskele-
ton. Thus, the function of PTPN18 and PTPN13 in the actin
dynamics subjacent T cell activation should be investigated.
Consistent with our data, these PTPs have also been found to
be expressed in T cells of mice [11]. Interestingly, a regulatory
role of PTPN13 in Th1 and Th2 polarisation has also been
proposed [35].

The genes PTPN1, PTPN2, PTPN4, PTPN12, PTPN22,
PTPRA, and PTPRK were not regulated with Th1-polarising
conditions, although the function of some of them in TCR or
cytokine signalling has been described (Table 1).

3.2.2. Expression of NCs. We did not detect mRNA of the
atypical MKPs DUSP13, DUSP15, DUSP26, and DUSP27,
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Figure 3: Expression change of NCs phosphatases induced by the PI
treatment. The graph represents the average of the change in DCT
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the classical MKP DUSP9, the tensin homolog TPTE, the
eyes absent EYA1, EYA2, and EYA4, and the myotubularin
MTMR7.The reported expression of the Eya1, Eya2, and Eya3
mouse orthologs [11] suggests a different requirement of this
group of PTPs inmice and humans.The samemight apply for
the myotubularinMTMR7, which seems to have a regulatory
role in Th polarisation in mice [53]. The expression of tensin
homologs was very low and only PTEN was highly expressed
particularly in Th1 cells (Figure 2). Although very lowly
expressed,TPTE2was consistently downmodulatedwithTh1-
polarising conditions (Figure 2 and Table 2). Nonexpressed
MKPs in our study matched previous data in mice [11].

22 NCs were found in the group of highly expressed PTPs
(Figure 2). Substantial changes in expression levels associ-
ated with Th1 polarisation were found in genes coding for
regulators of the phosphorylation state of phosphoinositides
(MTMs), the MAPK signalling module (MKPs), the actin
cytoskeleton (Slingshots or SSHs), and the cell cycle (CDC25s
and CDKN3) (Table 2). Interestingly, the role of some of
these enzymes, includingMTMR1,MTMR2,DUSP7, DUSP8,
DUSP23, STYXL1, and CDC25B, has not been studied in T
cells. To investigate the expression profile of these different
groups of PTPs during the effector functions of Th1 cells
at inflammatory sites, we analysed the change in expression
levels induced by the PI treatment (Figure 3).

MTMs dephosphorylate the position 3 of phosphatidyli-
nositol phosphate (PIP) molecules PI(3)P and PI(3,5)P2,
making them important regulators of the endosomal com-
partment, the cytoskeleton, and ion channels [9]. Eight out of
12 MTMs were found in the group of highly expressed PTPs
(Figure 2), which suggests that they finely tune PIP levels
for a proper function of these components of the cellular
machinery in T cells. For example, MTMR14 controls the
activity of the Ryanodine Receptor (RyR), which is essential

for the homeostasis of Ca2+ [9]. RyR is needed for Ca2+
signalling and proper IL-2 production and proliferation of
activated T cells [54]. MTMR14 shared cluster with MTMR6
(Figure 2), which has been described to control naı̈ve CD4 T
cell activation by inhibiting the KCa3. 1K+ channel, which is
essential for Ca2+ influx [55]. Consistently, a slightly higher
mRNA level was found in naı̈ve T cells than in Th1 cells.
Other MTM of this cluster was MTMR3, which, along with
MTMR6, has been described to regulate autophagy [9], an
essential process for the metabolic changes required during
T cell activation [56]. Among the highly expressed MTMs,
only MTMR1 was found significantly upregulated (Table 2)
and shared cluster with MTM1 (Figure 2), which was also
weakly upregulated. MTM1 interacts with desmin [57] and
might have an important role in cytoskeleton dynamics in T
cells.

We also found phosphatase death (PD) MTMs expressed
in CD4 T cells, including the highly expressed SBF1
(MTMR5), MTMR10, and MTMR12, the middle expressed
MTMR9, and the inducible with Th1 polarisation MTMR11
(Figure 2 and Table 2). PD MTMs have been found to
physically interact and increase the catalytic activity of
MTMs [9]. For example, MTMR9 regulates the activity of
MTMR6 [9] and MTMR8, a previously described regulator
of the PI3K/AKT pathway in zebrafish [58]. MTMR9 might
constitute an important regulator of CD4 T cell polarisation
as has been proposed in mice [53]. The PI treatment upreg-
ulated MTMR11 levels in Th1 cells (Figure 3), suggesting a
previously unknown regulatory role in effector functions at
inflammatory sites. The MTMs regulated by MTMR11 have
not been described.

Inside the group of middle expressed PTPs, MTMR2 was
found upregulated byTh1-polarising conditions and PI treat-
ment (Table 2 and Figure 3). These data suggest a previously
unknown role of this MTM in T cells during Th1 immune
responses. MTMR2 catalytic activity is increased by the PD
MTMsSBF1,MTMR12, and SBF2 (MTMR13). Althoughnone
of these MTMs were found upregulated upon polarisation,
the expression level of SBF1 andMTMR12 seems to be enough
to allow this regulatory mechanism to take place in naı̈ve
and Th1 cells. MTMR2 dephosphorylates PI(3,5)P, which
regulates membrane homeostasis and endosomal transport
and has been described to interact with Disc large-1 (Dlg-
1), which is involved in polarised membrane trafficking [59].
Recently, it has been proposed that ezrin controls tubulin
cytoskeleton dynamics, immunological synapse organiza-
tion, and NFAT activation by interacting with Dlg-1 [60].
Thus, it is tempting to speculate thatMTMR2 has a regulatory
role in the dynamics of the endosomal compartment during
the activation of Th1 cells at inflammatory sites.

The cytoskeleton regulators SSH2 and SSH3 were
found downregulated and upregulated, respectively, by Th1-
polarising conditions (Table 2). These data underscore the
relevance of SSH3 for the cytoskeleton rearrangements
during Th1 polarisation or effector function. Despite both
proteins being downmodulated by PI treatment (Figure 3),
SSH1 expression was not regulated under any treatment.
Interestingly, the role of SSHs, including the middle
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expressed SSH1, in the intracellular signalling operating
during antigen-induced T cell stimulation is not completely
understood [61].

Among the 9 out of 10 classical MKPs [8] whose expres-
sion was detected, DUSP1, DUSP2, DUSP4, DUSP7, and
DUSP16 were found in the group of highly expressed PTPs
(Figure 2). Nuclear DUSP1 has been found to be required
for proper T cell activation [40] and nuclear/cytoplasmic
DUSP16 has been proposed to be downregulated and upreg-
ulated during Th1 and Th2 polarisation, respectively, being,
in mice, a regulator of theTh1/Th2 balance [41]. Consistently,
the expression levels of DUSP16 were found downmodulated
during Th1-polarising conditions (Table 2), suggesting a role
in balancing human T helper differentiation or in initial T
cell immune responses by naı̈ve cells. The cytoplasmic ERK-
specific MKP DUSP7 was upregulated with Th1-polarising
conditions and shared cluster with the SHP1 and the ERK
regulator He-PTP (Table 2 and Figure 2). Interestingly,
its function and regulatory mechanism in T cells are not
known, and our data might indicate a role of DUSP7 in
Th1 polarisation or effector function. The nuclear ERK-
specific MKPs DUSP2 and DUSP4 have been described to
interact with phosphorylated and dephosphorylated ERK
and were upregulated by the PI treatment (Figure 3). Thus,
they might be involved in both ERK inactivation and/or
accumulation of the dephosphorylated form in the nucleus
(see below). DUSP5, DUSP6, DUSP8, and DUSP10 were
found inside the group of middle expressed PTPs. Nuclear
DUSP5 has been proposed to modulate T cell development
and activation [62] and Cytosolic DUSP6 has been pro-
posed to decrease T cell sensitivity by dephosphorylating
ERK and, consequently, inhibiting the Lck-ERK positive
feedback loop established upon strong T cell stimulation
[63]. Interestingly, DUSP5 shared cluster with genes upreg-
ulated with polarisation (Figure 2) and both MKPs were
upregulated by the PI treatment (Figure 3). The function
of the p38- and JNK-specific DUSP8 and DUSP10 in T
cell immune responses is not known. DUSP8 was found
substantially more abundant in naı̈ve than in Th1 cells
(Figure 2) and was upregulated with PI treatment (Figure 3).
DUSP10 was not regulated byTh1-polarising conditions or PI
treatment.

The group of MKPs are characterised by sharing MAPK
substrates. For example, ERK is dephosphorylated by 13
different MKPs. Interestingly, it has been proposed that the
spatial distribution of dephosphorylated MAPKs is regulated
by the binding of MKPs, such as the nucleocytoplasmic loca-
tion of ERK by nuclear DUSP5 and cytoplasmic DUSP6, and
the accumulation of ERK in the nucleus by DUSP2, DUSP4,
and DUSP5 [64–66]. Thus, the coordinated expression levels
of MKPs are expected to be essential for the proper function
of the MAPK signalling module. Dephosphorylated MAPKs
can have functions nondependent on the kinase activity, for
example, as transcription factors [8], and they bind with high
affinity and increase the activity of MKPs [67]. Thus, more
than simply having a role in down-modulating the response
of themodule,MKPs regulate the subcellular localisation and
crosstalk of MAPKs [8, 65]. In this regard, changes in the
dose, asmay be achieved by regulating their expression levels,

may enable MKPs to compete with other molecules for the
binding of MAPKs.

Consistent with this complex scenario, Th1 polarisation
and PI treatment ofTh1 cells induced dramatic changes in the
expression profile of ERK-directed MKPs and, consequently,
remarkable differences were found between naı̈ve and Th1
restimulated cells (Th1-PI) (Figures 4(a) and 4(b)). While
the relative expression of nuclear DUSP1 and DUSP2 was
dominant in naı̈ve cells, in Th1 restimulated cells there was
a clear dominance of partners of dephosphorylated ERK,
including DUSP2, DUSP4, and DUSP5 in the nucleus, and
DUSP6 in the cytoplasm.These data suggest that interactions
between MKPs and dephosphorylated ERK might accumu-
late ERK in the cytoplasm and/or the nucleus of restim-
ulated Th1 cells, while in näıve cells nuclear translocation
and transient phosphorylation of ERK should dominate the
response (Figure 4(c)). DUSP7 was also more abundant in
restimulated Th1 cells (Figure 4(b)). Whether it can also
bind dephosphorylated ERK should be investigated. Thus,
functions nonrelated to its kinase activity of dephosphory-
lated ERK in the cytoplasm and the nucleus of effector T
cells at inflammatory sites and the regulatory role of MKPs
in the spatial distribution of dephosphorylated ERK should
be investigated. Dynamic compartmentalisation of MAPK
signalling module by MKPs warrants future research.

Some atypical MKPs were found regulated by Th1-
polarising conditions (Table 2). The JNK- and ERK-specific
DUSP22 and DUSP23 were found upregulated in our anal-
ysis, suggesting an important role in controlling intracellu-
lar signalling during Th1 polarisation or effector function.
DUSP22 has been proposed to regulate TCR signalling [43]
while the function of DUSP23 in T cell activation is not
known. The JNK- and p38-specific DUSP13 and DUSP21
(whose substrates are unknown) were repressed with polari-
sation. The function of these proteins in T cell biology is also
unknown.

Among cell cycle regulators, CDC14A and CDC25B were
found in the group of highly expressed PTPs. Interestingly,
CDC25B, a negative regulator of the cell cycle was upregu-
lated by Th1-polarising conditions (Table 2). CDC25A and
CDKN3 constitute a cluster of strongly upregulated cell
cycle regulators (Figure 2) and CDC25C was induced with
Th1-polarising conditions (Table 2). These data suggest a
relevant function of these enzymes for Th1 polarisation,
proliferation, or effector function. Consistently, inhibition of
T cell proliferation by PD-1 is mediated by suppression of
CDC25A [42]. Whether there is a role of these cell cycle
regulators during antigen-mediated T cell stimulation, as
has been recently described for the CDC25B-specific kinase
Aurora A [68], should be investigated.

4. Conclusions: Perspective on
Autoimmune Diseases

The systematic analysis performed in this study reveals
several genes coding for PTPs that are regulated during Th1
polarisation and restimulation of effector cells. Interestingly,
the mRNA level of the majority of the regulated genes
coding for NCs was increased duringTh1 polarisation, which



10 Journal of Immunology Research

suggests a regulatory role of these PTPs inTh1 polarisation or
effector function. By contrast downmodulated genes during
polarising conditions might be involved in initial immune
responses by naı̈ve T cells. In general, changes in expression
levels found during polarisation might indicate a role in
achieving a healthy balance of T helper polarisation. Our data
also suggest an important compartmentalisation of dephos-
phorylated ERK functions during the T cell responses at
inflammatory sites. Finally, the obtained results also suggest
the existence of PTPs that might regulate components of the
cellular machinery (including the endosomal compartment,
the cytoskeleton, and the activity of ion channels) during T
cell immune responses. The regulatory role of these PTPs
should be investigated.

Regarding autoimmunity, the expression of PTPN6 has
been found reduced in psoriatic T cells [29] and in blood
cells of psoriatic arthritis [69]. Our data suggest that bal-
anced nonpathological T helper polarisation requires a
highly upregulated expression of SHP1 during the gener-
ation of IFN𝛾 producing cells. By contrast, although the
polymorphism rs1893217(C) in the PTPN2 gene has been
associated with a decrease in the expression levels that
promotes autoimmunity [23, 70] and to a reduced response
to IL-2 [26], the regulation of the expression levels of this
gene does not seem to be necessary during the generation
of IFN𝛾 producing cells. Single nucleotide polymorphisms
(SNPs) in nonregulated PTPs PTPN22 and PTPRC have
been associated with human autoimmune diseases, includ-
ing multiple sclerosis and autoimmune hepatitis in the
case of PTPRC and type I diabetes, rheumatoid arthritis,
and systemic lupus erythematosus in the case of PTPN22
[13, 23, 37, 52].

In the mouse model the atypical DUSP22 has been pro-
posed to inhibit TCR signalling and to control the develop-
ment of experimental autoimmune encephalomyelitis [44].
Interestingly, low expression of DUSP22 in human T cells
has been proposed to be a potential biomarker for systemic
lupus erythematosus nephritis [45]. Thus, it seems that this
protein is relevant in controlling T cell responses in order to
prevent autoimmune diseases. Interestingly, overexpression
of DUSP23 in CD4 T cells of patients with systemic lupus
erythematosus has been described [46]. The upregulation of
DUSP22 and DUSP23 found in our work by Th1-polarising
conditions suggests a regulatory role of these enzymes during
T helper polarisation and, consequently, their contribution
to the control or development of pathological polarisation
should be investigated. In general, our data encourage com-
paring the expression profile of PTPs in T cells of patients
diagnosed with autoimmune diseases and healthy individu-
als. Some of the genes regulated during Th1 polarisation as
assessed herein might also constitute biomarkers or might
be involved in the pathogenesis or severity of autoimmune
diseases.
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Reports suggesting a pathogenic role of autoantibodies directed against glutamic acid decarboxylase 65 (GAD65Abs) in cerebellar
ataxias (CAs) are reviewed, and debatable issues such as internalization of antibodies by neurons and roles of epitopes are discussed.
GAD65 is one of two enzymes that catalyze the conversion of glutamate to the inhibitory neurotransmitter gamma-aminobutyric
acid (GABA). A pathogenic role of GAD65Ab in CAs is suggested by in vivo and in vitro studies. (1) Intracerebellar administration
of cerebrospinal fluid (CSF) immunoglobulins (IgGs) obtained fromGAD65Ab-positive CApatients impairs cerebellarmodulation
of motor control in rats. (2) CSF IgGs act on terminals of GABAergic neurons and decrease the release of GABA in cerebellar slices
from rats and mice. (3) Absorption of GAD65Ab by recombinant GAD65 diminishes the above effects, and monoclonal human
GAD65Ab (b78)mimic the effects of CSF IgGs in vivo and in vitro. Studies using GAD65-KOmice confirm that the target molecule
is GAD65. (4) Notably, the effects of GAD65Ab depend on the epitope specificity of the monoclonal GAD65Ab. Taken together,
these results indicate that epitope-specific GAD65Ab-induced impairment of GABA release is involved in the pathogenesis of
GAD65Ab-positive CA and support the early detection of GAD65Ab-associated CA to initiate immunotherapy before irreversible
neuronal death in the cerebellum.

1. Introduction

In addition to the hippocampus, the cerebellum is one of
the main targets of autoimmunity in the central nervous
system (CNS). Cerebellar damage leads to the development
of cerebellar ataxias (CAs), a group of disorders characterized
by motor incoordination and impaired cognitive operations
[1, 2]. In the last 30 years, the new entity of immune-mediated
CAs (IMCAs) has emerged. IMCAs include mainly para-
neoplastic cerebellar degeneration, gluten ataxia, and glu-
tamic acid decarboxylase (GAD) 65-antibody associated CA
(GAD65Ab-associated CA) [2, 3]. Recent clinical studies sug-
gest a higher than expected incidence of IMCAs and prospec-
tive studies by Hadjivassiliou et al. in the UK [4] indicate that
the prevalence of IMCAs is 32% in a study of 320 patients
with sporadic CAs. IMCAs respond to various immunother-
apies, and the response correlates inversely with the latency
between onset of CAs and initiation of treatment [3, 5].

Thus, early diagnosis and treatment of IMCAs are important
aspects of clinical management of CAs. Therapies of these
disabling disorders should take into account the specific
pathogenesis affecting cerebellar circuitry [6].

Considering the various types of IMCAs, the pathome-
chanisms of CAs have been best elucidated for GAD65Ab-
associatedCA.However, the involvement ofAbs in the patho-
genesis of CAs has been the subject of intense debate [2]. A
pathological role of GAD65Ab was initially rejected based
on (1) the intracellular localization of GAD65 and (2) the
association of GAD65Ab with various types of neurological
diseases, including CAs, stiff-person syndrome (SPS), and
epilepsy [2]. However, recent studies challenge this view as
they clearly show that monoclonal GAD65Ab interfere with
GABAergic neurotransmission in slice preparations and elicit
neurophysiological and behavioral effects in animals that
mimic CAs in vivo [7]. As recently reviewed by Lancaster
and Dalmau, neuronal autoantigens include nuclear and
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cytoplasmic proteins (group 1), cell surface proteins, specif-
ically synaptic proteins, (group 2) and intracellular synaptic
antigens (group 3) [8]. T-cell mediated immune responses are
considered to be the pathogenic mechanisms of neurological
diseases in group 1, while autoantibodies directed to cell
surface proteins in group 2 may cause encephalitis. For
disorders associated with intracellular synaptic antigens of
group 3, such as GAD65 and amphiphysin, both T-cells and
autoantibodies have been implicated in the pathogenesis.

The present review focuses on studies which support
pathogenic roles of GAD65Ab in CAs and will discuss open
questions, in particular the issue of the penetration of Ab in
neurons and the roles of epitopes.We also address the clinical
pathophysiological features ofGAD65Ab-associatedCAs and
physiological roles ofGABAergic neurons in cerebellarmotor
coordination.

2. Clinical Profiles of GAD65Ab-Associated CA

GAD65Ab-associated CA was first described in a few case
studies [9, 10], followed by a systematic survey of 14 patients
leading to the establishment of this clinical entity [11]. The
condition affects mostly women in their 60s. GAD65Ab-
associated CA can be subacute or chronic in terms of
clinical presentation. Patients exhibit gait andposture deficits,
dysarthria, and nystagmus. An association with type 1
diabetes mellitus (T1DM) is frequently observed [10–14].
Notably, brain MRI of GAD65Ab-associated CA patients
reveals only mild or no cerebellar atrophy [11]. CSF analysis
shows oligoclonal bands and positivity for GAD65Ab usually
without elevation of cell and protein content [11], indicating
intrathecal GAD65Ab production, rather than a compro-
mised blood-brain barrier (BBB). Circulating GAD65Ab are
often present with titers that exceed those typical for patients
with T1DM by 10 to 100-fold [11].

Induction therapies include intravenousmethylprednisol-
one, intravenous immunoglobulin (IVIg), plasma exchange,
and rituximab to reduce the severity of symptoms, followed
bymaintenance therapywith oral prednisolone, azathioprine,
mycophenolate mofetil, or repeated IVIg therapy [3, 5, 11, 15].
Most patients with subacute CA show clinical improvement
after long-term therapy, whereas patients with chronic CA
often show poor response with limited improvement or even
progression of deficits during long-term follow-up [16]. The
observation that amelioration of CA-related clinical signs
and symptoms following immunotherapy is associated with
simultaneous decrease in GAD65Ab titers is an additional
argument for a pathologic role of these autoantibodies [3, 17].
Finally, GAD65Ab-associated CAs are sometimes reported in
paraneoplastic conditions [18].

3. Physiology of GAD65 and Cerebellar
GABAergic Neurons

3.1. Localization and Physiological Roles of GAD65. GAD
catalyzes the conversion of glutamate to 𝛾-aminobutyric acid
(GABA), the main inhibitory neurotransmitter in the CNS.
GAD is expressed in CNS inhibitory neurons and pancreatic
𝛽 cells. There are two isoforms of GAD, namely, GAD67 and

GAD65 [2, 19]. GAD67 is present mainly in the cytoplasm
of inhibitory neurons and regulates the basal level of GABA
[19]. The smaller isoform GAD65 is anchored to synaptic
vesicles [20, 21]. GAD65 mediates transient GABA synthesis
in response to acute demand and facilitates the transport of
GABA-containing synaptic vesicles from the Golgi apparatus
to the synaptic terminals [22].

3.2. Physiological Roles in GABAergic Neurons in Cerebellar
Motor Control. Recent physiological studies have clarified
the principles in the cerebrocerebellar loops that coordi-
nate voluntary movements. Importantly, chained GABAergic
inhibitory neurons (inhibitory interneurons and Purkinje
neurons) work mainly within the cerebrocerebellar loops,
since dentate nucleus neurons (DNs) have weak mossy fiber
collaterals (see Figure 1(b)) [23, 24].

Studies in monkeys have shown how cerebellar cor-
tex neurons are activated at the initiation of a particular
movement [23, 24]. During wrist movement, Purkinje cells
(PCs) with somatosensory receptive fields (RFs) in the distal
arm are strongly suppressed before movement onset, while
DNs with the same RFs show concurrent bursts of activity
(disinhibitory control on DNs). In contrast, PCs with RFs in
the proximal arm showmarked and simultaneous increase in
activity, while DNs with the same RFs are strongly depressed
(inhibitory controls on DNs) (see diagram in Figure 1(b))
[23, 24]. Through this “disinhibition/inhibition mode,” one
can dexterously manipulate an object using the hand with the
fixation of proximal muscles.

This dual mode highlights the importance of exact tim-
ing in activities of chained GABAergic neurons. Deficits
in GABAergic neurons impair neuronal control, producing
inappropriate strength/duration in the cerebellar output and
resulting in impairment of cerebellar modulation of the
motor cortex [24].

By contrast to the cerebrocerebellar loop, the physiolog-
ical role of GABAergic neurons might be different in the
spinocerebellar loop that controls truncal muscle activities.
In the spinocerebellar loop, deep cerebellar nuclei receive
excitatory input from the spinal cord via collaterals of the
mossy fibers [23, 24], and GABAergic outputs from PCs
appear to modulate the main pathway constituted of mossy
fiber-deep cerebellar nuclei neurons.

4. Evidence Suggesting Pathogenesis of GAD65
in Development of Cerebellar Ataxias

While the association between GAD65Ab and CAs is known,
the prevalence of GAD65Ab-associated CA is currently
unclear. Accumulating evidence indicates that GAD65Ab
impair cerebellar GABAergic synapses, leading to clinical
manifestations of CAs. In this review, these findings are
discussed from in vivo and in vitro levels to molecular level
as follows:

(1) Passive Transfer Experiments. Induction of symptoms
of ataxic disorders in vivo by administration of
autoantibodies present in GAD65Ab-associated CA
patients.
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Figure 1: (a) Schematic diagram of electric stimulation experiment in vivo. (b) Schematic diagram of effects of GAD65Ab in the cerebellar
circuit. PC: Purkinje cell, GC: granule cells, PF: parallel fiber,MF:mossy fiber, GABAergic IN: GABAergic interneuron, CN: Cerebellar nuclei.
Arrows in (b) indicate the flow of signals in the cerebellar cortex. The CN neurons receive weak MF collaterals in the cerebrocerebellum and
strong collaterals in other areas.Thus, theMF collateral is indicated by a dotted line.These figures weremodified from our previous references
[7, 30, 31].

(2) Corresponding Physiological Effects. Impairment of
GABAergic neurotransmission in vitro in cerebellar
circuit preparations by the above antibody prepara-
tions.

(3) Identification of Pathogenic Abs. Identification of
GAD65Ab as the pathogenic fraction in CSF IgGs
obtained from GAD65Ab-associated CA patients.

(4) Epitope Specificity. Identification of distinctGAD65Ab
epitope specificities in GAD65Ab-associated CA
patients that induce responses similar to those
observed for CSF IgGs.

4.1. Passive Transfer Experiments. Passive transfer experi-
ments are critical to confirm the pathogenicity of GAD65Ab
in CAs and demonstrated GAD65Ab-mediated impairment
of cerebellar modulation of motor control and GAD65Ab-
mediated molecular changes.

Impairment of Cerebellar Modulation of Motor Control. Cere-
bellar modulation of motor cortex excitability can be exam-
ined by measuring the response (motor evoked potential,
MEP) evoked in the gastrocnemius muscle to stimulation
of the contralateral motor cortex (representing an index of
motor cortex excitability) [25, 26]. Experimentally, potenti-
ation of the corticomotor response is induced by preceding
trains of repetitive stimuli applied to a peripheral nerve [25,
26]. The cerebellum is involved in this potentiation since
removal of the cerebellar hemisphere impairs this short-term
potentiation [27]. In addition to MEPs, the effects of the

cerebellar hemisphere on contralateral motor cortex can be
examined using a protocol of cerebellocortical inhibition
(CCI). A preceding stimulus over the cerebellum inhibits the
corticomotor response. That is, MEPs decrease in magnitude
when stimulation of a cerebellar hemisphere is applied
2.1msec before stimulation of the contralateral motor cortex
[26]. Mechanistically, stimulation of the inhibitory cerebellar
PCs inhibitsmotor cortex activity through the deep cerebellar
nuclei-thalamus-motor cortex pathway (see diagram in Fig-
ure 1(a)) [23–27]. The inhibition of cerebellar cortex upon
cerebellar nuclei is a key mechanism of cerebellar circuitry
[23–27].

Intracerebellar administration of IgGs obtained fromCSF
of patients with GAD65Ab-associated CA diminishes both
cerebellar modulations (MEPs and CCI), suggesting that the
CSF IgGs from these patients impair cerebellar modulation
of motor control and contribute to the lack of coordination.

Possible Molecular Changes Leading to Cerebellar Atrophy.
The pathogenic mechanisms leading to cerebellar atrophy
have been examined in vivo [25].TheN-methyl-D-aspartate-
(NMDA-)mediated calcium entry at postsynaptic densities is
coupled with nitric oxide (NO) synthesis [28], which in turn
inhibits glutamate release, thereby preventing excitotoxic
neuronal death [29]. Microdialysis in rat cerebellum has
been used to measure NMDA-mediated production of NO
and NMDA-mediated regulation of glutamate. Intracere-
bellar administration of CSF IgGs specifically reduces the
NMDA-mediated production ofNO and impairs the synaptic
regulation of glutamate after NMDA administration, thereby
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Figure 2: Pathogenic actions of CSF IgGs from GAD65Ab-positive CA and human monoclonal GAD65Ab b78 in cerebellar slices prepared
from rats and mice. (a) Electrical stimulation in the cerebellar cortex induces GABA-mediated inhibitory postsynaptic currents (IPSCs)
and glutamate-mediated excitatory postsynaptic currents (EPSCs) in a PC. The CSF IgGs depressed IPSCs without affecting EPSCs. Two
sweeps are superimposed. (b) Immunoreactivities of CSF IgGs were observed in the presynaptic terminals of GABAergic interneurons and
not the postsynaptic PC. Large and small white arrows indicate punctate immunoreactivity in the rim of the somata and high density of
immunoreactivity terminals in the initial segment of PC, respectively. Arrowhead indicates immunoreactivity along with dendritic shaft. (c)
b78-induced impairment in GABA release: decreased amplitudes of miniature IPSCs, reduced GABA content in vesicles, and reduction of
frequency of miniature IPSCs, and the release probability of GABAergic vesicles. Two sweeps (grey and black) are superimposed. Data are
mean ± SEM of 12 experiments. These figures were modified from our previous references [7, 30, 31].

potentially facilitating pathological processes that lead to
cerebellar atrophy by excitotoxicity [25].

4.2. Corresponding Physiological Effects in Cerebellar Circuits.
The pathogenic effects of CSF IgGs in cerebellar circuits have
been examined using whole-cell recordings from isolated rat
and mice cerebellar slices [7, 30–34].

Effects of IgGs on Cerebellar GABAergic Synaptic Transmis-
sion. Application of CSF IgGs fractions from patients with
GAD65Ab-associated CA selectively suppresses inhibitory
transmission from basket cells, that is, GABAergic interneu-
rons, to PCs, without affecting excitatory transmission
(Figure 2(a) and diagram in Figure 1(b)) [7, 30–34]. The CSF
IgGs suppress inhibitory postsynaptic currents (IPSCs) for
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more than 1 hour after termination of 8–10 minutes of CSF
application (Figure 2(a)).

The immunohistological finding that CSF IgGs react
predominantly with the presynaptic terminals of GABAergic
interneurons andnotwith the postsynaptic PCs (Figure 2(b)),
together with the observation that inhibition of the paired-
pulse ratio during the inhibitory phase by CSF IgG mimics
that of presynaptic inhibitors (low Ca2+) but not postsynaptic
antagonists (bicuculline) [31, 32], has led to the conclusion
that the CSF IgG-mediated synaptic depression is mediated
by presynaptic mechanisms.

The decrease in GABA release consequently elicits hyper-
excitability of PCs in cerebellar circuits [33]. GABA released
from basket cells not only produces IPSCs on PCs through
GABAA receptors but also accesses neighboring excitatory
glutamate synapses by diffusion, thereby presynaptically
inhibiting the release of glutamate by GABAB receptors
[33]. Thus, CSF IgGs elicit dual impairments: depression of
GABAA receptor-mediated inhibitory synaptic transmission
and attenuation of GABAB receptor-mediated inhibition of
excitatory transmission (see diagram in Figure 1(b)) [33].

These series of in vitro studies demonstrated that CSF
IgGs obtained from patients with GAD65Ab-associated CA
act on nerve terminals of GABAergic interneurons to depress
the release of GABA, resulting in hyperexcitability of PCs.

4.3. Identification of GAD65Ab as the Culprit Pathogenic Abs

Pathogenic Effects of GAD65Ab. Because the CSF of CA
patientsmay containAbs of specificities other thanGAD65, it
is necessary to exclude the possibility that the above observed
pathological changes are caused by other unidentified Abs.
The pathogenic role of GAD65Ab in the impairment of
GABA release at cerebellar synapses and ataxic disorders
in vivo has been confirmed in two sets of experiments.
CSF IgGs-induced synaptic depression is completely abol-
ished by absorption of GAD65Ab by recombinant GAD65
[34]. Furthermore, human monoclonal GAD65Ab b78 elicits
pathogenic effects similar to those induced by CSF IgGs
[7, 26]. Application of b78 reduces the amplitude of IPSCs
with a long-term time course in the cerebellar circuits
[7]. Intracerebellar application of b78 abolishes cerebellar
modulation of motor cortex in in vivo preparations [7, 26]
and also induces ataxic gait and cognitive dysfunction in
rodents [7, 35].

GAD65 Molecule as the Target Molecule. To confirm that
GAD65 is the sole target of GAD65Ab, we have examined the
effect of humanmonoclonalGAD65Abb78 administration in
GAD65 knockout (GAD65-KO) mice [7]. The effects of b78
on inhibitory synaptic transmission were compared between
cerebellar slices obtained from wild-type mice, where IPSCs
are mediated by GAD65 and GAD65-KO slices, where IPSCs
are mediated compensatorily by GAD67. Synaptic depression
was observed only in wild-type slices, but not in GAD65-KO
slices [7], suggesting that depression ofGABA release inwild-
type mice is mediated by impairment of GAD65 function.

Taken together, these in vivo and in vitro physiological
studies show that binding of GAD65 by GAD65Ab elicits loss

of GAD65 functions pertaining GABA release, leading to the
development of CAs.

4.4. Epitope Specificity

Epitope Specificity of GAD65Ab. GAD65Ab are observed not
only in patients with CAs but also in stiff-person syndrome
(SPS) and type 1 diabetes (T1DM) patients [36, 37]. Earlier
studies have demonstrated a difference in both GAD65Ab
titer and epitope specificity, as GAD65Ab titers in SPS exceed
those in T1DM by up to 500-fold and also recognize linear
epitopes, while GAD65Ab in T1DM are strictly dependent on
the conformation of the antigen [38–40]. Moreover, only CA
and SPS patients show distinct neurological symptoms. To
investigate whether these differences in clinical phenotypes
were due to specific GAD65Ab localization (SPS and CA
patients present GAD65Ab both in the periphery and the
CNS [41], while GAD65Ab in T1DM patients are only found
in the periphery [42]) or to distinctGAD65Ab characteristics,
studies with human monoclonal GAD65Ab with diverse
epitope specificities were conducted [7, 26, 35].

HumanmonoclonalGAD65Abb96.11 binds to a common
epitope that is shared by GAD65Ab in patients with T1DM
[26, 43], while humanmonoclonal GAD65Ab b78 recognizes
an epitope that is often recognized by GAD65Ab in patients
with SPS and CA [7, 26]. Notably, the b78-defined epitope
is rarely recognized by GAD65Ab in patients with T1DM
[19]. While both monoclonal GAD65Ab recognize epitopes
spanning the middle and C-terminal region of GAD65, the
respective conformational epitopes are distinctly different
[44] (Figure 3).

Monoclonal GAD65Ab b78 and b96.11 show distinct
effects both in vitro and in vivo, as summarized in Table 1
[7, 26]. Importantly, in accordance with the above finding of
similar GAD65Ab epitopes recognized by GAD65Ab in CA
patients and b78, the effects of CA GAD65Ab on cerebellar
functions are reproduced by those of b78 but not by b96.11,
both in in vitro and in vivo preparations (Table 1) [7, 26].
These results suggest that neurological impairments caused
by GAD65Ab vary according to epitope specificity and could
explain the diversity of neurological symptoms in patients
with GAD65Ab.

Primary Impairment Caused by Monoclonal GAD65Ab b78.
The similar effects induced by CA-GAD65Ab and b78 may
suggest that the primary impairment is caused by binding
of a shared GAD65 epitope. Notably, b78, and not b96.11,
interfere with the association of GAD65 and the cytosolic
face of GABA-containing vesicles [7]. The dissociation of
GAD65 from GABAergic vesicles may impact both pack-
aging of GABA into vesicles and shuttling of GABAergic
vesicles to the synaptic cleft [7]. In agreement with this
assumption, application of b78 causes dual effects in slice
preparations: (1) decreased amplitude of miniature IPSCs,
suggesting a reduced GABA content in the vesicles, and
(2) reduced frequency of miniature IPSCs, suggesting lower
release probability of GABAergic vesicles (Figure 2(c)) [7].
Thus, GAD65Ab-induced dual impairment in the packaging
and the shuttling might be the primary change that results
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Table 1: Summary of effects of polyclonal and monoclonal GAD65Ab in vitro and in vivo.

SPS GADAb CA GADAb b78 b96.11

In vitro
GABA synapse response in slices Not done Inhibition Inhibition Transient inhibition

Association of GAD65 with GABAergic vesicles Not done Not done Impairment No effect
Enzyme activity Inhibition No effect Inhibition No effect

In vivo

Glycerol turnover∗ No effect Reduction Reduction No effect
Corticomotor response¶ No effect Impairment Strong impairment Impairment

Cerebellar inhibition of MEPs¶ No effect Decrease Strong impairment Decrease
Premotor facilitations on MEPs¶ Not done Not done Impairment No effect
Conditioned eyelid responses§ Not done Not done Impairment No effect

Gait Not done Not done Ataxic No effect
∗Glycerol turnover reflects membrane turnover as a result of exocytosis of GABA-containing vesicles [26].
¶Corticomotor response: the preceding trains of repetitive stimuli to peripheral nerve potentiate the amplitude of motor evoked potential (MEP) in normal
controls.
¶Cerebellar inhibition on MEPs: when the cerebellum is stimulated prior to motor cortex stimulation, MEP decreases in amplitude in normal controls.
¶Premotor facilitation on MEPs: when trains of stimuli are delivered to the prefrontal cortex, the paired pulses ratio (conditioned MEP/unconditioned MEP)
increases in normal controls.
These protocols examine cerebellar modulations on motor cortex excitability [7, 25, 26].
§Classical conditioning of eyelid responses was performed. A short or long tone was used as the conditioning stimulus, and electrical shock was used as non-
conditioning stimulus. The learning process of eyelid response is mediated by the cerebellum. Conditioned eyelid responses evoked in b78 mice were smaller
than in control mice [7].
These results are summarized from [7, 26].

(a) (b)

Figure 3: Surface structure of GAD65 showing epitope clusters ctc1 and ctc2. Monomers A and B of the dimeric GAD65 are shown in dark
blue and cyan, respectively. Epitope clusters ctc1 and ctc2 on opposing faces of the C-terminal domains are shown. In (b), the molecule is
rotated 180∘ along the vertical axis, and different faces of the C-terminal domain are shown as 𝛼, 𝛽, 𝛾, and 𝛿 faces. Broad epitope locations
are shown in yellow and single contact sites for mAb binding in red. The disordered catalytic loop and the COOH-terminal flexible loop are
represented by red and red dotted lines, respectively.The epitope bound by GAD65Ab b78 resides primarily on the 𝛼 and 𝛽 faces of ctc1, while
GAD65Ab b96.11 recognizes an epitope located on the 𝛿 and 𝛾 faces of ctc2.This figure was adapted from Fenalti et al. (2008) with permission
[44].

in the development of CAs. Accordingly, CSF IgGs from CA
patients have no effect on the enzyme activity of GAD65 but
interfere with exocytosis, as measured by glycerol turnover
[7].

5. Open Questions

5.1. Physiological Interaction of GAD65Ab with Cytosolic
GAD65. GAD65 is mainly located on the cytosolic face
of vesicles together with the vesicular GABA transporter
VGAT [22]. Thus it has been claimed that the intracellular
localization of GAD65 makes it unlikely for GAD65Ab to
play a pathogenic role in CAs. While some reports failed to

observe internalization of GAD65Ab by live neurons [45],
PCs in rat organotypic cultures clearly incorporate both
host and nonhost immunoglobulins [46], and kappa and
lambda light chains were detected in PCs of a patient with
multiple myeloma [47]. Subsequently, internalization of IgGs
has been confirmed in the rat cerebellum [48], in autopsied
human cerebellar tissue [49], after interventricular injection
of human IgGs in guinea pigs [50], and after peripheral
administration of human IgGs in rats [51] (Table 2). We
have confirmed the internalization of human monoclonal
GAD65Ab b78 by cultured AF5 cells [35]; moreover, b78 has
been detected in CA1 interneurons and PCs shortly after its
injection in the medial septum/diagonal band and ipsilateral
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Table 2: Summary of experiments showing internalization of antibodies into cerebellar neurons.

Preparation Detected internalized
antibodies

Portion of
internalization Reference

In vitro incubation of rat cerebellum with
human or rat IgGs and IgMs IgG, IgM Purkinje cells [46]

Autopsy
Brain tissue of patient with multiple myeloma Myeloma light chain Purkinje cells [47]

Autopsy
Brain tissue of rats IgG Purkinje cells, specific

neuronal nuclei [48]

Autopsy
Cerebellar tissues of patients IgG, IgA, IgM Purkinje cells [49]

Intraventricular injection of human IgGs into
guinea pigs IgG Purkinje cells [50]

Peripherally administered human IgG in rats. IgG Purkinje cells [51]

interpositus nucleus, respectively [7, 52]. Differences in
neuronal cell types, antibody concentration, and detection
methods may account for these contradicting results.

In conclusion, the above results strongly suggest that
neuronal uptake of immunoglobulin is more frequent than
previously recognized. This understanding is also supported
by the recent observation that SPS-associated autoantibodies
(directed to amphiphysin) are taken up by hippocampal
neurons [53]. However, unequivocal evidence about the
internalization mechanism route is currently missing. Alter-
natively, GAD65Ab may also interact with GAD65 during
exocytosis, when the antigen is temporarily exposed and thus
accessible to GAD65Ab [20, 21].

5.2. Heterogeneity of Neurological Manifestations. The asso-
ciation of GAD65Ab with different clinical neurological
phenotypes as present in CAs, SPS, and epilepsy [11, 45] has
challenged the notion of a pathogenic role of GAD65Ab.
Moreover, recent studies cast doubt on the hypothesis that
recognition of disease-specific epitopes may induce different
clinical phenotypes [54]. In these studies, GAD65Ab epitope
specificity in patients with SPS, CA, or epilepsy was investi-
gated using GAD65 fragments.

However, epitope regions of disease-specific monoclonal
GAD65Ab often include amino acids present in both the
middle region and the C-terminus [44]. Indeed, an earlier
study demonstrated a significant reduction of binding of
isolated GAD65 fragments by disease-specific monoclonal
GAD65Ab [55], thus supporting the argument that epitope
mapping using GAD65 fragments may not reflect important
binding specificities. Finally, disease-specific effects have
been demonstrated also for CSF from SPS patients [26, 41]
and CSF from epilepsy patients [56], and a recent study
demonstrated significant differences in terms of epitope
recognition and induced effects between GAD65Ab in CA
and SPS patients [26].

As outlined earlier, GAD65 performs two distinct func-
tions in GABAergic neurotransmission, namely, the facil-
itation of GABA release and GABA synthesis. Previous
studies demonstrated that GAD65Ab present in SPS patients
decrease GABA synthesis [26, 38, 41], while GAD65Ab

present in CA do not affect GAD65 enzyme activity but
may interfere with GABA release, either by inhibiting the
packaging of GABA into vesicles and/or by impeding with
the subsequent shuttling of vesicles to the synaptic cleft
[7, 26] (Table 1). This disease-specific inhibition pattern
may have distinct consequences on the associated clinical
phenotypes. Roles of GAD65 might be different between
the cerebrocerebellar loop, where deficits are closely related
to GAD65Ab-associated CA, and the spinocerebellar loop,
where dysfunctions are closely related tomuscle tonus deficits
seen in SPS (see discussions in the previous section of Phys-
iology of GAD65 and Cerebellar GABAergic Neurons). In
the cerebrocerebellar loop, the chained GABAergic neurons
(inhibitory neurons and PCs) determine the phasic com-
mand about timing for coordination [23, 24], with a specific
emphasis on the exact timing of GABA release. By contrast,
in the spinocerebellar loop [23, 24], GABAergic outputs from
PCs modulate excitatory signals, with a specific emphasis on
a tonic supply of GABA.These physiological data suggest that
GAD65Ab could elicit CAs or SPS depending on the epitope
specificity. In accordance with this assumption, adminis-
tration of CA CSF IgGs into the cerebellar nuclei caused
deficits in cerebellar control on motor cortex, whereas that
of SPS CSF IgGs elicited hyperexcitability of the spinal cord
without affecting control on the motor cortex (Table 1) [26].
These data do not exclude the involvement of autoantibodies
directed to other autoantigens, such as amphiphysin, in the
pathogenesis of SPS [53].

Further studies are needed to clarify whether manifesta-
tions of different neurological symptoms can be attributed to
the epitope specificity in GAD65Ab.

5.3. Diverse Mechanisms Underlying Cell Death. A series
of in vitro and in vivo experiments show that GAD65Ab
elicit decreased GABA release, thereby reducing GABAB
receptor-mediated inhibition of glutamate release. Although
this imbalance is assumed to elicit excitotoxicity in cerebellar
neurons, detailed mechanisms underlying prominent loss
of cerebellar neurons [57, 58] have not been elucidated.
In the following section, we will review diverse glutamate-
associated mechanisms leading to cell death (see Figure 4).
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Figure 4: Overview of the possible synaptic consequences of a decreased GABA release in the cerebellum. In normal conditions, GABA
released from GABAergic neurons bind to GABAA receptors located on PC and induce an IPSC. GABA also diffuses out the synapse and
binds to GABAB receptors, reducing release of the excitatory neurotransmitter glutamate. Glutamate ultimately activates NMDA receptors
on excitatory neurons and is regulated in part through NO. Glutamate is taken up by astrocytes via the EAAT pathway. When GAD65Ab is
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detailed in the following (D). Glutamate activates microglia, which in turn releases more glutamate (D-1). Saturation or impairment of
EAATwill reduce glutamate reuptake by astrocytes (D-2). Activation of xc(−) increases the extracellular glutamate release (D-3). Finally, the
NMDA/NO feedback regulation fails. All these effects result in an increase in glutamate concentrations. The excessive Ca2+ influx stimulates
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glutamine synthetase, GT: glutaminase, VGlut: vesicular glutamate transporter proteins, and (—): inhibitory effects.

(1) NMDA Receptors. NMDA receptors are a major glutamate
receptor class that are found in the cerebellum on granule
cells, molecular layer interneurons, and cerebellar nuclei cells
[59]. It has been considered, until recently, that excessive
glutamate release frompresynaptic sites activates an excessive
number of postsynaptic NMDA receptors, thus triggering
excitotoxic neuronal death by allowing excessive Ca2+ influx

through receptor-operated cation channels [60]. However,
extrasynaptic NMDA receptors contribute actively to the
excitotoxic neuronal death [61]. In case of excessive activation
of NMDA receptors, a Ca2+ influx results in stimulation of
calpain I and nNOS [60]. This causes damage to DNA and
formation of ONOO− following an excess of NO (nitrosative
stress), as well as other free radicals altering mitochondria
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functions. Overactivation of NMDA receptors by high gluta-
mate levels can cause excitotoxicity, as demonstrated experi-
mentally on granule cells [59].

The contribution of NO is complex. Under normal
conditions, activation of NMDA receptors is coupled with
NOsynthesis, which in turn inhibits further glutamate release
as a compensatory mechanism as explained earlier (Figure 4)
[25]. However, in vivo studies show that CSF IgGs obtained
by GAD65Ab-positive patients impair this negative-feedback
regulation [25]. The continuous lack of GABAB receptor
activation eventually leads to a decrease in NMDA receptors
[62], with a potential impact upon NO production.

(2) Microglia. Recent studies have shown that excessive
glutamate levels stimulate microglia [63], which in turn
facilitates release of glutamate [64] and proinflammatory
cytokines that alter synaptic transmissions (Figure 4) [65].
Thus, the cross talk between glutamate and microglia might
also be involved in the positive feedback loop that accelerates
hyperexcitability in cerebellar neurons. Indeed, microglia
release large amounts of TNF-𝛼, which is an important
component of the neuroinflammatory response [66]. TNF-𝛼
potentiates glutamate-mediated cytotoxicity by two comple-
mentary mechanisms: an inhibition of glutamate transport
on astrocytes (see below) and triggering of the expression
of Ca2+ permeable-AMPA receptors and NMDA receptors
[66]. By contrast, TNF-𝛼 reduces expression of GABAA
receptors on neurons. Thus, the net result is a shift towards
excitation. Microglia are also involved in the release of NO.
Activation of microglia results in iNOS expression, leading
to overproduction of NO (dual role of NO: detrimental or
protective to neurons under oxidative toxicity), Ca2+ release
from the endoplasmic reticulum, and release of vesicular
glutamate from glial cells, thus contributing to excitotoxicity
[67].

(3) Astrocytes. Excitatory amino acid transporters (EAATs),
expressed on astrocytes, mediate reuptake of glutamate from
the synapse [68]. Excessive levels of glutamate observed after
the administration of monoclonal GAD65Ab [25] suggest
saturation or impairment in the EAATs-mediated clearance
system (Figure 4).

Interestingly, these mechanisms could accelerate a pro-
cess of excitotoxicity that is triggered by a decrease of GABA
release. A similar example of positive feedback is reported in
the anti-NMDA receptor Ab-associated encephalitis, a hip-
pocampus autoimmune disease where anti-NMDA Ab block
the NMDA/NO-mediated inhibition of glutamate release
[69].This spiral of positive feedbackmight be one reasonwhy
the cerebellum and hippocampus are vulnerable organs for
autoimmune attacks.

(4) The System xc(−). xc(−) is a cystine/glutamate antiporter
exchanging extracellular cystine for intracellular glutamate
[70]. By a direct effect upon intracellular contents of cys-
teine/GSH, the system xc(−) is a regulator of the antioxidant
pathway. Importantly, in several brain regions, system xc(−)
is a key-source of extracellular glutamate. The transcription
of xCT, a subunit of system xc(−), is increased in the

presence of reactive oxygen species (ROS including the
superoxide anion O2−, the hydrogen peroxide H

2
O
2
, and

hydroxyl radicals OH⋅, causing damage to lipids, proteins,
andDNA) and proinflammatory cytokines, thus contributing
to extracellular glutamate release in neurological conditions
associated with neuroinflammation.

Taken together, functional impairments could result in
cerebellar atrophy through divergent mechanisms. Therefore
it is critical that induction therapy should be applied during
the earlier stages of functional impairment. At an early
phase, the cerebellar feed-forward control is still preserved,
probably because damage caused by GAD65Ab is limited
to functional synaptic impairment [2, 6]. Conversely, in the
stage of cerebellar atrophy, reversal of cerebellar symptoms
is difficult, although immunotherapy may prevent further
advancement of the autoimmune processes [6, 15].

6. Conclusions

The hypothesis of a pathological role of GAD65Ab was
initially rejected based on the intracellular distribution of
the target antigen and the association of GAD65Ab with a
spectrum of neurological symptoms. However, physiological
experiments in vivo and slice preparations provide substan-
tial evidence that GAD65Abwith distinct epitope specificities
interfere with GABA release in cerebellar circuits, resulting
in ataxic symptoms. While mechanistic details, including
mechanism of internalization of Ab and the symptomatic
diversity, remain to be uncovered, these experiments strongly
support a pathologic role of GAD65Ab in neurological
disorders.

It should be underlined that findings reviewedhere donot
exclude the involvement of T-cell-mediated mechanisms in
GAD65Ab-associated CA. However, they provide substantial
evidence that epitope-specific GAD65Ab impair GAD65
function, resulting in diminished GABA release, with the
consequent development of clinical manifestations of CAs.
The relation between Abs-induced impairment and T-cell-
mediated damage needs to be examined in more detail.

“One to Multiple”: Antibody-Mediated Decreases in Neu-
rotransmitter Levels and Their Consequences. Pathogenic
autoantibodies may affect single or several mechanisms.
Autoantibodies targeting voltage gated calcium channels
(VGCC) in neuromuscular junctions block calcium influx,
thereby decreasing the release of acetylcholine and even-
tually leading to muscle weakness (Lambert-Eaton syn-
drome). No other effect of autoantibodies to VGCC has
been determined so far. GAD65Ab-mediated decrease in
GABA not only reduces stimulation of GABAA receptors but
also diminishes the effect of GABA on GABAB receptors
located on the terminals of neighboring parallel fibers [33].
Here, GAD65Ab-induced depression inGABA release results
in increased glutamate release [33]. Sustained increase in
glutamate release triggers subsequent responses, including
activation of NMDA receptors, with later impairment in
NMDAreceptor-mediated responses, activation ofmicroglia,
and saturation of EAAT-mediated glutamate uptake by astro-
cytes. These secondary changes may accelerate the process of
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excitotoxicity and result in the progression of dysfunctional
signal transmission to the stage of cell degeneration. In
agreement with this assumption, cerebellar atrophy is evident
with the progression of the disease [2]. The autopsy report
in a patient with advanced stage CA indicated complete loss
of PCs [57, 58]. Thus, GAD65Ab-induced decrease in GABA
release characteristically elicits chained and cascaded effects
in the cerebellum.

In conclusion, recent studies indicate that GAD65Ab
play a pathogenic role in the development of CAs that is
dependent on their epitope specificity and that GAD65Ab
elicit a decrease in GABA release at cerebellar synapses and
functional impairment in cerebellar motor controls. This
would be subsequently followed by a cascade of events lead-
ing to cerebellar atrophy.These studies also support a clinical
recommendation to start induction immunotherapies during
the functional disorder stage, thereby necessitating a very
early diagnosis.
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Background. Infection with Coxsackievirus B3 induces myocarditis. We aimed to compare the acute and chronic phases of viral
myocarditis to identify the immediate effects of cardiac inflammation as well as the long-term effects after resolved inflammation
on cardiac fibrosis and consequently on cardiac function.Material and Methods. We infected C57BL/6J mice with Coxsackievirus
B3 and determined the hemodynamic function 7 as well as 28 days after infection. Subsequently, we analyzed viral burden and viral
replication in the cardiac tissue as well as the expression of cytokines and matrix proteins. Furthermore, cardiac fibroblasts were
infected with virus to investigate if viral infection alone induces profibrotic signaling. Results. Severe cardiac inflammation was
determined and cardiac fibrosis was consistently colocalized with inflammation during the acute phase of myocarditis. Declined
cardiac inflammation but no significantly improved hemodynamic function was observed 28 days after infection. Interestingly,
cardiac fibrosis declined to basal levels as well. Both cardiac inflammation and fibrosis were reversible, whereas the hemodynamic
function remains impaired after healed viral myocarditis in C57BL/6J mice.

1. Introduction

Myocarditis is defined as inflammation of the myocardium
following myocardial injury [1–3]. It is one of the lead-
ing causes of heart failure (HF) in patients less than 40
years of age [4]. In most cases, the etiology of myocarditis
is unknown. Nevertheless, infection with enteroviruses is
thought to be one leading cause of the disease [3, 5], especially
infection with cardiotropic Coxsackievirus B3 (CVB3) in
young patients [6]. Acute viral myocarditis is described by
focal cellular infiltrates with necrosis or fibrosis, primarily
consisting of macrophages, CD4+ T cells, and CD8+ T cells
with B cells, mast cells, dendritic cells, and natural killer cells
[3, 6–12]. There exists evidence that especially B cells, T-
helper cells, and macrophages are infected during the acute

myocarditis suggesting indirect transport of virus particles
into organs, which in turn leads to infection of resident cells
[8, 9].

Increased gene expression of pro- and anti-inflammatory
as well as antiviral cytokines could be observed in cardiac
tissue of mice already 3 to 4 days after CVB3 infection [13–
15]. However, inflammatory cytokines can be expressed on
the one hand due to the infiltration of inflammatory cells
and on the other hand due to activation of resident cardiac
cells triggered by viral infection [10, 16–18]. Importantly, viral
infection of resident cardiac cells (especially cardiomyocytes
and fibroblasts) and of inflammatory cells is well documented
[8, 9, 15, 16, 19–22].

The here described model of viral myocarditis is induced
by a single intraperitoneal (i.p.) inoculation of C57BL/6J (B6)
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mice with heart-passaged CVB3 (Nancy strain) [7, 23]. Sus-
ceptibility to viral infections varies widely among individual
inbred mouse strains. Acute viral myocarditis develops in
susceptible (i.e., A.BY/SnJ) as well as resistant (i.e., C57BL/6J)
mice from day 3 to 14 after viral infection [10, 17]. During
the acute phase of myocarditis, viral genome is detected in
the cardiac tissue of both susceptible and resistant strains
of mice [7, 9, 13, 16, 17, 23–25]. Several immunocompetent
mouse strains develop a chronic form of myocarditis that is
associated with virus persistence, whereas resistant mouse
strains eliminate the virus during acute myocarditis [7–
9, 17, 26]. The differential susceptibility of diverse inbred
mouse strains to CVB3-induced myocarditis was found to
be associated with quantities of cytokine secretion, CVB3-
neutralizing antibodies, and Toll-like receptor expression [10,
26]. However, chronic inflammatory cardiomyopathy and
progress to dilated cardiomyopathy (DCM) behave differ-
ently between resistant and susceptible inbred strains ofmice.

We aimed to investigate the long-term effects in view of
the reversible and irreversible changes of the myocardium
after resolved cardiac inflammation in the C57BL/6J mouse
strain that overcome the CVB3 infection during the acute
phase. Extensive degradation and adverse cardiac remodeling
of the myocardium, largely dependent on the inflammatory
immune response, may lead to cardiac slippage with dilation
and left ventricular dysfunction. Here, we provide an analysis
of hemodynamic function, status in cardiac inflammation
and myocardial fibrosis, and their pathophysiological inter-
play during the acute and chronic disease stadium of experi-
mental myocarditis.

2. Material and Methods

2.1. Study Design. Male C57BL/6J mice were used at an age of
6 to 10 weeks. Mice were infected intraperitoneally with 5 ×
105 plaque forming units (pfu) of Coxsackievirus B3 (CVB3)
(nancy strain) diluted in PBS, whereas sham infections were
performed using PBS as control subjects (𝑛 = 6–9 mice per
group). Seven days as well as 28 days later CVB3-infected
C57BL/6J mice were hemodynamically characterized and
compared to noninfected healthy control mice (PBS treated).
This investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US NIH (NIH
Publication number 85-23, revised 1996).

2.2. Hemodynamic Measurements. For hemodynamic mea-
surements a microconductance catheter (1.2F) system in
open-chest animals was used as described previously [27,
28]. Animals were anesthetized using urethane (0.8–1.2 g/kg)
and 0.05mg/kg buprenorphine (i.p.) intubated and artifi-
cially ventilated. A 1.2F-microconductance pressure catheter
(SciSense, Ontario, Canada) was positioned in the left ven-
tricle via the apex for continuous registration of pressure-
volume loops. Global function was analyzed by heart rate
(bpm), cardiac output (mL/min), stroke volume (𝜇L), and
stroke work (𝜇L×mmHg). To investigate the systolic func-
tion end-systolic pressure (𝑃es in mmHg), left ventricular
contractility (d𝑃/d𝑡max in mmHg/s) and end-systolic volume
(𝑉es in 𝜇L) were assessed. Diastolic function was determined

by end-diastolic pressure (𝑃ed in mmHg), left ventricular
relaxation (d𝑃/d𝑡min in mmHg/s), left ventricular relaxation
time (Tau in ms), and end-diastolic volume (𝑉ed in 𝜇L).

Hearts of sacrificed animals were removed and immedi-
ately frozen in liquid nitrogen and stored at −80∘C for further
histological or molecular analyses.

2.3. Immunohistochemistry and Histological Measurements.
Histological analyses were carried out on 5 𝜇m thick frozen
cross sections of the murine hearts. To analyze the cardiac
inflammation in general, cross sections were stained using
hematoxylin and eosin to visualize inflammatory parts of
cardiac tissue.

Further, sections were stained with antibodies directed
against CD11b (rat anti-CD11b; Pharmingen), CD68 (rat anti-
CD68, abcam), or CD80 (rat anti-CD80, Pharmingen). As
secondary antibody a biotinylated rabbit anti-rat antibody
was used. The specific antigen was visualized using biotin-
streptavidin-peroxidase method (Vectorlabs). Furthermore,
primary antibodies detecting collagen-I (rabbit anti-Col-
I; Chemicon) and collagen-III (rabbit anti-Col-III; Cal-
biochem) were used and visualized by Envision peroxidase
technique (Dako). Finally sections were counterstained with
hemalum.

Documentation of the histological staining was per-
formed onKeyence BZ-9000microscope.Therefore,multiple
images of one section were captured. Images were merged
with the image stitching function, resulting in an overview
image of the LV cross section. For each animal, six sections
consisting of three different layers of the heart, performed
in duplicate, were acquired. Area fraction of the antibody
stained part was calculated using BZ-II Analyzer software.
Positive cells per mm2 tissue were determined using an exist-
ing algorithm in ImageJ. Therefore, pictures were converted
to 8-bit images and a universal threshold was set, including
only positively stained areas. Outliers, with a minimum
radius of 15 pixels, were removed to avoid false positive results
and binary images were created. Ultimate points from the
Euclidean distance map of each image were counted and
assumed to present infiltrated immune cells.

GIMP 2 software was used to remove surrounding cell
debris or Tissue-Tek leftovers, which should be excluded for
quantification.

2.4. Measurement of Protein Expression. Proteins were iso-
lated from left ventricles of healthy C57BL/6J and CVB3-
infected animals using cell lysis buffer (Cell Signaling, UK)
with added protease and phosphatase inhibitors. Tissue was
disrupted using pellet pestle followed by vigorous shaking at
800 rpm and 4∘C for 10 minutes. In order to analyze protein
expression in tissue a multiplex Bioplex chemokine Assay
(Bio-Rad, Germany) was used. Using a handheld magnetic
washer (Bio-Rad, Germany) and flat bottom plates, the pro-
cedure was performed in accordance with the recommended
protocol. Diluted magnetic beads were applied on the assay
plate and washed. Samples as well as a protein standard and
water as a negative control were added. Each measurement
was performed in duplicate. Then, the assay plate was incu-
bated for 1 h at room temperature and 850 rpm followed by
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1 h incubation with appropriately diluted detection antibod-
ies (Bio-Rad, Germany). Subsequently, detection antibodies
were visualized using streptavidin-PE (Bio-Rad, Germany)
and analysis was performed with Bioplex 200 System (Bio-
Rad, Germany). A minimum of 50 beads per well was
counted and gated based on the bead color. Chemokine
concentrations were quantified via standard concentration
curves and evaluated by using Bioplex Manager software
(Bio-Rad, Germany).

In order to analyze relative levels of cytokines in the
serum a Mouse Cytokine Array Panel A (R&D Systems,
USA) was performed corresponding to the manufacturer’s
instructions. In brief, nitrocellulose membranes carrying
capture spotted antibodies against 40 common cytokines (in
duplicate) were blocked for 1 hour at room temperature.
Subsequently, serum was diluted 1 : 15 in the supplied buffers
and reconstituted Mouse Cytokine Array Panel A Detection
Antibody Cocktail was added to the solutions. After 1 h
of incubation the serum antibody mixture was applied on
the membranes and was incubate overnight at 4∘C. After
several washing steps, bound secondary antibodies were
detected with streptavidin-HRP and SuperSignal Femto sub-
strate (Thermo Fisher Scientific, USA). Chemiluminescence
was visualized using Fusion Solo S imaging system (Vilber,
Germany). Cytokine levels were quantified as pixel densities
using ImageJ dot blot analyzer tool. Average signals of
duplicates were calculated for each cytokine after subtracting
values of negative control dots. All values were normalized to
the reference spots of healthy control animals.

2.5. RNA Isolation from Tissue Sections. Total RNA was
isolated from frozen tissue sections using Trizol reagent.
Disruption of the tissue occurred during 10min of vig-
orous shaking, followed by extraction of RNA by adding
chlorophorm. After mixing and centrifugation, the aqueous
phase containing the RNA was collected. Isopropanol was
added and the samples were centrifuged for 15min at 4∘C
at high speed to precipitate the RNA. The obtained RNA
pellet was further purified using RNeasy Mini Kit (Qiagen,
Germany) following the manufacturer’s instructions. Deter-
mination of the nucleic acid concentration was performed by
measuring the absorbance at 260 nmusing aNanodrop 2000c
spectrophotometer. RNA was stored at −80∘C for further
analyses.

2.6. Cell Culture. The left ventricles from 12-week-old male
C57BL/6J mice were used to obtain primary murine cardiac
fibroblasts as described previously [29, 30]. The atrium and
the right ventricle were removed and discarded using a fine
surgical scissor purchased from Fine Science Tools (FST,
Germany). To isolate the cardiac fibroblasts, left ventricles
were cut into small pieces and digested in 0.1mg/mL liberase
dissolved in HBSS at 37∘C for 10min subsequently repeated
six times. Afterwards, isolated cells were transferred over a
cell strainer to remove remaining tissue pieces. Murine cells
were centrifuged and for cultivation suspended in Dulbecco’s
modified eagle medium (DMEM) containing 20% fetal calf
serum, 100U/mL penicillin and 100 𝜇g/mL streptomycin
(Biochrom, Germany). To subculture confluent fibroblasts,

cells were detached using Trypsin/EDTA for 3min at 37∘C.
Characterization of the cells as fibroblasts was performed by
positive immunofluorescence staining against collagen-I and
negative staining for the myocyte and endothelial marker
desmin and CD31, respectively, as described in our previous
study [29]. Cell culture experiments were carried out in a
humidified atmosphere with 5% CO2 and 95% air.

For viral infection cardiac fibroblasts were seeded out
into 24-well plates and grown to confluence before starving
in DMEM containing 0.5% FCS, 100U/mL penicillin, and
100 𝜇g/mL streptomycin overnight. To calculate the multi-
plicity of infection (MOI) one well was used to determine cell
numbers. Viral infection was performed with Coxsackievirus
B3 (nancy strain) diluted to 0.5 MOI in DMEM without any
supplements for 60min. To completely remove remaining
virus particles the medium containing CVB3 had to be
replaced. Cells werewashed twice using PBS and incubated in
starving medium for further 23 hours before RNA extraction
was performed. All control cells underwent equal treatment
in the absence of CVB3.

For TGF-𝛽 stimulation, cardiac fibroblasts were seeded
into 24-well plates, cultured until they reached confluence,
and then starved in DMEM containing 0.5% FCS, 100U/mL
penicillin, and 100 𝜇g/mL streptomycin overnight. TGF-𝛽
stimulation was performed using a final concentration of
5 ng/mLTGF-𝛽 in starvingmedium. Cardiac fibroblasts were
incubated in the presence or absence of TGF-𝛽 for 24 hours
and stopped by cell lysis.

Finally cellswere lysed inRLTbuffer (RNeasyKit,Qiagen,
Germany) containing 1% 𝛽-mercaptoethanol. To isolate total
RNA from cells RNeasy Mini Kit (Qiagen, Germany) was
used according to the manufacturer’s protocol.

2.7. Reverse Transcription and Relative Gene Expression Anal-
ysis. Reverse transcription of RNA was carried out using the
High Capacity Kit (Life Technologies, Germany). Therefore,
250 ng total RNA isolated frommurine cells or 1 𝜇g total RNA
isolated from cardiac tissue was reversely transcribed for 2 h
at 37∘C followed by an inactivation step for 5min at 85∘C.The
resulting cDNA was diluted to a final working concentration
of 1.25 ng/𝜇L for cell culture samples and 10 ng/𝜇L for tissue
samples.

Relative quantification of RNA expressionwas performed
with a 7900 TaqMan system (Applied Biosystems, Germany).
To determine RNA expression levels of various genes,
real-time PCR was carried out using 5 𝜇L of gene
expression master mix (Life technologies, Germany)
and 0.5 𝜇L of the gene expression assay for Mcp-1 (Ccl2)
(Mm99999056 m1), Rantes (Ccl5) (Mm01302428 m1),Mcp-3
(Ccl7) (Mm00443113 m1), Ip-10 (Cxcl10) (Mm99999072 m1),
Cxcl13 (Mm00444534 m1), Il-6 (Mm00446190 m1),
Il-23a (Mm00518984 m1), Tnf-𝛼 (Mm00443258 m1),
Cd3 (Mm01179194 m1), Cd4 (Mm00442754 m1), Cd8
(Mm01182107 g1), Cd19 (Mm00515420 m1), Col1a1
(Mm01302043 g1), Col3a1 (Mm00802331 m1), Ctgf
(Mm00515790 g1), Tgf-𝛽1 (Mm00441724 m1), Timp-1
(Mm00441818 m1), or Mmp13 (Mm01168712 m1) purchased
from Life Technologies. The assay for gene expression
consists of gene specific forward and reverse primers and
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Table 1: Gravimetric characteristics and hemodynamic function of C57BL/6J mice 7 and 28 days after CVB3 infection.

Control CVB3, 7 days p.i. Change CVB3, 28 days p.i. Change
Body weight [g] 29 ± 1 22 ± 1∗∗∗ −24% 24 ± 1ns −17%
LV weight [mg] 124 ± 2 80 ± 1∗∗∗ −35% 80 ± 1∗∗ −35%
Global function

Heart rate [bpm] 585 ± 2 532 ± 8∗∗ −9% 476 ± 12∗∗∗∗ −19%
Cardiac output [mL/min] 15.3 ± 0.9 8.1 ± 0.7∗∗ −47% 6.7 ± 0.6∗∗∗ −56%
Stroke volume [𝜇L] 26.2 ± 1.6 15.2 ± 1.3∗∗ −42% 14.1 ± 1.1∗∗ −46%
Stroke work [𝜇L⋅mmHg] 2267 ± 172 858 ± 50∗∗∗ −62% 949 ± 118∗∗ −58%

Systolic function
𝑃es [mmHg] 77 ± 3 44 ± 1∗∗∗∗ −43% 64 ± 6ns −17%
d𝑃/d𝑡max [mmHg/s] 9734 ± 407 4080 ± 212∗∗∗∗ −58% 4877 ± 573∗∗ −50%
𝑉es [𝜇L] 17 ± 1 20 ± 2ns +16% 15 ± 5ns −12%

Diastolic function
𝑃ed [mmHg] 4.1 ± 0.3 7.2 ± 0.4∗∗∗ +76% 5.0 ± 0.5ns +22%
dP/d𝑡min [mmHg/s] −6038 ± 256 −2111 ± 254∗∗∗∗ −65% −3444 ± 486∗ −43%
Tau [ms] 9.2 ± 0.2 15.3 ± 0.7∗∗∗ +65% 14.5 ± 1.4∗∗ +59%
𝑉ed [𝜇L] 42.1 ± 2.1 35.0 ± 1.1ns −17% 28.8 ± 5.9∗ −32%

Data are presented as mean ± SEM.
∗Significantly different compared to noninfected mice (control); ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001; ∗∗∗∗𝑃 < 0.0001; nsnot significant.
No significances found between CVB3 (7 days) and CVB3 (28 days).

the FAM-labelled probe. As template, 1 𝜇L cDNA was used
in a final volume of 10 𝜇L, each performed in duplicate.
As an endogenous control, the gene expression of 18S
(Hs99999901 s1) or Cdkn1b (Mm00438167 g1) was assessed.
The absolute gene expression data were normalized to the
housekeeping gene by using the formula 2−ΔCt and plotted as
𝑥-fold to 18S or Cdkn1b, whereas the relative gene expression
data were further normalized using the formula 2−ΔΔCt and
plotted as 𝑥-fold to untreated control as described previously
[31].

2.8. CVB3 Strand-Specific RT-PCR and Copy Number Calcu-
lation. The viral RNA genome (+) strand was reverse-tran-
scribed using CVB3 antisense primer (5-ATTGTCACC-
ATAAGCAGCCA-3) whereas the intermediate RNA (−)
strand of CVB3 was reverse-transcribed using CVB3 sense
primer (5-CCCTGAATGCGGCTAATCC-3) in order to
determine the strand-specific copy numbers. A concentration
of 50 ng/𝜇L total RNA from cardiac tissue was transcribed
with 30 ng/𝜇L of the CVB3 strand-specific primer in a
final volume of 5 𝜇L using the High Capacity Kit (Life
Technologies, Germany) as described above followed by an
inactivation step at 85∘C for 1 hour. The obtained cDNA was
further diluted to a final concentration of 10 ng/𝜇L and used
to determine the strand-specific copy numbers of CVB3. To
verify the inactivation of the reverse transcriptase, total RNA
was incubated with the enzyme in absence of strand-specific
primers during transcription followed by the inactivation
step at 85∘C.

To determine the copy numbers of the (+) or (−)
strand of CVB3, gene expression analysis was performed
as described above replacing the gene expression assays
by the forward primer CVB3 sense (5-CCCTGAATG-
CGGCTAATCC-3), the reverse primer CVB3 antisense

(5-ATTGTCACCATAAGCAGCCA-3) in a final concen-
tration of 15 ng/𝜇L, and the FAM-labelled CVB3-MGB-
probe (5-TGCAGCGGAACCG-3) in a final concentration
of 0.25 pmol/𝜇L. A standard curve was created by plotting a
serial dilution of a plasmid containing the amplified CVB3
sequence.This standard curvewas used to determine the copy
numbers of CVB3.

2.9. Statistical Analysis. All statistical analyses were per-
formed using Graph Pad Prism 6 software (GraphPad Soft-
ware, La Jolla, CA). Statistical comparison of two groups was
performed using the Mann–Whitney 𝑈 test with 𝑃 values
< 0.05 considered statistically significant. More than two
groups were compared using Kruskal-Wallis-test followed by
Dunn’s posttest with 𝑃 values < 0.05 considered statistically
significant.

3. Results

3.1. Impaired Hemodynamic Function 7 and 28 Days after
CVB3-Induced Viral Myocarditis. C57BL/6J mice were in-
traperitoneally infected with 5 × 105 pfu of CVB3 (Nancy
strain) and hemodynamically characterized 7 and 28 days
after viral infection. As shown in Table 1, CVB3-infectedmice
did significantly lose weight within 7 days, which remained at
a similar level in the chronic phase of the disease 28 days after
infection. Furthermore, the heart weight was significantly
reduced 7 as well as 28 days after infection compared to
healthy control animals. Using the hemodynamic parameters
heart rate, cardiac output, stroke volume, and stroke work,
the global LV function was characterized and revealed an
impaired global LV function with significantly decreased
heart rate and stroke volume resulting in reduced cardiac
output and stroke work compared to healthy controls.
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Figure 1: Cardiac inflammation and viral load in C57BL/6J mice 7 and 28 days after CVB3 infection. (a) Hematoxylin/eosin staining of
cardiac tissue revealed higher numbers of invaded inflammatory cells 7 days after infection compared to control tissue. However, 28 days after
infection inflammatory cells are hardly detectable and thus remarkably reduced compared to 7 days after infection. (b) Viral load in cardiac
tissue of CVB3-infected C57BL/6J mice after 7 and 28 days. To determine the amount of progeny positive-strand RNA or the intermediate
negative-strand RNA of CVB3, cDNA synthesis was performed with (+) or (−) strand-specific primers followed by quantification. More (+)
RNA than (−) RNAwas detected in cardiac tissue 7 as well as 28 days after infection.The amount of both strands was clearly reduced between
7 and 28 days demonstrating the elimination of CVB3 virus particles as well as the elimination of infected cells. However, the (+) RNA strand
was detected in a higher extent compared to the (−) RNA strand; §significantly different compared to 7 days p.i.; §§§𝑃 < 0.001.

In addition, systolic and diastolic LV function of CVB3-
infected mice were significantly impaired in comparison to
noninfected healthy control mice 7 as well as 28 days after
infection. Comparing the LV function of mice within the
acute phase of myocarditis (7 days p.i.) with those in the
chronic phase of the disease (28 days p.i.) no significantly
different parameters were determined.

However, in turn a mild improvement in systolic and
diastolic function 28 days after CVB3 infection (chronic
disease stadium) was detected. Compared to healthy controls
a significantly reduced end-systolic pressure 𝑃es was detected
7 days after infection (−43%) but 28 days after infection a
slightly and not longer significantly decreased 𝑃es was mea-
sured (−17%). Similar findings are also shown for the end-
diastolic pressure 𝑃ed which was significantly increased after
7 days (+76%). After 28 days 𝑃ed was decreased compared
to 7 days but still increased compared to control animals
(+22%).

3.2. Severe Cardiac Inflammation andVirus Replication during
Acute Viral Myocarditis Was Clearly Reduced in the Chronic
Phase. To assess the cardiac inflammation 7 as well as 28
days after peritoneal CVB3 infection, frozen tissue cross sec-
tions were stained using hematoxylin and eosin to visualize

infiltration of inflammatory cells. While invaded cells were
clearly visible 7 days p.i. at the foci of inflammation, no
inflammatory cells could be seen 28 days after infection
(Figure 1(a)).

Comparable results were determined for the viral load 7
and 28 days after CVB3 infection. In order to investigate the
replication of CVB3 7 and 28 days after intraperitoneal injec-
tion, the viral copy numbers were assessed by strand-specific
quantitative RT-PCR (Figure 1(b)). Therefore, total RNA was
isolated from cardiac tissue of C57BL/6J mice infected with
CVB3 and noninfected animals as healthy controls. Reverse
transcription was performed utilizing a CVB3 (+) or (−)
RNA strand-specific primer followed by TaqMan analysis to
determine the CVB3 copy numbers. These analyses revealed
high copy numbers of the viral genome, indicated as the
(+) RNA strand, in the cardiac tissue 7 days after infection,
whereas the copy numbers of the intermediate (−) RNA
strand were remarkably lower expressed. The copy numbers
of both viral RNA strands were remarkably reduced to less
than 1000 copies of (+) RNA strand in 10 𝜇g total RNA and
less than 100 copies of the (−) RNA strand in 10 𝜇g total
RNA. Interestingly, in two out of seven animals no viral
genome could be detected in the cardiac tissue 28 days after
infection.
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Figure 2: Immune cell infiltration: serial cross section of LVs from C57BL/6J mice without viral infection or 7 as well as 28 days after
intraperitoneal CVB3 infection. Tissue sections were stained for various markers of inflammatory cells. Hematoxylin/eosin staining showed
higher numbers of invaded cells to foci of inflammation 7 days after infection (indicated by arrows) compared to 28 days after infection.
Increased numbers of CD80+, CD11b+, and CD68+ cells are detected within the identified foci of inflammation 7 days after infection.

We further aimed to determine the differences of inflam-
mation in cardiac tissue 7 and 28 days p.i., respectively. Frozen
cross sections of murine left ventricles were stained with
hematoxylin and eosin to visualize the foci of inflammation
(indicated by arrows in Figure 2) as well as with antibodies
directed against specific immune cell marker such as CD11b,
CD68, and CD80. We performed the staining of serial cross
sections and documented the immunohistological stain-
ings as overview images (Figure 2) and as detailed images
(Figure 3(b)). To evaluate the immune response detected
within the cardiac tissue, we determined specific T cell
and B cell marker as well as marker related to the innate
immune system. In Figure 3 it is clearly shown that T
cells, especially cytotoxic T cells, and cells of the innate
immune system mainly represent the invaded inflammatory

cells 7 days after CVB3 infection. The gene expression of
the T-helper cell specific Cd4 marker was slightly but not
significantly increased, whereas the cytotoxic T cell specific
marker Cd8 was 47-fold increased 7 days after infection
and 5-fold increased after 28 days after infection. The B cell
specific marker Cd19 was not increased during the acute
or the chronic phase. Furthermore, the immunohistological
stainings were quantified and presented as box plots in Fig-
ure 3(b). The cardiac tissue of infected mice at the acute state
of myocarditis (7 days p.i.) revealed significantly increased
numbers of CD11b+, CD68+, and CD80+ cells, whereas no
increased inflammation was detected 28 days after CVB3
infection. Seven days after CVB3 infection CD11b+ cells were
33-fold increased, CD68+ cells were 19-fold increased, and
CD80+ cells were 12-fold increased as shown in Figure 3(b).
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Figure 3: Immune cell infiltration: gene expression and histological quantification of specificmarker for various inflammatory cells in cardiac
tissue of CVB3-infected mice 7 and 28 days after infection. (a) Gene expression analysis of specific marker for various immune cells.The gene
expression of Cd3e, as a marker for T cells in general, was highly increased 7 days after infection. Subsequent analysis of Cd4 and Cd8a
expression revealed that CD8+ cytotoxic T cell represents the predominant T cell population within the cardiac tissue during the acute phase
of viral myocarditis. Furthermore,Cd19 expression, as amarker for B cells, was not increased 7 and 28 days after infection. (b) Detailed images
of murine cardiac tissue stained for different cell surface markers of immune cells. Immune cells were quantified and plotted as positive cells
per mm2. Tissue sections stained for CD11b+, CD68+, and CD80+ cells revealed significantly increased numbers 7 days after CVB3 infection
compared to healthy controls. 28 days after infection no increased inflammation was detectable. The white bar represents healthy C57BL/6J
mice, and grey bars represent mice infected with CVB3 for 7 days (light grey) or for 28 days (dark-grey). Data are presented as box plots;
∗significantly different compared to noninfected mice (control); ∗∗𝑃 < 0.01; ∗∗∗∗𝑃 < 0.0001; nsnot significant.
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Cross sections of CVB3-infected C57BL/6J mice 28 days p.i.
indicated no significant differences compared to control mice
for all investigated immune cell markers.

3.3. Increased Expression of Proinflammatory Cytokines 7
Days after CVB3 Infection Declined to Basal Levels after 28
Days. Furthermore, gene expression and protein expression
analyses of cardiac tissue from CVB3-infected C57BL/6J
mice were performed to prove cardiac inflammation in
response to CVB3 infection. This was achieved by quan-
tification of gene expression concerning various cytokines
7 and 28 days after viral infection compared to healthy
controls. In Figure 4(a), absolute mRNA levels were plotted
and relative gene expression levels compared to the healthy
control mice are presented above the corresponding box
plot. The chemokines Mcp-1 (Ccl2), Rantes (Ccl5), Mcp-3
(Ccl7), Ip-10 (Cxcl10), and Cxcl13 and the proinflammatory
cytokines Il-6 and Tnf-𝛼 showed significantly elevated gene
expression levels in C57BL/6J mice 7 days after infection,
whereas no significant differences were observed 28 days after
infection.

Furthermore, as estimated, no expression of the antiviral
cytokines Ifn-𝛽1 and Ifn-𝛾 could be detected in healthy
controls, but they were highly expressed in CVB3-infected
animals, 7 days after infection (data not shown). As further
shown in Figure 4(a), the gene expression of the profibrotic
growth factor Tgf-𝛽 was significantly increased 7 days after
infection.

However, after 28 days a significant decrease of proin-
flammatory cytokines was determined in comparison to 7
days after infection, whereas themRNA expression level of Il-
23a was not regulated regarding CVB3 infection at any time
point.

Furthermore, quantitative protein expression of cytok-
ines in the cardiac tissue and in serum was determined
and revealed comparable results as reported from the gene
expression analysis. In Figure 4(b), protein expression of
cardiac tissue was measured. MCP-1 (CCL2) as well as
RANTES (CCL5) were elevated in cardiac tissue 7 days after
infection and significantly declined in the chronic phase.
Similar results are shown in serum samples (Figure 4(c)).
MCP-1 (CCL2), RANTES (CCL5), IP-10 (CXCL10), and
CXCL13 were elevated during the acute phase and decreased
during the chronic phase.

3.4. Reversible Cardiac Fibrosis after Viral Myocarditis. Next,
we studied the cardiac remodeling processes during viral
myocarditis. Immunohistochemical stainings of collagen
type I and collagen type III on frozen left ventricular
cross sections from CVB3-infected and healthy mice were
performed and quantified.

We performed stainings on serial cross sections and
documented this as overview images (Figure 5) and as
detailed images (Figure 6(b)). In Figure 5, we included again
the hematoxylin and eosin staining and indicated the foci of
inflammation by arrows. It is demonstrated in the overview
images of serial cross sections that cardiac fibrosis is clearly
colocalized with cardiac inflammation. Staining for collagen-
I (COL-I) as well as collagen-III (COL-III) is shown for

healthy controls and formice infectedwith CVB3 7 or 28 days
prior to investigations. Collagen type I protein expressionwas
clearly elevated (3.4-fold) 7 days after CVB3 infection and
interestingly declined to basal levels after 28 days (Figures
5 and 6(b)). The quantitative analyses are plotted as area
fractions in Figure 6(b). Collagen type III showed no obvious
alteration in response to CVB3 infection.

Furthermore, we have analyzed the gene expression level
of genes involved in remodeling processes. Therefore, in
Figure 6(a) absolute mRNA levels were plotted and above the
corresponding box plot the relative gene expression levels are
presented compared to healthy controlmice. Gene expression
levels of Col1a1, Col3a1, and Ctgf were determined in cardiac
tissue 7 days and 28 days after CVB3 infection and compared
to healthy controls. All three profibrotic genes were signifi-
cantly upregulated in the cardiac tissue of infected animals
7 days after infection. 28 days after infection the expression
declined to similar levels as described for healthy tissue. None
of the investigated profibrotic genes was significantly upregu-
lated 28 days after infection. Comparing the expression levels
of cardiac tissue 7 and 28 days after infection, significant
differences for all four genes were observed. Moreover, we
evaluated the gene expression levels of the matrix-degrading
enzymeMmp13 and the counterparts, the endogenous tissue
inhibitor of metalloproteinases (Timp1), and Timp1/Mmp13
ratio to illustrate the inhibition of matrix degradation leading
to fibrosis. As shown in Figure 6(a), the expression level of
Timp1 as well as Mmp13 was upregulated in cardiac tissue 7
days after CVB3 infection and declined to basal expression
28 days after infection. Since the expression level of Timp1
was increased nearly 100-fold, the Timp1/Mmp13 ratio was
highly increased which results in matrix metalloproteinase
inhibition and finally in fibrosis.

3.5. No Remodeling Processes with Virus Only: Cardiac Inflam-
mation Contributes to Cardiac Remodeling. It was recently
described that activated inflammatory cells increase the
expression of the profibrotic growth factor TGF-𝛽 [30, 32].
Since cardiac fibroblasts are one major source of matrix pro-
teins, we further examined matrix remodeling progression
of cardiac fibroblasts during viral infection. 24 hours after
infection of cardiac fibroblasts with 0.5 MOI of CVB3, copy
numbers of (7.8 ± 2.8) × 106/ng total RNA were detected
(data not shown). Furthermore, those results were compared
to TGF-𝛽 stimulated cardiac fibroblasts as a profibrotic
stimulus.

Gene expression of murine cardiac fibroblasts infected
with 0.5 MOI CVB3 was determined, to evaluate similarities
between in vivo and in vitro ECM remodeling mechanisms
underlying CVB3 infection. In addition, cardiac fibroblasts
were stimulated with TGF-𝛽 for 24 h, mimicking fibroblast
activation by immune cells after cardiac inflammation. For
transcriptional investigation, mRNA expression levels from
Col1a1, Col3a1, Ctgf, Timp1, and Mmp13 were determined
(Figure 7). Interestingly, the expression of Col1a1, Ctgf, and
Timp1 was significantly increased after TGF-𝛽 treatment
(dark-grey bars) compared to untreated controls (white bar),
whereas CVB3 infection did not affect the gene expression
of Col1a1, Timp1, and Mmp13 and showed only a very
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Figure 4: Continued.
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Figure 4: Cytokine expression in cardiac tissue and serum of CVB3-infected C57BL/6J mice 7 and 28 days after infection. (a) Cardiac tissue
of CVB3-infected C57BL/6Jmice was used for TaqMan based gene expression analysis of various chemotactic chemokines and cytokines.The
gene expression of chemokines (Ccl2, Ccl5, Ccl7, Cxcl10, and Cxcl13) as well as the expression of Il-6 and Tnf-𝛼 was highly increased 7 days
p.i. compared to healthy controls and returned to basal levels 28 days after infection. Gene expression of Il-23a expression was not altered
in cardiac tissue after CVB3 infection. Data are presented as absolute mRNA expression (𝑥-fold to the house keeping gene 18S) in box plots
as well as in fold change to control animals as mean ± SEM above the corresponding bar using the formula 2−ΔΔCt. (b) Protein expression in
cardiac tissue was determined using Bioplex.The protein expression ofMCP-1 and RANTES was increased 7 days after infection and dropped
down 28 days after infection. (c) Protein expression in serum was detected using protein profiler arrays. The chemokines MCP-1, RANTES,
IP-10, and CXCL13 were increased in serum samples of CVB3 infected mice 7 days after infection. Expression levels from noninfected control
mice are shown as white bars, from CVB3-infected animals 7 days p.i. as light grey bars and from CVB3-infected animals 28 days p.i. as dark-
grey bars; ∗significantly different compared to noninfected mice (control); ∗𝑃 < 0.5; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001; ∗∗∗∗𝑃 < 0.0001; §significantly
different compared to 7 days p.i.; §𝑃 < 0.05; §§𝑃 < 0.01; nsnot significant.

weak increased expression of Ctgf. Col3a1 and Mmp13 were
not altered by any treatment, compared to the nontreated
cells.

4. Discussion

In this study, we used the model of CVB3 infection to
investigate the long-term effect of viral myocarditis on the
myocardium and cardiac function after resolved inflamma-
tion. During the acute phase of myocarditis, impaired LV
function, severe cardiac inflammation, and fibrosis were
observed. The salient findings are that the observed car-
diac fibrosis was consistently colocalized with the foci of
inflammation, whereas CVB3 infection of cardiac fibroblasts
did not induce profibrotic signaling but proinflammatory
chemokine expression. Furthermore, after resolved cardiac
inflammation, fibrosis was hardly detectable, whereas cardiac
function remained impaired. This key finding reveals that
cardiac fibrosis seems to be reversible without regaining the
hemodynamic function.

4.1. Virus Replication and Cardiac Inflammation during Acute
Myocarditis. In our previous work, we determined the virus
load as well as the cardiac inflammation 3 and 7 days after
infection demonstrating higher copy numbers after 7 days
[13]. In the here described study, a highly increased viral load
was detected in infected hearts 7 days after viral infection.
We quantified the (+) RNA and the (−) RNA strand. The
(+) RNA strand corresponds to the viral genome of existing
or progeny virus particles. The (−) RNA strand is needed
as an intermediate to produce progeny viruses. 28 days
after infection only very low copy numbers of both RNA
strands are still detectable suggesting a nearly complete virus
clearance. Interestingly during acute myocarditis, the (+)
RNAstrand is higher expressed in themyocardiumcompared
to the intermediate (−) RNA strand. Similar results were
reported earlier for cardiac tissue demonstrating that the
(+) RNA strand is present in a greater excess [7, 23]. Our
group reported equal findings in cell culture experiments
[30]. Cardiomyocytes as well as cardiac fibroblasts are sus-
ceptible for CVB3 infection and in both cell types a ratio
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revealed infiltrated cells.The foci of inflammation are clearly shown 7 days after infection indicated by arrows. Histological staining of COL-I
showed a clear increase in fibrosis after CVB3 infectionwithin the foci of inflammation. Immunohistochemistry of COL-III reveals no distinct
effect of CVB3 infection.

between the (+) and the (−) RNA strand of 5 to 10 is
described.

As previously shown, cells of the innate immune system
(CD68+ and CD80+) reveal the most prominent signal in
clear foci of inflammation [13]. Cells of the innate immune
system are the first line of defense for invading pathogens
such as virus particles [33]. These cells present proteolyti-
cally processed parts of pathogens to cells of the adaptive
immune system [34, 35]. These cells are well described to
secrete multiple cytokines and growth factors to regulate
inflammation [36]. To investigate the cardiac inflammation
in more detail, we determined the expression of specific
cytokines and chemokines, which were increased during the
acute phase of myocarditis. Our group previously showed
that recruited monocytes increase the chemokine expres-
sion in the infiltrated cardiac tissue in a vicious circle
[29].

During the acute phase of CVB3 infection we detected
interferon-𝛽 and interferon-𝛾mRNAexpression as induction
of antiviral response. Interferon-𝛽 is mainly synthesized by
fibroblasts and known to induce the expression of the anti-
inflammatory cytokines IL-10 and TGF-𝛽 [36]. Experimental
and clinical settings have shown that interferon-𝛽 can lead
to an elimination of viral genomes and to an improvement

of LV function in patients and animals with enteroviral or
adenoviral persistence and LV dysfunction [37–39].

4.2. Colocalization of Cardiac Inflammation and Fibrosis
during Acute Myocarditis. Moreover, serial cross sections
of the cardiac tissue were used to visualize the infiltrated
inflammatory cells as well as the cardiac fibrosis. In our
histological investigations, the observed cardiac fibrosis was
consistently colocalized with the foci of inflammation during
the acute phase of myocarditis. Cardiac fibrosis is a biological
response to various diseases and can occur as a reparative
form of fibrosis during scar formation after myocardial
infarction or as a reactive form with increased interstitial
collagen content after mechanical overload or inflammation
[40, 41].

Furthermore, gene expression analysis of cardiac tissue
revealed that collagen-I and the profibrotic Tgf -𝛽 were
increased 7 days after infection. As a further profibrotic signal
we determined a highly increased gene expression of Timp1,
the endogenous inhibitor of MMPs, leading to an increased
inhibition of matrix degradation and finally fibrosis [42, 43].

4.3. Fibroblasts Induce Inflammation: Inflammation Activates
Fibroblasts. Fibroblasts are responsible for the production,
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p.i. (dark-grey bar) was determined using TaqMan analysis.ThemRNA expression of profibrotic genesCol1a1,Col3a1, andCtgf was increased
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∗significantly different compared to noninfected mice (control); ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001; ∗∗∗∗𝑃 < 0.0001; §significantly different
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Figure 7: Gene expression analysis of murine cardiac fibroblasts after infection with CVB3 or stimulation with TGF-𝛽. Altered gene
expression of profibrotic genes was detected in cardiac fibroblasts in response to stimulation with 5 ng/mL TGF-𝛽 for 24 hours but not
after infection with 0.5 MOI CVB3 for 24 hours. The mRNA expression of Col1a1, Ctgf, and Timp1 was significantly upregulated after TGF-𝛽
stimulation but remains unchanged forCol3a1 andMmp13. Except for a slightly increased expression ofCtgf the viral infectionwith CVB3 did
not result in a profibrotic gene expressionwithin 24 hours after infection. Data are presented as relativemRNA expression (𝑥-fold to untreated
control cells) in box plots using the formula 2−ΔΔCt; ∗significantly different compared to untreated control cells; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001;
∗∗∗∗
𝑃 < 0.0001; nsnot significant.

organization, and turnover of matrix proteins [44]. We here
investigated whether viral infection of cardiac fibroblasts
itself acts as a profibrotic signal which may explain the
developed fibrosis. TGF-𝛽 stimulation but not viral infection
triggered profibrotic signals in infected cardiac fibroblasts.

Until recent, it was suggested that fibroblasts play a
relative inert role in the immune system, but in various dis-
eases fibroblast activation leads to production of chemokines
and cytokines [45]. For example, in rheumatic arthritis
and chronic kidney diseases fibroblasts induce immune cell
recruitment to the site of tissue injury [45–47]. Previous
work of our group revealed that cardiac fibroblasts, activated
by mechanical stress or CVB3, provide proinflammatory
mediators inducing the recruitment of inflammatory cells
into the cardiac tissue and may therefore act as sentinel cells
[29].

Furthermore, activated invading immune cells (e.g.,
monocytes) display an increased gene expression and an
enhanced secretion of TGF-𝛽, which then further triggers the
transdifferentiation of cardiac fibroblasts into pathologically
activated myofibroblasts leading to adverse remodeling [30,
32]. The consistent colocalization of cardiac inflammation
and fibrosis (Figure 8(a)) further demonstrated this close
interaction between cardiac inflammation and the develop-
ment of cardiac fibrosis.

These data lead to our postulated interaction scheme
illustrated in Figure 8(b). Infected cardiac fibroblasts secrete

proinflammatory mediators to recruit inflammatory cells,
which then in turn secrete TGF-𝛽 inducing fibroblast acti-
vation leading to cardiac fibrosis. In other fibrosis-related
diseased animal models, TGF-𝛽 antagonism using TGF-𝛽
neutralizing antibody or TGF-𝛽 receptor inhibitor led to
significantly less cardiac fibrosis [48, 49].

4.4. Reversible Cardiac Fibrosis, but Not Restored LV Function.
Cardiac dysfunction during myocarditis is caused not only
by direct virus-induced myocyte loss [21, 30], but also by
inflammatory response of the immune system in order to
control the viral infection and cardiac fibrosis [50, 51]. It is
already described for the mouse strain C57BL/6J that CVB3
does not induce a chronic ongoing inflammation. Moreover,
C57BL/6J mice usually recover from myocarditis [52], which
is clearly documented in the resolved inflammation 28 days
after infection. Here, we reported increased cardiac fibrosis
because of cardiac inflammation during the acute phase of
myocarditis. Interestingly, after resolved cardiac inflamma-
tion cardiac fibrosis was hardly detectable demonstrating
that cardiac fibrosis might be reversible. Gene expression
analysis revealed that Timp1 expression was decreased to
basal level resulting in normal MMP activity. We assume
that the newly synthesized collagen was not appropriately
cross-linked since this postsynthetic collagen processing
makes collagen less prone to degradation by collagenases
[53]. A regression of cardiac fibrosis is already reported in
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Figure 8: Proinflammatory and profibrotic effects of CVB3 infection in murine heart tissue. (a) Serial cross sections of the left ventricle from
healthy or CVB3-infected C57BL/6Jmice were stained with hematoxylin/eosin or for COL-I. During acutemyocarditis (7 days p.i.) infiltrated
cells appear in the cardiac tissue clearly seen as foci of inflammationwhich are consistently colocalized with fibrosis, shown byCOL-I staining.
(b) Suggested interaction scheme of cardiac fibroblasts and inflammatory cells in CVB3-induced viral myocarditis. CVB3 infection of cardiac
fibroblast alone did not result in profibrotic signaling but increased chemokine and cytokine expression was detected. Elevated chemokine
levels might be one regulator to induce the recruitment of inflammatory cells into the infected cardiac tissue. In turn, the induced expression
of TGF-𝛽 in CVB3-infected macrophages might be one key player to induce profibrotic gene expression in cardiac fibroblasts.

lisinopril-treated hypertensive patients and hypertensive rats
[54, 55].

In tissue from healthy patients, very slow collagen
turnover rates have been reported. For example, measuring
the racemization of aspartic acid in collagen from human
cartilage and skin, a half-life of 117 years for cartilage collagen
and 14.8 years for skin collagen was described [56], whereas
in rats a collagen turnover time of 30–150 days was described
[57].

The hemodynamic characterization clearly displayed a
significantly reduced cardiac function of CVB3-infected
C57BL/6J mice 7 and 28 days after viral infection. During
the acute phase of viral myocarditis (7 days p.i.) systolic
and diastolic function were significantly impaired in CVB3-
infected mice as an evidence for acute myocarditis accom-
panied with heart failure symptoms. Interestingly, after 28
days the end-systolic as well as the end-diastolic pressure

came up to nearly similar levels compared to control animals,
whereas other hemodynamic parameters did not improve.
These results suggest a myocardial damage during acute
CVB3 infection, which could not be repaired completely
to functionally retrieve cardiac function. In cell culture
experiments, we have previously shown that CVB3 infects
and destroys cardiomyocytes and cardiac fibroblasts [21,
30]. While cardiac fibroblasts can proliferate in the adult
myocardium, cardiomyocytes are not able to proliferate
and therefore the loss of cardiac muscle cells cannot be
compensated to improve the cardiac function [58, 59].

Another reason for impaired cardiac function could be
the development of autoimmune myocarditis. It is reported
that, especially during the chronic phase of viral myocarditis,
mice can develop an autoimmune response to cardiac pro-
teins, such as myosin. This highly depends on the suscepti-
bility of the mouse strain. Fairweather and Rose reported the
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progression to chronic autoimmune myocarditis following
CVB3 infection of susceptible BALB/c mice but not in
C57BL/6J mice [60].

5. Conclusion

In conclusion, CVB3-infected cardiac fibroblasts induce car-
diac inflammation but not fibrosis. Although inflammation is
associated with the development of cardiac fibrosis leading to
impaired left ventricular function, therefore, cardiac fibrob-
lasts are regulators of cardiac fibrosis aswell as cardiac inflam-
mation. Furthermore, the fibrotic process, which comes along
with different diseases, is reversible and cardiac fibrosis
can decline after resolved inflammation. To investigate the
underlying pathophysiological process of reversible fibrosis
might be essential to understand the development of heart
failure.

Additional Points

Limitation of the Study. In other fibrosis-related diseased
mouse models, TGF-𝛽 antagonism leads to reduced cardiac
fibrosis and finally improves the outcome. Regarding those
results, the administration of a neutralizing TGF-𝛽 antibody
during viral myocarditis would prove the key role of TGF-𝛽
during viral myocarditis but it is not shown in this study.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contributions

Peter Moritz Becher, Frauke Gotzhein, Dirk Westermann,
and Diana Lindner contributed equally to this paper.

Acknowledgments

The authors thank Mareile Schröder and Svenja Warnke
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Viral infection is a common trigger for acute exacerbations of chronic obstructive pulmonary disease (AECOPD). The aim of this
study is to investigate the expression of cytokines in AECOPD. Patients with AECOPD requiring hospitalization were recruited.
Meanwhile healthy volunteers of similar age that accepted routine check-ups and showed no clinical symptoms of inflammatory
diseases were also recruited. Induced sputum and serum were collected. Induced sputum of participants was processed and tested
for thirteen viruses and bacteria. Forty cytokines were assayed in serum using the Quantibody Human Inflammation Array 3
(Ray Biotech, Inc.). The most common virus detected in virus positive AECOPD (VP) was influenza A (16%). No virus was found
in controls. Circulating levels of IL-6, TNF-𝛼, and MCP-1 were elevated in VP and coinfection subjects (𝑝 < 0.05), while the
levels of 37 other cytokines showed no difference, compared with virus negative groups and controls (𝑝 > 0.05). Additionally, VP
patients were less likely to have received influenza vaccination. VP patients had a systemic inflammation response involving IL-6,
TNF-𝛼, and MCP-1 which may be due to virus-induced activation of macrophages. There are important opportunities for further
investigatingAECOPDmechanisms and for the development of better strategies in themanagement and prevention of virus-related
AECOPD.

1. Background

Acute exacerbation of chronic obstructive pulmonary disease
(AECOPD) is characterized by changes in sputum produc-
tion, dyspnoea, and cough [1, 2]. AECOPD leads to significant
morbidity and is among the major causes of death worldwide
[2] and results in heavy societal and economic burden.

Viral infection has been confirmed as a cause of AECOPD
and considered a major cause of AECOPD hospitalizations

[3]. Viral detection may be influenced by the viral detec-
tion methodology and the sample that is used for assay.
In several previous studies conducted with conventional
methods (including viral culture and serology), the incidence
of viral identification was underestimated when compared to
molecular diagnostic methods [4–7]. With the development
of molecular diagnostics, the detection of respiratory viruses
in AECOPD is both easier and more accurate. Induced
sputum that is obtained from the lower respiratory tract
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has relatively higher virus-detection rate when compared to
samples from the upper respiratory tract [3].

The host inflammatory response is an important com-
ponent of AECOPD. The profile of inflammatory markers
may be used to classify airway inflammation in AECOPD
with heterogeneous inflammation [8]. Many cytokines are
involved in the development of COPD and the systemic levels
of tumor necrosis factor-𝛼 (TNF-𝛼) and interleukin-6 (IL-6)
are higher in COPD than those of healthy controls (HC) [9–
11]. However, expression of systemic inflammatory markers
has not been well-studied in viral AECOPD. Assessing
the relationship between AECOPD and the imbalance of
inflammatory or anti-inflammatory mediators may assist in
understanding the pathogenesis of AECOPD.

In this study, we aimed to determine the prevalence of
several respiratory viruses in AECOPD and to detect the
distribution of systemic inflammatory markers.

2. Methods

2.1. Patient Recruitment. Patients diagnosed with COPD and
clinical symptoms of AECOPD requiring hospitalization
were recruited from June 2012 to May 2013 in Jilin Provincial
People’s Hospital. Patients were recruited within 4–12 h after
presentation. All of the patients were diagnosed with COPD
according to the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) criteria (forced expiratory volume
in 1 second (FEV

1
)/forced vital capacity (FVC) < 70%, and

postbronchodilator FEV
1
< 80%) [12]. AECOPDwas defined

with at least two major symptoms (increased dyspnoea,
enhanced cough, or increased sputum production) or one
major and one minor symptom (nasal discharge/congestion,
wheeze, sore throat, and cough) for at least 2 consecutive
days [13, 14]. Patients with a history of myocardial infarction,
unstable angina, congestive heart failure, renal failure, cancer,
pulmonary interstitial fibrosis, asthma, antivirus treatment,
or currently active tuberculosis were excluded. In addition,
COPD patients who were unconscious or declined to par-
ticipate were also excluded. Meanwhile 12 healthy, never-
smoking, nonatopic, similar-aged volunteers with no history
of respiratory disease underwent sputum induction and lung
function assessment. All of them accepted routine check-ups
and showed no clinical symptoms of inflammatory diseases.
Induced sputum and serum were collected and the following
basic clinical characteristics were recorded and assessed: age,
gender, smoking history, and lung function (GOLD levels).
Written informed consent was obtained from the patients
prior to the recruitment and this study was approved by
the Human Research Ethics Committee of Jilin Provincial
People’s Hospital (approval number: 201405).

2.2. Exclusion of Samples. Sputum was taken to a sterile
container and was analyzed immediately microscopically by
Gram staining. After Gram staining and direct microscopic
examination, sputum was incubated for 18–36 hours at 37∘C
in 10% CO

2
by inoculating in eosin methylene blue agar,

blood agar, Brucella agar, and chocolate agar media. Par-
ticipants whose samples were identified as having bacterial
infection or bacterial-viral coinfection were excluded.

2.3. Induced Sputum Samples. Recruited patients received
nebulized 0.9% saline for 30 seconds [15]. Spirometry was
repeated to measure the level of FEV

1
every 5 minutes.

Nebulization continued if the level of FEV
1
had not fallen

by more than 15% for a maximum of 20 minutes. All sputum
was processed within 2 h.Mucus clumps were separated from
saliva using a forceps, and a minimum of 200𝜇L sample was
transferred to a test tube; 4 times the volume of Sputolysin
(Sigma, Poole, UK) working solution was added to the
tube and was mixed at room temperature for 30 minutes.
Subsequently an equal volume of PBS was added and fully
mixed. The samples were then filtered and centrifuged at
400×g for 10 minutes. After removing the supernatant, the
cell pellet was resuspended in Lysis Buffer (Qiagen, Crawley,
UK). Later total nucleic acid extraction was performed in
200𝜇L sample suspended in Lysis Buffer.

2.4. Serum Samples. 10mL venous blood was collected into
a heparin-lithium anticoagulant tube and the serum was
stored at −80∘C for later analysis of inflammatory markers.
All samples were obtained within 24 h of enrolment.

2.5. Detection of Respiratory Viruses and Bacteria. Measure-
ment of virus was performed on RNA by Viral RNA Mini
Kit (QIAamp�). RNA was extracted from induced sputum
from AECOPD participants and controls. Thirteen viruses
were tested, using RT-PCR (ABI AgPath-ID� One-Step RT-
PCR Kit) to detect influenza A and B; RT-PCR (Super
Script� III One-Step RT-PCR System with Platinum� Taq
DNA Polymerase, Invitrogen) to detect hMPV, coronavirus,
adenovirus, and bocavirus; Multiplex RT-PCR (Super Script
III One-Step RT-PCR System with Platinum Taq DNA Poly-
merase and Platinum PCR Super Mix, Invitrogen) to detect
parainfluenza −1, −2, −3, and −4, rhinovirus, respiratory
syncytial virus, and enterovirus (Ev71). Sputum was used for
bacterial culture as well. According to the results, participants
were divided into virus positive AECOPD (VP) participants,
bacteria positive AECOPD (BP) participants, virus-bacteria
negative AECOPD (VN) participants, coinfection (CI) par-
ticipants, and controls.

2.6. Profiling of Inflammatory Markers. Serum was obtained
after centrifugation (3,500 rpm for 20min) of whole blood
and was kept at −80∘C prior to inflammatory marker pro-
filing. The levels of cytokines were evaluated by Quantibody
Human Inflammation Array 3 (Ray Biotech, Inc.), according
to the manufacturer’s instructions.

2.7. Statistical Analysis. Normality of data was tested by
the Kolmogorov-Smirnov test. For basic characteristics of
participants inTable 3, difference between the two groupswas
analyzed by Chi-square test or student’s 𝑡-test. For cytokine
expression assay, data were of normal distribution, ANOVA
was used to evaluate the expression of different cytokines, and
the levels were measured through the multiple comparison
method.Datawere expressed asmean values± standard error
of mean. Statistical analysis was performed using Graph pad
6.0 and 𝑝 < 0.05 was considered statistically significant.
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Eligible patients with AECOPD
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Patients with VP
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Figure 1: Strategies for screening patients with viral AECOPD.

Table 1: Clinical characteristics of AECOPD.

Category/parameter Total (𝑛 = 100)
Sociodemographic data

Age mean value ± SD, years 70.41 ± 11.75

Male 𝑛 (%) 62 (62%)
Current smokers 𝑛 (%) 38 (38%)
Current or former smokers 𝑛 (%) 97 (97%)
Influenza vaccination 𝑛 (%) 41 (41%)
Acute COPD exacerbation in last year 𝑛 (%) 75 (75%)
Duration of COPD 12.95 ± 0.93

Hospitalization in last year 𝑛 (%) 11 (11%)
COPD severity as per GOLD n (%)

GOLD I (mild) 4 (4%)
GOLD II (moderate) 39 (39%)
GOLD III (severe) 52 (52%)
GOLD IV (very severe) 5 (5%)

3. Results

3.1. Patient Characteristics. There were 100 eligible AECOPD
patients during June 2012 to May 2013. The recruitment pro-
cess is shown in Figure 1. There were 26 virus positive (VP)
patients, 39 bacteria positive (BP) patients, 15 coinfection (CI)
patients, and 20 virus negative (VN) patients. The severity
levels of 4 patients (4%) were classified as GOLD I, 39 (39%),
GOLD II, 52 (52%),GOLD III, and 5 (5%)GOLD IV (Table 1).
41 (41%) participants were vaccinated against influenza in the
previous year. Almost all (97%) participants had a history of
smoking and 38 (38%) were current smokers. In the current
study twelve healthy volunteers were also recruited.

3.2. Detection of Respiratory Viruses and Bacteria. The most
common virus was influenza A (10 cases, 10%), and the most
common bacterium isHaemophilus influenzae (Table 2). The
number ofAECOPD inwinter and springwas larger than that
in summer and autumn (Figure 2) (𝑝 < 0.05). No AECOPD
were observed in May and July, and no VP were observed in
March, April, May, and July.

3.3. Correlations between Viral Infection and Clinical Symp-
toms. Baseline characteristics and treatment of the recruited
patients are shown in Table 3 according to whether they are
VP, VN, or CI. Analysis suggested no differences between VP
and VN in terms of runny or congested nose and discolored
sputum (𝑝 > 0.05) (Table 3). VP participantsmore frequently
had a fever (38% versus 15%, 𝑝 < 0.05) and sore throat (46%
versus 20%, 𝑝 < 0.05) when compared with VN participants.
Moreover, CI participants had the highest rate of fever (40%)
and sore throat (46%).

The rate of current smokers in CI participants (40%)
and VP participants (35%) was higher than VN participants
(30%) (Table 3). 11 (42%) VP participants were reported prior
hospitalization for AECOPD, which had a higher rate than
CI participants (40%) and VN participants (30%).The rate of
influenza vaccination for that season was less in VP partici-
pants (23%), compared to VN participants (80%; 𝑝 < 0.05).
The number of participants with exacerbation symptoms that
lasted for more than 4 days was 70% in VP, which was
higher than that of VN (𝑝 < 0.05). The percentages of VP
participants that received treatments showed no difference
when compared with that of VN participants (𝑝 > 0.05).
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Figure 2: Monthly distribution of viruses detected by multiplex PCR and RT-PCR in AECOPD. FluA: influenza A, MPV: human
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Table 2: Type distribution of detected respiratory viruses and bacteria.

Types Percentage (𝑛 = 100, 100%)
Influenza type A 10 (10%)
hMPV 6 (6%)
Rhinovirus 4 (4%)
Enterovirus 3 (3%)
Human parainfluenza type 3 2 (1%)
Coronavirus 1 (1%)
Influenza A + hMPV 2 (2%)
Rhinovirus + enterovirus 3 (3%)
Haemophilus influenzae 15 (15%)
Pseudomonas spp. 8 (8%)
Streptococcus pneumoniae 5 (5%)
Moraxella catarrhalis 4 (4%)
Staphylococcus aureus 4 (4%)
Other bacteria 3 (3%)
Rhinovirus + S. pneumoniae 6 (6%)
Rhinovirus + H. influenzae 5 (5%)
Rhinovirus + Pseudomonas spp. 3 (3%)
Adenovirus + S. pneumoniae 1 (1%)

3.4. Profiling of Inflammatory Markers. Forty measured
markers are shown in Table 4. The results of Quantibody
Human Inflammation Array showed that the levels of IL-
6, TNF-𝛼, and MCP-1 in VP and CI were higher than
those in HC (𝑝 < 0.01), and overexpression of IL-6,

TNF-𝛼, and MCP-1 was also observed between VP and VN
(𝑝 < 0.05) (Figure 3). The differences in the levels of IL-6,
TNF-𝛼, andMCP-1 between VN andHCwere not significant
(𝑝 > 0.05), and the levels of these three markers demon-
strated no difference between VP and CI (𝑝 > 0.05).
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Table 3: Baseline characteristics according to viral status.

VN 𝑛 = 20 VP 𝑛 = 26 CI 𝑛 = 15
Male, 𝑛 (%) 12 (60%) 16 (62%) 9 (60%)
Current smoker 6 (30%) 9 (35%) 6 (40%)
Total cigarette consumption (pack years) 59∗ 61 58
Prior COPD hospitalization 6 (30%)∗ 11 (42%) 6 (40%)
Influenza vaccinations 16 (80%)∗ 6 (23%) 7 (46%)
Exacerbation symptom present ≥ 4 days 8 (40%)∗ 18 (70%) 5 (33%)
Symptoms at entry

Fever 3 (15%)∗ 10 (38%) 6 (40%)
Sore throat 4 (20%)∗ 12 (46%) 7 (46%)
Runny or congested nose 9 (45%) 17 (65%) 9 (60%)
Discolored sputum 8 (40%) 16 (62%) 8 (53%)

Treatment
Oxygen therapy 2 (10%) 3 (12%) 3 (20%)
Antibiotic therapy 11 (55%) 15 (58%) 8 (53%)
Corticosteroids 5 (25%) 6 (23%) 6 (40%)

The difference between the two groups was analyzed by Chi-square test.
∗
𝑃 < 0.05 versus the virus positive AECOPD.

Table 4: Forty inflammatory markers measured by Quantibody Human Inflammation Array.

POS1 POS2 BLC
Eotaxin Eotaxin-2 G-CSF
GM-CSF I-309 ICAM-1
IFN𝛾 IL-1𝛼 IL-1𝛽
IL-1ra IL-2 IL-4
IL-5 IL-6 IL-6sR
IL-7 IL-8 IL-10
IL-11 IL-12p40 IL-12p70
IL-13 IL-15 IL-16
IL-17 MCP-1 MCSF
MIG MIP-1𝛼 MIP-1𝛽
MIP-1𝛿 PDGF-BB RANTES
TIMP-1 TIMP-2 TNF-𝛼
TNF 𝛽 TNF RI TNF RII

4. Discussion

Studies specifically related to viral infection and cytokines
expression in AECOPD are uncommon, especially in Asia.
To the best of our knowledge, this is the first study conducted
in the Alpine region in Asia, in relation to the prevalence
of respiratory viruses and the expression of cytokines for
AECOPD.

Interestingly, the viral distribution in our study is also
quite different from most of other studies. Influenza A
was the most common respiratory virus in our study and
was found in 10% of AECOPD subjects (Table 2), which is
consistent with a finding in which the most common virus
identified was influenza A (31%) in 2069 tested virus positive
nasopharyngeal aspirate samples between August 2014 and
July 2015 in Australia [16]. This contrasts with other reports.
The detection rate of influenza A in Hong Kong was 7.3%

[17]. Prior influenza vaccination can modify the influenza
infection rate.

In our study, 29% of recruited AECOPD patients were
vaccinated against influenza last year, and among these,
80% had been vaccinated in VN, 46% had been vaccinated
in CI, and however only 23% participants were vaccinated
in VP. Cohorts with higher vaccine coverage for influenza
have been found to have a lower prevalence of influenza
[18, 19], which is supported by our comparison of VN
versus VP. Moreover, population with low influenza vaccine
coverage had higher influenza detection rates, and none of
the influenza-positive patients received vaccination in the
previous year [20]. Considering the extremely low influenza
vaccination coverage (1.9% of the total population) in China
and the factor that influenza-positive rate is higher in adults
and elderly [21], attention should be paid to the rapidly
aging country to effectively control influenza A infection.
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Figure 3: (a) The overexpression of IL-6 between different groups. (b). The overexpression of TNF-𝛼 between different groups. (c). The
overexpression of MCP-1 between different groups.

Further investigation is needed to confirm the exact reasons
for the variance in viral distribution and viral detection rates
between our findings and other studies.

We also note the odd phenomenon that RSV was not
found in viral AECOPD in our study all the year round.
In a study conducted from January to June 2014 in China,
despite low rate, three cases of RSV infections were found
in nasopharyngeal samples of 81 participants admitted for
AECOPD [22], which was inconsistent with our finding.
Furthermore, RSV is an important cause of viral infections
in lower respiratory tract in elderly and high-risk adults [23]
and is ranked as one of the most prevalent viruses in a total
of 1728 AECOPD subjects in nineteen studies in a systematic
review [24]. The reason why RSV was not observed in our
investigation remains elusive and needs further studies.

Viral symptoms include increased rhinorrhoea, sore
throat, and fever/chills [25]. Besides, sore throat has greater
specificity for viral infection than rhinorrhoea. Fever and sore
throat were the two major symptoms which differentiated
viral AECOPD from nonviral AECOPD (Table 3), which
suggests that the diagnosis of viral symptoms may be the
elementary step to accurate case-definition of viral AECOPD.
The combination of clinical symptoms with measurement of

inflammatory marker levels markedly increased the predic-
tive accuracy compared with the diagnosis of clinical features
alone [26].

The profiling of 40 inflammatory markers was conducted
to assess the association between viral infection and host
cytokine responses in AECOPD. In previous studies the
major objective of detection was to investigate the types of
microorganisms involved inAECOPD, and less emphasis was
placed on proinflammatory cytokines.We found that patients
with viral infections showed higher levels of TNF-𝛼, IL-6, and
MCP-1 than those without (Figure 3). Patients with a coinfec-
tion by virus + bacteria also exhibited higher levels of TNF-
𝛼, IL-6, and MCP-1 than those with negative microbiology
results. Furthermore, the expression of thesemarkers showed
no difference between VN and HC (𝑝 > 0.05), indicating
that the difference of marker expression might be caused
by viral infection. IL-6 is a pleiotropic acute-phase cytokine
involved in the host immune response to infection, reflecting
the severity of lower airway inflammation [27, 28]. Higher
levels of IL-6 are associated with the exacerbations of COPD
and increase the predictive accuracy of viral infection when
combined with the clinical diagnosis [26, 29]. TNF-𝛼 is a
mononuclear-phagocyte-origin cytokine that has pleiotropic
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effects on innate host responses to microbes [30] and it
recruits inflammatory cells into the site of infection [31] and is
overexpressed in AECOPD [32]. MCP-1 is a potent chemoat-
tractant that contributes to the recruitment of inflammatory
cells into the site of infection [33, 34]. Higher levels of MCP-1
have been reported in patients with virus-induced respiratory
illness [35, 36].There is increasing evidence thatmacrophages
orchestrate the inflammatory responses of COPD through
the release of chemoattractant and proteases [37]. Higher
levels of IL-6, MCP-1, and TNF-𝛼 may be associated with
the activation of macrophages. Influenza virus, which was
the most common virus in our study, induces the activation
of macrophages via Toll-like receptor 3 (TLR3) [38]. Yageta
et al. [39] found that isolated murine macrophages were
activated by costimulation of cigarette smoke extract and
influenza A virus. In response to influenza A virus-infection,
macrophages produce large amount of cytokines such as IL-
6, TNF-𝛼, and MCP-1 [40–43]. Tissue macrophages are the
key cell types responsible for the production of antiviral
and immunoreactive cytokines [44]. Taken together, we
conclude that higher levels of those inflammatory markers
might be induced by viral inflammation and activation
of macrophages, which might provide support for further
investigation in the pathogenesis of viral AECOPD in Asia.

In summary, we have established that viral infection
is common and has an altered viral profile in AECOPD
that occurs in Alpine China. Viral AECOPD is associated
with a systemic immune response that involves IL-6, TNF-
𝛼, and MCP-1, suggesting a prominent role for macrophage
activation in AECOPD. Future work can define the clinical
and treatment implications of these result, and lay the basis
for further investigating the role of immune system in the
pathogenesis and development of AECOPD.

5. Conclusion

Influenza A is the most prevalent viral pathogen in AECOPD
in Northern China. Patients with viral AECOPD were less
likely to have received influenza vaccination. They had a
prominent systemic immune response involving IL-6, TNF-
𝛼, and MCP-1 which may be due to the activation of
macrophages that was caused by the viral infection. There
are important opportunities for further investigation of
AECOPD mechanisms and for the development of better
strategies in the management and prevention of AECOPD
that is associated with viral infection.
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Experimental autoimmune encephalomyelitis (EAE) is a demyelinating pathology of the central nervous system (CNS) used as a
model to study multiple sclerosis immunopathology. EAE has also been extensively employed to evaluate potentially therapeutic
schemes. Considering the presence of an immune response directed to heat shock proteins (hsps) in autoimmune diseases and
the immunoregulatory potential of these molecules, we evaluated the effect of a previous immunization with a genetic vaccine
containing the mycobacterial hsp65 gene on EAE development. C57BL/6 mice were immunized with 4 pVAXhsp65 doses and 14
days later were submitted to EAE induction by immunization with myelin oligodendrocyte glycoprotein (MOG

35–55) emulsified
in Complete Freund’s Adjuvant. Vaccinated mice presented significant lower clinical scores and lost less body weight. MOG

35–55
immunization also determined less inflammation in lumbar spinal cord but did not change CD4+CD25+Foxp3+ T cells frequency
in spleen andCNS. Infiltrating cells from the CNS stimulated with rhsp65 produced significantly higher levels of IL-10.These results
suggest that the ability of pVAXhsp65 vaccination to control EAE development is associated with IL-10 induction.

1. Introduction

Multiple sclerosis (MS) is a progressive inflammatory disease
that damages the brain and the spinal cord. A plethora of
reports support the view that it is mediated by autoreactive
T cells specific for myelin antigens [1, 2]. Once they had been
activated in the periphery, these self-specific T cells cross the
blood-brain barrier and destroy the myelin sheets and axons
from central neurons [3–5].This demyelination is responsible
for signal conduction slowing or even signal blockage [6].
Currently available therapies for MS are primarily focused
in minimizing the progression of disability and reducing the

number of relapses. The standard first-line immunomodula-
tory therapies include IFN-𝛽 and glatiramer acetate [7, 8].
Other drugs as natalizumab and fingolimod are also effective
in lowering recurrence rates and slowing disease progression
[9]. Experimental autoimmune encephalomyelitis (EAE) is
an induced demyelinating pathology of the central nervous
system (CNS) that is commonly used as amodel to investigate
this disease. EAE is triggered in susceptible mouse and rat
strains by immunization with myelin proteolipid protein,
myelin basic protein, or myelin oligodendrocyte glycopro-
tein (MOG

35–55) emulsified in Complete Freund’s Adjuvant
(CFA) [10–12].Thesemodels and also human studies indicate

Hindawi
Journal of Immunology Research
Volume 2017, Article ID 6257958, 11 pages
https://doi.org/10.1155/2017/6257958

https://doi.org/10.1155/2017/6257958


2 Journal of Immunology Research

that many cell subsets as Th1, Th17, Tc, and T𝛾𝛿 contribute to
damage of the CNS [1, 13]. More recently, subsets of T cells
endowed with immunoregulatory ability were characterized
and their contribution to restrain self-reactivity is being
established. Regulatory T cells (Treg cells) encompass both
natural and inducible (adaptative) cell types. Natural Treg
cells are identified by high CD25 expression and intracellular
presence of the forkhead box P3 (Foxp3) transcription factor,
which is required for directing regulatory function [14].These
cells were originally identified by their ability to establish
tolerance to self-antigens [15]. Natural Treg cells develop
in the thymus after expression of Foxp3 at a relatively late
stage of thymopoiesis [16]. Adaptive Treg cells including Tr1,
Th3, and various CD8+ Treg cells subsets are triggered by
stimulation of näıve T cells by their cognate antigens (self or
nonself) in the periphery. Suppressive cytokines as IL-10 and
TGF-𝛽 contribute to both induction of these Treg cells and
also stimulation of their suppressive function. Tr1 cells exert
their suppressive function primarily through IL-10 secretion
[17] whereasTh3 cells act mainly through TGF-𝛽 release [18].

Even though current therapies for MS are limiting the
impact of this neurodegenerative disorder, they can cause
severe side effects as cutaneous lesions [19], depression,
thyroid dysfunction, cardiotoxicity, liver enzymes abnormal-
ities, and increased susceptibility to infections [20]. The
production of anti-drug antibodies has also been described
[21]. Novel disease modifying therapies are being tested
as monoclonal antibodies, chimeric molecules, and oral
therapies [22, 23]. Prophylactic and therapeutic approaches
based on Treg cells induction would be highly useful. Even
though antigen-specific Treg cells would be preferentially
indicated, other Treg cells subsets are being examined. Heat
shock proteins (hsps), for example, are being considered as
potential targets for the treatment of inflammatory diseases
due to their increased expression in inflammatory foci. This
possibility is supported by convincing evidence that hsps
can induce immunoregulatory T cell responses [24–27]. The
immunomodulatory ability of the mycobacterial hsp65 in
autoimmune diseases has been demonstrated by us and
other authors in arthritis [28, 29], diabetes [30–32], and
atherosclerosis [27, 33].

More recently, we also tested the immunomodulatory
potential of pVAXhsp65 (a genetic vaccine containing the
hsp65 mycobacterial gene) in EAE. Initially it was applied
therapeutically, that is, after disease induction. Even though
this approach was able to significantly downmodulate the
peripheral production of encephalitogenic cytokines, it was
not capable of reducing disease severity [34]. Considering
that memory and naı̈ve T cells could present a differential
susceptibility to regulation [35], we supposed that näıve T
cells, specific for MOG

35–55 and present in mice not yet
submitted to EAE induction, could be more responsive to
regulation by hsp65. We therefore tested the prophylactic
potential of pVAXhsp65 on EAE development.

2. Materials and Methods

2.1. Experimental Procedure. A preliminary experiment was
done to choose the immunization protocol with the highest

immunoregulatory potential. Mice were injected with 2, 3,
or 4 doses of pVAXhsp65 with 14 days being the interval
between doses. The animals were euthanized 14 days after
the last dose and IFN-𝛾 and IL-10 were quantified in spleen
cell cultures stimulated with recombinant hsp65 (rhsp65).
Mice injected with saline were used as a control group.
To evaluate the prophylactic effect of pVAXhsp65 on EAE
development, mice were immunized with 4 pVAXhsp65
doses and 14 days after last dose they were submitted to EAE
induction. Disease development was evaluated by clinical
follow-up (clinical score and weight variation) and also by
histopathological analysis of the CNS. The immunoregula-
tory potential of pVAXhsp65 vaccination was checked by the
profile of cytokine production by spleen and CNS infiltrating
cells stimulated with MOG

35–55 or rhsp65 and also by the
presence of Foxp3+ regulatory T cells in these two organs.
Mice injected with saline (control) or with the empty vector
(pVAX) were used as control groups.

2.2. Animals. Female C57BL/6 mice (4–6 weeks old) were
purchased from CEMIB (UNICAMP, São Paulo, SP, Brazil).
The animals were fed with sterilized food and water ad
libitum and were manipulated in accordance with the eth-
ical guidelines adopted by the Brazilian College of Animal
Experimentation. Animal experiments were conducted with
the approval of the Ethics Committee for Animal Experimen-
tation, Medical School, Universidade Estadual Paulista.

2.3. DNA Vaccine Encoding hsp65 Assembly. The vaccine
pVAXhsp65 was constructed from the pVAX vector (Invit-
rogen, Carlsbad, CA, USA). This plasmid was digested
with BamHI and NotI (Gibco BRL, Gaithersburg, MD,
USA) and then the M. leprae hsp65 gene and the CMV
intron A were inserted. DH5𝛼 E. coli transformed with
pVAX or pVAXhsp65 were cultured in LB liquid medium
(Gibco BRL, Gaithersburg, MD, USA) containing kanamycin
(100 𝜇g/ml). The plasmids were purified using the Concert
High Purity Maxiprep System (Gibco BRL, Gaithersburg,
MD, USA). Plasmid concentrations were determined by
spectrophotometry at 𝜆 = 260 and 280 nm by using the Gene
Quant II apparatus (Pharmacia Biotech, Buckinghamshire,
UK).

2.4. Recombinant hsp65 Protein (rhsp65). The rhsp65 was
obtained from Escherichia coli ER2566 previously trans-
formedwith the hsp65 gene fromM. leprae.The transfectedE.
coli was cultured in LB containing ampicillin (100 𝜇g/𝜇l) and
the bacterial growth was monitored by spectrophotometry
at 600 nm. When the optic density reached a value of 0.6,
the culture was induced with isopropylthiogalactoside 0.1M
(Gibco BRL, Gaithersburg, MD, USA) and incubated at 30∘C
under agitation for 4 h. Details of rhsp65 production and
purification can be found at dos Santos et al., 2010 [36].

2.5. Vaccination with pVAXhsp65. Mice were injected with 4
doses of pVAXhsp65 (100 𝜇g/100 𝜇l) by intramuscular route
(quadriceps muscle). Fourteen days after the last dose the
animals were submitted to EAE induction.
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2.6. EAE Induction. MOG
35–55 peptide (MEVGWYRSPFS-

RVVHLYRNGK) was synthesized by Proteimax, São Paulo,
Brazil. EAE was induced as previously reported [37]. Briefly,
mice were immunized with 150 𝜇g of MOG

35–55 emulsified
in CFA containing 400 𝜇g of BCG. Two doses of 200 ng
of Bordetella pertussis toxin (Sigma Aldrich, St. Louis, MO,
USA) were administered by intraperitoneal route. Animals
were daily checked and disease intensity was recorded as
follows: (0) no symptoms, (1) limp tail, (2) hind legsweakness,
(3) partially paralyzed hind legs, (4) complete hind leg
paralysis, and (5) complete paralysis/death.

2.7. CNS Infiltrating Mononuclear Cells Isolation. Mononu-
clear cells infiltrated in the CNS were obtained as pre-
viously described by Mimura et al., 2016 [38]. Briefly,
sedated (ketamine/xylazine) mice were perfused with saline
solution and then brain and the whole spinal cord were
collected, macerated, resuspended in RPMI medium (Sigma
Aldrich) supplemented with 2.5% collagenase D (Roche
Applied Science) and incubated at 37∘C, 5% CO

2
incubator

for 45min. Cells were then resuspended in percoll (GE
Healthcare) 37% and gently laid over percoll 70%. After
centrifugation at 950×g for 20min the ring containing
mononuclear cells was collected. Cellular suspension from
percoll interface was then resuspended in supplemented
RPMI medium (1% gentamicin, 2% glutamine, 1% sodium
pyruvate, 1% nonessential amino acids, and 10% of fetal calf
serum).

2.8. Spleen and CNS Cell Culture Conditions. Spleen and
mononuclear cells isolated from the CNS were adjusted
to 5 × 106 cells/ml and 2 × 105 cells/ml, respectively, and
cultured in supplemented RPMI medium. Spleen cells were
restimulated in vitro with MOG

35–55 (20𝜇g/ml) or rhsp65
(10 𝜇g/ml), while CNS-isolated cells were stimulated with
MOG

35–55 (50 𝜇g/ml) and rhsp65 (10 𝜇g/ml). IFN-𝛾, IL-
10, IL-6, IL-17, and TNF-𝛼 levels were assessed in culture
supernatants by ELISA (Becton Dickinson, San Jose, CA,
USA, and R&D Systems, Minneapolis, MN, USA) according
to the manufacturer’s instructions.

2.9. Proportion of CD4+CD25+Foxp3+ T Cells. Spleen cells
were collected and the red blood cells were lysed with Hank’s
buffer containing NH

4
Cl. Spleen and CNS infiltrating cells

were adjusted to 2.5 × 106 cells/100 𝜇l and then incubated
0.5 𝜇g of FITC labeled anti-mouse CD4 (clone GK1.5) and
0.25 𝜇g of APC labeled anti-mouse CD25 (clone PC61.5)
at room temperature during 20min. A staining for Foxp3
was performed using the anti-mouse/rat Foxp3 Staining
Set (eBioscience, San Diego, CA, USA) according to the
manufacturer’s instructions. The cells were analyzed by flow
cytometry using the FACSCanto II (Becton Dickinson, San
Jose, CA, USA) and FACSDiva software (Becton Dickinson,
San Jose, CA, USA) at Amaral Carvalho Foundation (Jaú, São
Paulo, Brazil).

2.10. Inflammatory Infiltration in the CNS. The histological
analysis was performed in the CNS at the 30th day after

EAE induction. Lumbar spinal cord samples were removed
and fixed in 10% neutral buffered formalin. Paraffin slides
with 5 𝜇m were stained with hematoxylin and eosin (H&E)
and analyzed with a Nikon microscope. A semiquantita-
tive analysis of CNS inflammation was performed accord-
ing to the following criteria: (0) no infiltrates; (1) partial
meningeal infiltration; (2) pronounced meningeal infiltra-
tion; and (3) pronounced meningeal and some parenchymal
infiltration as already adopted by us and other authors [39,
40]. This evaluation was done with a Nikon microscope
by analyzing two distinct areas in the samples of each
animal.

2.11. Statistical Analysis. Data were expressed as mean ±
SE. Comparisons between groups were made by one-way
ANOVA with post hoc Holm-Sidak test for parameters with
normal distribution and by Kruskal-Wallis followed by a post
hoc Dunn’s test for parameters with nonnormal distribution.
Significance level was 𝑝 < 0.05. Statistical analysis was
accomplished with SigmaStat for Windows v 3.5 (Systat
Software Inc).

3. Results

3.1. Immune Response Induced by pVAXhsp65 Immunization.
Immunization with 2, 3, or 4 pVAXhsp65 doses determined
the production of similar amounts of IFN-𝛾 (Figure 1(a))
by spleen cells stimulated with rhsp65. However, only 4
pVAXhsp65 doses triggered a significant IL-10 produc-
tion (Figure 1(b)) by these cells. These high IL-10 levels
were not, however, associated with a higher frequency of
CD4+CD25+Foxp3+ T cells in the spleen. The proportion of
these cells, evaluated 14 days after DNA immunization, was
similar in immunized, injected with vector or noninjected
experimental groups (Figure 1(c)).

3.2. Decreased EAE Severity in Mice Previously Immunized
with pVAXhsp65. Previous immunization with pVAXhsp65
significantly reduced EAE symptoms. By the 17th day of the
disease, when the paralysis achieved its maximum level in the
EAE control group (clinical score = 3), the average score in the
previously immunized group was 1.5. Previous vaccination
also delayed disease onset and determined lower clinical
scores during the chronic disease phase (Figure 2(a)).The sta-
tistical significance of clinical improvement was determined
by linear regression analysis (Figure 2(b)). Besides, mice
previously immunized with pVAXhsp65 lost significantly less
weight than the EAE control group (Figure 2(c)).

3.3. CNS Inflammation in Mice Previously Immunized with
pVAXhsp65. Typical lesions mainly characterized by
mononuclear cell infiltration were observed in the meningeal
areas of the CNS in mice with EAE (nonimmunized)
during the chronic period of the disease. Semiquantitative
microscopic analysis indicated that previous DNA im-
munization reduced the magnitude of inflammation in the
lumbar spinal cord samples in comparison to nonimmunized
animals as illustrated in Figure 3.



4 Journal of Immunology Research

Control pVAXhsp65
2d

pVAXhsp65
3d

pVAXhsp65
4d

∗

∗

∗

5000

4000

3000

2000

1000

0

IF
N

-g
am

m
a (

pg
/m

l)

(a)

Control pVAXhsp65
2d

pVAXhsp65
3d

pVAXhsp65
4d

∗

IL
-1
0

(p
g/

m
l)

800

600

400

200

0

(b)

Control pVAX 4d pVAXhsp65
4d

Fr
eq

ue
nc

y 
of

 C
D
4

+C
D
2
5

+
Fo

xp
3

+ 
T 

ce
lls

 (%
)

10

8

6

4

2

0

(c)

Figure 1: Immune response induced by pVAXhsp65 vaccination. C57BL/6 mice were immunized with 2, 3, or 4 pVAXhsp65 doses with 14
days’ interval. IFN-𝛾 (a) and IL-10 (b) production were assessed in spleen cells cultures restimulated in vitro with rhsp65. The percentage of
CD4+CD25+Foxp3+ T cells was evaluated in the total number of spleen cells 14 days after the last dose of pVAXhsp65 (c). Data were presented
by mean ± SE of 6 mice and are representative of two independent experiments. ∗ represents the difference between immunized and control
group. 𝑝 < 0.05.

3.4. Peripheral Immune Response in Mice Previously Immu-
nized with pVAXhsp65. Cytokine production by cultures
from different experimental groups was compared 30 days
after EAE induction. IFN-𝛾 (Figure 4(a)), IL-6 (Figure 4(b)),
and IL-17 (Figure 4(c)) produced by spleen cells from
EAE, pVAX/EAE, and pVAXhsp65/EAE groups stimulated
with MOG

35–55 reached similar levels, whereas IL-10 pro-
duction was similarly downmodulated in vector and vac-
cine previously injected groups (Figure 4(d)). A distinct
cytokine profile was observed in cultures stimulated with
rhsp65. In this case, only IFN-𝛾 levels (Figure 4(a)) were
significantly higher in the group previously vaccinated
with pVAXhsp65. Levels of IL-6 (Figure 4(b)), IL-17 (Fig-
ure 4(c)), and IL-10 (Figure 4(d)) were similar in EAE,
pVAX/EAE, and pVAXhsp65/EAE groups. EAE develop-
ment was already associated with high levels of Foxp3+
regulatory T cells in peripheral lymphoid organs and
pVAXhsp65 immunization did not augment the proportion
of these regulatory T cells in the spleen (Figure 4(e))
when compared with the control groups (EAE and pVAX/
EAE).

3.5. Immune Response at the CNS in Mice Previously Im-
munized with pVAXhsp65. A significant production of all
checked cytokines was detected in cultures from CNS
infiltrating cells. The levels of IFN-𝛾 (Figure 5(a)), TNF-
𝛼 (Figure 5(b)), IL-6 (Figure 5(c)), and IL-10 (Figure 5(d))
were similarly elevated in the three experimental groups
when the cells were stimulated with MOG

35–55. The amounts
of TNF-𝛼 (Figure 5(b)) and IL-6 (Figure 5(c)) were also
comparable in cultures from these three groups stimulated
with rhsp65. However, stimulation with rhsp65 triggered a
significantly higher production of IFN-𝛾 (Figure 5(a)) and
IL-10 (Figure 5(d)) in mice that were previously immu-
nized with pVAXhsp65. Similarly to the peripheral find-
ings, pVAXhsp65 immunization also did not increase the
frequency of CD4+CD25+Foxp3+ T cells in the CNS (Fig-
ure 5(e)).

4. Discussion

EAE is a widely employed model to understand MS
pathogenesis and also to search for prophylaxis and new
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Figure 2: Effect of previous vaccination with pVAXhsp65 on EAE development. C57BL/6 mice were immunized with 4 pVAXhsp65 doses and
then submitted to EAE induction. Kinetics of clinical scores (a), linear regression analysis of clinical scores (b), and body weight variation (c).
Data were presented by mean ± SE of 6 mice and are representative of three independent experiments. ∗ represents the difference between
immunized and control group with EAE. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.001.

therapeuticmeasures towards this pathology. In this work, we
found that a genetic construction containing the mycobac-
terial hsp65 gene is endowed with prophylactic applica-
tion against EAE development. C57BL/6 mice were initially
immunized with variable pVAXhsp65 doses to choose the
potentially protective schedule. Only the 4-dose scheme was
able to prime these animals for a higher IL-10 production. As
IL-10 producer cells have been described as being induced
by rhsp65 and also able to downmodulate autoimmune
conditions [31], this vaccination procedure was chosen to
investigate the prophylactic potential of this vaccine in EAE.
C57BL/6 mice were then immunized with 4 pVAXhsp65
doses and then submitted to EAE induction. The positive
control group, that is, only subjected to EAE induction,
developed the classical signs of EAE as accentuated weight
loss and clinical paralysis. These results were expected and
very similar to what has been described by us and other
authors that used the encephalomyelitis model induced by

MOG
35–55 immunization [41–43]. Previous vaccination with

pVAXhsp65 clearly modified disease development. These
mice lost less body weight and also showed lower clinical
scores. The onset of clinical signs was likewise delayed in this
experimental group.This protective effect was also associated
with decreased inflammation at the lumbar spinal cord
suggesting reduced migration of peripheral encephalitogenic
T cells to the CNS.

Cytokine production by spleen cells stimulated with
MOG

35–55 highly suggested that the pVAXhsp65 is not
working by decreasing the peripheral proinflammatory spe-
cific immune response, as IFN-𝛾, IL-17, and TNF-𝛼 levels
were similar in all experimental groups. Intriguingly, IL-
10 levels in these cultures were significantly downregulated
in DNA injected mice. When these splenic cells were res-
timulated with rhsp65, the expected high IFN-𝛾 and IL-
10 levels previously observed in pVAXhsp65 immunized
mice were not observed. As IL-10 has been described as
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Figure 3: Effect of previous immunization with pVAXhsp65 on CNS inflammation. C57BL/6 mice were immunized with 4 pVAXhsp65 doses
and then submitted to EAE induction. Lumbar spinal cord inflammatory infiltrates in control mice without EAE (a), control mice with EAE
(b), and mice immunized with 4 pVAX (c) or pVAXhsp65 doses (d) were evaluated 30 days after EAE induction. A semiquantitative analysis
was used to assess the inflammatory infiltration (e) during the chronic disease phase.Micrographs are representative of 6 animals/group. Data
in panel (e) were presented by mean ± SE of 6 mice. ∗ represents the difference between immunized and control group with EAE. 𝑝 < 0.05.

one of the most effective anti-inflammatory cytokines in
EAE and MS [44], we reasoned that IL-10 producer cells,
specific for MOG

35–55 or hsp65, had migrated to the CNS
and partially controlled inflammation. This possibility was
tested by stimulating mononuclear cells eluted from CNS
withMOG

35–55 and rhsp65.Mice previously immunizedwith
pVAXhsp65 produced significantly higher levels of IFN-𝛾
and IL-10 in response to rhsp65, but not MOG

35–55, after in
vitro restimulation. As nonstimulated cell cultures did not
produce cytokines (data not shown), we hypothesized that
these were hsp65 specific cells. Vaccination also did not alter

the frequency of Foxp3+ Treg cells in the periphery or in the
CNS, suggesting that the classical CD4+CD25+Foxp3+ Treg
cells are not responsible for IL-10 production. It is possible
therefore that other cell types that do not express Foxp3 are
the source of this anti-inflammatory cytokine [45].

As the protocol that we used to isolate CNS cells was
based on centrifugation over discontinuous percoll gra-
dients, a variety of cells could be present in these CNS
cell cultures as neuronal cells, astrocytes, oligodendrocytes,
microglial cells, and infiltrating leukocytes, as described by
Pino and Cardona, 2011 [46]. Then, distinct specific or even
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Figure 4: Effect of previous vaccination with pVAXhsp65 on peripheral immune response. C57BL/6 mice were immunized with 4 pVAXhsp65
doses and then submitted to EAE induction. Cytokine production was assessed 30 days after EAE induction. IFN-𝛾 (a), IL-6 (b), IL-
17 (c), and IL-10 (d) production were assayed in spleen cell cultures restimulated in vitro with MOG

35–55 or rhsp65. The percentage of
CD4+CD25+Foxp3+ T cells was evaluated in the total number of spleen cells 30 days after EAE induction (e). Data were presented by mean
± SE of 6 mice and are representative of two independent experiments. ∗ represents the difference between DNA injected groups and control
group with EAE. 𝑝 < 0.05.
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Figure 5: Effect of previous vaccination with pVAXhsp65 at the CNS. C57BL/6 mice were immunized with 4 pVAXhsp65 doses and
then submitted to EAE induction. Cytokine production was assessed 30 days after EAE induction. IFN-𝛾 (a), TNF-𝛼 (b), IL-6 (c), and
IL-10 (d) production were assayed in CNS infiltrating cells cultures restimulated in vitro with MOG

35–55 or rhsp65. The percentage of
CD4+CD25+Foxp3+ T cells was evaluated in the total number of mononuclear cells from CNS 30 days after EAE (e). Data were presented
by mean ± SE of 5 mice. ∗ represents the difference between immunized and control group with EAE. 𝑝 < 0.05.
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nonspecific cells could be the source of this regulatory
cytokine. Various cell types as macrophages, dendritic cells,
Tr1, and B regulatory cells [47, 48] are described as being able
to produce IL-10 and to contribute to EAE and MS recovery.
Many reports have also highlighted the role of hsp60/65 in
activation of B cells [49], T cells [50], Treg cells [51], and
maturation of dendritic cells [52]. Specially concerning hsp65
formulated as a DNA vaccine, Fontoura et al., 2015 [53],
described that DNAhsp65 immunization of C57BL/6 mice
induced a subtype of IL-10 producing B cell able to reduce
the production of proinflammatory cytokine mRNAs in the
spleen. Hsp65 was also able to attenuate the development
of airway hyperresponsiveness and inflammation in BALB/c
mice through modulation of dendritic cell function [54].
These findings endorse the possibility that hsp65 responsive
cells able to produce IL-10 are present in the CNS and could
mediate the protective effect observed in this work.

The vector also triggered a protective effect even though
it was discrete comparing to the one elicited by the vaccine.
This finding suggests that the immunoregulatory ability of
pVAXhsp65 partially depends upon the plasmid vector itself.
In this regard, CpGmotifs in the plasmid vector could trigger
an anti-inflammatory immune response. This possibility is
supported by some literature reports. Quintana et al., 2000
[55], showed that injection of empty plasmid DNA or CpG
oligonucleotides inhibited diabetes in NOD mice due to a
shift to Th2 profile. More recently, it has been demonstrated
that CpG-DNA sequences were capable of inducing a Th2
response in human endothelial cells through the inhibition
of proinflammatory cytokines and enhanced IL-10 expression
[56].

A similar anti-inflammatory effect of this genetic vaccine
was previously described by our research group in arthritis
[28] and diabetes [30, 31, 57] experimental models. The
potential of pVAXhsp65 as a prophylactic vaccine against
diabetes was also established by us in both homologous
and heterologous prime-boost strategies. NOD mice were
clinically protected by immunization with pVAXhsp65. The
vector also determined immunomodulation but its protec-
tive effect against insulitis was very discrete. Interestingly,
protection coincided with the influx of CD25+ cells and
increased staining for IL-10 in the islets [30]. We also
demonstrated that the combination of pVAXhsp65with BCG,
in a heterologous prime-boost protocol, was highly effective
to prevent diabetes in NOD mice [57]. In addition, we
observed that this vaccine decreased lumbar inflammation
and downmodulated peripheral IL-10 production in an EAE
rat model [12] similarly to the findings showed in the present
investigation. Again, the empty plasmid prompted a similar
but less pronounced effect. This protective effect of hsp65
in distinct inflammatory conditions is highly supported by
findings of many other authors [58–61].

Concerning EAE development, the immunoregulatory
effect of hsp65 has also been demonstrated by employing
distinct formulations containing this heat shock protein. For
example, oral administration of a recombinant Lactococcus
lactis strain that produces hsp65 prevented the development
of EAE in C57BL/6 mice. This protection was confirmed by
the reduced inflammatory cell infiltrate and absence of injury

signs in the spinal cord [62]. Also recently, Billetta et al., 2012
[63], found that intranasal treatment of EAE with the peptide
RatP2 derived from hsp60 determined a significant clinical
improvement which was superior to therapy with glatiramer
acetate.

5. Conclusion

Previous vaccination with pVAXhsp65 was able to reduce
EAE clinical manifestations and also triggered higher IL-10
production at the CNS.These findings reinforce the potential
of hsp65 to be explored as an adjuvant therapy in this and
other autoimmune pathologies.
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Alzheimer’s disease (AD) is a chronic neurodegenerative disorder and the main cause of dementia. The disease is among the
leading medical concerns of the modern world, because only symptomatic therapies are available, and no reliable, easily accessible
biomarkers exist for AD detection and monitoring. Therefore extensive research is conducted to elucidate the mechanisms
of AD pathogenesis, which seems to be heterogeneous and multifactorial. Recently much attention has been given to the
neuroinflammation and activation of glial cells in theADbrain. Reports also highlighted the proinflammatory role of T lymphocytes
infiltrating the AD brain. However, in AD molecular and cellular alterations involving T cells and immune mediators occur not
only in the brain, but also in the blood and the cerebrospinal fluid (CSF). Here we review alterations concerning T lymphocytes and
related immune mediators in the AD brain, CSF, and blood and the mechanisms by which peripheral T cells cross the blood brain
barrier and the blood-CSF barrier. This knowledge is relevant for better AD therapies and for identification of novel biomarkers
for improved AD diagnostics in the blood and the CSF. The data will be reviewed with the special emphasis on possibilities for
development of AD biomarkers.

1. Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative dis-
order and the most common cause of dementia, manifesting
as the progressive loss of memory and cognition. Modern
statistics predict that, due to the lengthening lifespan, about
115 million people will be affected by this disease to the year
2050 [1]. The World Alzheimer Report indicates that AD
and other dementia diseases are the cause of a progressive
epidemic, which may be “the world’s greatest health and
social crisis” [2].

In AD the gradual death of nerve cells occurs in brain
regions responsible for learning and cognition (cerebral
cortex), memory and spatial orientation (hippocampus), and
emotion (amygdala). However, AD develops for tens of years
without clinical dementia symptoms. Clinical AD begins
with the early and mild dementia stage in patients with
mild cognitive impairment (MCI) and within an average
of 10 years gradually progresses to moderate and later to

severe AD. Due to the lack of sufficient knowledge on the
mechanisms which initiate and drive the development of
AD, patients affected by this disease are treated only with
symptomatic therapies. The lack of early AD biomarkers,
preferably from themore accessible tissues than brain, greatly
hinders the treatment of AD, which is usually introduced
only in the relatively late, already developed clinical stage
of the disease. Moreover, biomarkers which would help in
monitoring the AD progression and response to therapies are
also missing. Therefore there is an intensive, ongoing search
for drugs, which would treat not only the symptoms, but
primarily the cause(s) of AD, and for biomarkers, preferably
from the accessible tissues such as blood or the CSF. Win-
ning this war requires elucidating the mechanisms of AD
pathogenesis.

The mechanisms of AD pathogenesis and progression so
far remain unclear. The search for AD etiology began with
an analysis of postmortem degenerative changes in patients’
brains. As described for the first time by Alois Alzheimer
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in 1906, the AD brain is characterized by the presence of
twomain pathological hallmarks: amyloid plaques, which are
extracellular aggregates of an amyloid-beta (A𝛽) peptide [3],
and intraneuronal neurofibrillary tangles (NFT), which are
mainly composed of hyperphosphorylated tau protein [4].
Moreover, Alzheimer already described the inflammatory
features of the AD brain. Both A𝛽 plaques and NFT are
to this day a very important criterion for the histological
diagnosis of AD postmortem, which includes the assessment
of so called neuritic (senile) plaques, extracellular protein
aggregates comprised of a core of amyloid fibrils, dystrophic
neurites, and glial cells (astrocytes and microglia). The main
component of the deposits in senile plaques is the A𝛽42
amyloid protein [5].

Based on neuropathological AD hallmarks, the most
well-known hypothesis concerning AD pathogenesis is the
amyloid cascade hypothesis, which assumes that a key
event in the development of this pathology is an abnor-
mal amyloidogenic cleavage of the transmembrane amyloid
precursor protein (APP). This leads to the overproduction,
oligomerization, and later on the deposition of A𝛽 protein
aggregates in the central nervous system (CNS); in turn,
the oligomerization of A𝛽 is thought to initiate a sequence of
events resulting in the degeneration of neuronal synapses and
neurotransmission disorders (mainly cholinergic) and which
results in inflammation and the death of large populations
of neurons. In particular, the appearance of pathological
forms of A𝛽 is considered to activate inflammatory pro-
cesses involving microglia and astrocytes, oxidative stress,
tauopathy, and synaptic loss, which ultimately leads to cog-
nitive impairment [6]. The amyloid cascade hypothesis was
strongly supported by the identification of rare early-onset
familial AD cases (<5% of patients) linked to mutations
in the genes encoding APP or enzymes involved in APP
amyloidogenic cleavage, presenilins 1 and 2 (PS1 and PS2).
However, the etiology of the most common, late-onset AD
form (spontaneous) is much less known [7, 8]. The amy-
loid cascade hypothesis has served as a foundation for the
development of new therapeutic strategies for AD [9–15], but
drugs targeting A𝛽 have so far failed in clinical trials. This
raises the question whether approaching AD therapy as if it
were a monofactorial disease, caused and driven by A𝛽, was
right.

Mounting evidence indicates that mechanisms responsi-
ble for AD pathogenesis and progression are heterogeneous
and multifactorial, especially in the case of the most com-
mon sporadic form of AD (SAD) (reviewed in [16, 17]).
While the important role of A𝛽 in AD pathology is well-
proved, according to the current view, progress in the causal
treatment and in diagnostics of AD critically depends on
the clarification of complex molecular mechanisms of AD
pathogenesis.This approach can enable identifying new drug
targets and novel biomarkers for improved AD diagnostics.
Among processes and factors which have been found as
contributing to AD pathogenesis and progression are inflam-
matory processes [18–21], abnormal glucosemetabolism [22–
25], increased oxidative stress and mitochondria impairment
[21, 26–29], dysregulation of apoptosis and cell cycle [29–
31], disorders of calcium homeostasis [32–34], abnormal

cholesterol homeostasis [35–37], and dysfunction of synapses
[38, 39].

A lot of attention has been given to the inflammation
hypothesis inAD, and several excellent general reviews on the
role of inflammation in the AD have been published in recent
years [40, 41]. The main focus has been given to activation of
glial cells in AD brain and a possibility of immunotherapy in
ADhas been broadly discussed. Recently it was demonstrated
that the induction of the interferon- (IFN-) 𝛾-dependent
recruitment of monocyte-derived macrophages to the brain
resulted in the clearance of cerebral amyloid-𝛽 (A𝛽) plaques
and improved cognitive performance in a mice AD model
[42]. These findings significantly support the rationale for
immunotherapy in AD [42, 43].

In addition to glial cells, several recent reports also
highlighted the role of peripheral T lymphocytes in the innate
immunity of AD neuroinflammatory processes, as reviewed
in [44]. In order to get to the brain, T lymphocytes have
to pass through two main barriers: the blood-cerebrospinal
fluid barrier (BCSFB) and the blood brain barrier (BBB). In
this process, as well as in the inflammatory response in AD,
immune mediators play a key role. A systematic review of
the mechanisms involving T cells and immune mediators in
AD and the interplay between their pools in the brain, the
CSF, and the blood has been missing. In this article we set to
fulfill this gap.We summarize the findings on themigration of
peripheral blood T lymphocytes through the BCSFB and the
BBB to the AD brain and on the interactions of the immune
mediators and T lymphocytes between the brain, the CSF,
and the blood in AD.This knowledge is relevant not only for
elucidating the lymphocytes’ role in AD pathomechanisms,
but also for studies exploring easily accessible blood and the
cerebrospinal fluid (CSF) in search for novel biomarkers for
the early diagnosis of AD.

2. Neuroinflammation in the AD Brain

According to the current view, the innate immune system
plays a dominating role in AD inflammation (reviewed in
[40, 41]). The innate response is mediated by immune cells
that are recruited to the site of an injury as a result of
the initial signaling of inflammatory mediators cytokines
and chemokines produced in the AD brain by destroyed
neurons and astroglial and microglial cells [45, 46]. During
the development of AD pathology, degenerating cells, as well
as abnormal inclusions of A𝛽 and tau proteins, can act as
proinflammatory factors [47]. The deposition of A𝛽 in the
brain is associated with the activation of glial cells, astro-
cytes, and microglia. Microglial cells internalize soluble A𝛽
isoforms through phagocytosis, while insoluble A𝛽 deposits
can activate microglia by binding to Toll-like receptors
(TLRs). In microglia cells, A𝛽 activates mitogen-activated
protein kinases (MAPKs) and stimulates proinflammatory
gene expression that leads to the secretion of cytokines and
chemokines, contributing to the inflammation process in
the AD brain [48]. Chemokines secreted by brain cells can
attract blood-derived immune cells, which can infiltrate the
brain due to impairments in the two main barriers: the
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BCSFB and the BBB. Thus, not only brain cells and cell-
derived mediators are involved in inflammation during AD
pathogenesis. Existing data indicates that lymphocytes are
recruited from peripheral blood into CNS and contribute to
an immune reaction in response to pathological conditions
[49].

Many reports confirmed the special role of T cells in
the development of neuroinflammation in AD [50–56]. The
specific role of T cells in AD brain pathology was indicated
by demonstrating increased levels of peripheral T cells in
postmortem brains from AD patients in comparison to
brain tissues from other neurodegenerative disorders [57].
T cells cooperate with and modulate the innate immune
system and seem to be important in protection against AD.
However, in AD, the role of A𝛽-specific T cells is difficult
to accurately determine because of the bidirectionality of
their functions; it is known that they may act in either
protective or damaging roles. It is believed that T cells
specific for A𝛽1-40 peptide can prevent the development
of A𝛽 plaques because their presence has been detected
mainly in healthy individuals and not in AD patients. In
contrast, T cells specific for A𝛽1-42 are detectable in AD
individuals, which indicates that they may play a role dur-
ing the plaques formation [58]. Moreover, A𝛽-specific Th1
cells induce the production of proinflammatory cytokines
by microglial cells, and A𝛽-specific Th2 cells possess the
properties of inhibiting the production of cytokines by glial
cells [59]. It is possible that different stages of AD progression
have distinct profiles of T cell subpopulations and that the
immune cells may play contradictory roles at the early AD
versus later AD stages. More studies are needed to verify this
possibility.

Further we will focus on the mechanisms by which
peripheral T lymphocytes are mobilized from the blood to
the brain and how they cross the BCSFB and the BBB and
on the participation of immune mediators in the blood, the
brain, and the CSF in the inflammatory process involving T
cells in AD.

2.1. T Lymphocytes and Immune Mediators at the AD Blood
Brain Barrier. In physiological conditions the brain employs
specific immune control mechanisms to precisely regulate
inflammation processes and counteract brain damage [49].
The key role in the brain’s defense against the harmful influ-
ence of peripheral factors is played by the BBB [60]. The BBB
is created from neurovascular units composed of endothelial
cells bound by tight junctions, wrapped by basement mem-
branes, and surrounded by pericytes and astrocytic endfeet
[61]. Its general function is not only restricting pathogens and
macromolecules from entering the brain, but also circulating
cells. The BBB’s increased permeability and the infiltration of
circulating immune cells from the periphery into the CNS
are characteristic for several neurodegenerative conditions,
including AD [62, 63]. AD-specific features of the BBB are
schematically summarized in Figures 1 and 2. One of AD’s
specific features is cerebral amyloid angiopathy (CAA), an
increased accumulation and deposition of A𝛽 in neurovas-
cular units, which starts from A𝛽 accumulation at the outer

basal lamina and results in the impairment of the BBB [63].
There are two main mechanisms of CAA development, as
shown schematically in Figure 1. The first one is an increased
efflux of A𝛽 into the brain parenchyma due to the increased
expression of a receptor for advanced glycation end products
(RAGE) by endothelial cells. RAGE is implicated in AD
pathology by mediating transport of pathologically relevant
concentrations of A𝛽 from the blood into the CNS by inflam-
matory and procoagulant responses in the endothelium.
After crossing the BBB, circulating A𝛽 is rapidly taken up
by neurons inducing cellular stress, whereas RAGE/A𝛽 inter-
action in the brain endothelium results in the suppression
of blood flow [64]. The second mechanism is associated
with the failure of A𝛽 clearance. This process is mediated
by a decreased level of the low-density lipoprotein receptor-
related protein-1 (LPR-1) expressed at the abluminal sur-
face of the brain’s endothelial cells and a decreased level
of p-glycoprotein (P-gp) in the luminal plasma membrane
of the brain capillary endothelium, what leads to a de-
creased efflux of A𝛽 from the brain into the blood [65, 66]
(Figure 1).

The migration of peripheral immune cells into the brain
occurs at postcapillary vessels and is amultistagemechanism.
After the initial binding to selectins on endothelial cells,
the immune cells roll along the endothelium and, upon
interaction with the chemokine receptor CX3CR1 expressed
on endothelial cells, the immune cells circulate against the
direction of blood flow [67, 68]. Interaction with endothelial
CX3CR1 leads to the activation of integrins on the surface
of immune cells and to the adhesion of immune cells to
the endothelium, followed by transendothelial migration
of immune cells or extravasation from the blood vessel
(Figure 2). After crossing the endothelium, the immune cells
migrate directly towards the inflammation site, crossing the
perivascular space [67].

During AD development, brain amyloidosis stimulates
the expression of vascular adhesionmolecules in brain vessels
that enhance the transmigration of immune cells [69]. All
types of peripheral immune cells may infiltrate through
the pathologically altered BBB during AD pathogenesis.
Among them are T cells [70].There is evidence that dendritic
cells (CD11+) can stimulate the infiltration of A𝛽-specific
T cells to target A𝛽 deposition in the brain [71]. Other
studies showed that A𝛽1-42 activates the microglial release
of TNF-𝛼, which can promote the transendothelial migration
of T cells [72], and can also increase the local expression
of TGF-𝛽1 in astrocytes. Overproduction of TGF-1𝛽 can
in turn decrease A𝛽 accumulation and plaque formation
(Figure 2) but also has the ability to increase cerebrovascular
amyloidosis and thus lead to enhanced neuroinflammation
[73]. It seems that T cells contribute to the removal of
toxic A𝛽 species and enhance inflammation. A decreased
crosstalk between T cells and endothelial cells leads to the
decreased activation of T cells and the inhibition of the
A𝛽 phagocytosis process in the vicinity of the BBB [74].
McManus and coworkers showed that infiltrated T cells pro-
duce IFN-𝛾 and IL-17, which are involved in glial activation,
exacerbating neuroinflammation [75]. The etiology of AD is
very complex and possibly involves infectious agents, among
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Figure 1: A𝛽 transport across the blood brain barrier (BBB) in Alzheimer disease. In Alzheimer disease the loosing of tight junctions leads
to increased BBB permeability. In healthy conditions the A𝛽 peptide is transported to the brain by the receptor for advanced glycosylation
products (RAGE) and cleared from the brain to the blood by LDL-Receptor-Proteins (LRPs) followed by p-glycoprotein (P-gp). InAlzheimer’s
disease these transport systems are impaired: the expression of RAGE is increased and the expression of LRPs is decreased, leading to the
accumulation of A𝛽 in the brain.

other factors. McManus and collaborators in their studies
on the influence of infection on AD pathology confirmed
that not only Th1 cells but also Th17 cells infiltrate from
the blood into the brain during AD progression [75]. They
described that in APP/PS1 mice peripheral infection with
a common human pathogen (Bordetella pertussis) induces
IFN-𝛾+ Th1 cells and IL-17+ T17 cells infiltration into the
brain.They also confirmed that this process is age-dependent
and older APP/PS1 mice are more susceptible to this effect
than younger. A significant number of Th1 and Th17 cells
were identified in the brains of 12-month-old APP/PS1 mice
and this was additionally accompanied by increases in glial
activation and A𝛽 accumulation. The particular role of IL-
17+ T cells in AD pathogenesis is still debated, though it
has been reported that there is a skewing of T cells in AD
to a Th17 phenotype. It is suggested that the A𝛽-specific
Th1 cells and Th17 cells together may lead to microglial
activation and inflammatory changes in the brain (Figures 1
and 2).

As described above, the interplay between all components
of the immune response including T lymphocytes in AD
is dynamic and complex but significantly contributes to the
exacerbation and progression of AD neuroinflammation.

Cytokines, chemokines, and their receptors play a promi-
nent role in the infiltration of immune cells through the
BBB. Endothelial cells per se are involved in the transport of
cytokines (TNF𝛼) and chemokines (CCL11) from the brain
to the blood and reversely [76]. Furthermore, chemokines
and their receptors expressed by T cells are involved in the
migration of T cells crossing the endothelium in AD patients.
The main function in this process is assigned to chemokine
receptors MIP-1𝛼 and CXCR2. Additionally MIP-1𝛼may also
bind to CCR5 expressed in brain endothelial cells during
the late stage of AD, leading to T cell migration through
endothelial tight junctions into theCNS. Studies inADmodel
animals indicated that A𝛽 upregulates RAGE and CCR5,
which in turn leads to the promotion of T cell migration into
the brain (Figure 2) [77].
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2.2. T Lymphocytes and Immune Mediators at the AD Blood-
Cerebrospinal Fluid Barrier. The blood and the CSF are
intensively explored in search for biomarkers which could
enable the early diagnosis of AD. Therefore currently a lot of
research focuses on the structural and functional alterations
in the blood-cerebrospinal fluid barrier (BCSFB) and changes
in CSF composition during pathological processes in the
CNS. The BCSFB is also actively involved in neuroinflam-
matory processes. The BCSFB is formed from the choroid
plexus (CP) and is composed of a single continuous layer of
modified cuboidal epithelial cells (CPE), which are attached
to the basal lamina. CPE are bound to each other by tight
junctions formed by claudins and occludins [78] (Figure 3).
The remaining part of the BCSFB is the arachnoidmembrane,
which envelops the brain.The cells of this membrane are also
linked by tight junctions. The major site of CSF formation

is the layer of CPEs of the CP [79]. Under physiological
conditions, the BCSFB is a selective barrier that restricts
the passage of molecules and cells, including circulating
immune cells, from the stromal compartment into the brain
parenchyma [80, 81], and plays an essential role in immune
surveillance and the maintenance of homeostasis and repair
processes in the brain. The BCSFB fulfills these functions
by secreting and regulating the levels of trophic factors and
cytokines [80, 82, 83]. The BCSFB acts as a relay station
that senses inflammation signals from both the CNS [84, 85]
and the periphery [86, 87]. CPE of the BCSFB contain many
transport systems and receptors that enable them to regulate
transport from the blood to the CSF and reversely. These
cells have an ability to respond to inflammatory stimuli by
producing proinflammatorymolecules.Thismay result in the
impairment of the barrier’s integrity and the transmission
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of inflammatory signals to the brain [88, 89]. Later this
leads to the increased influx of white blood cells from the
bloodstream into the brain parenchyma [90]. The process of
the recruitment and entry of immune cells through the CP is
mediated by the expression of intercellular adhesionmolecule
1 (ICAM-1), vascular cell adhesion molecule 1, and P-selectin
[91]. The AD features of the BCSFB are schematically sum-
marized in Figure 3. During AD pathogenesis, structural and
functional alterations in the CP are observed, which results in
a decreasedCSFproduction and changes inmetabolic activity
[92, 93]. Current data indicates that the CP plays a central
role in the neuroinflammatory response, both in AD and in
aging [94, 95]. Age-dependent alterations in the secretion of
inflammatorymolecules by CP cells are viewed as a key factor
associated with deficits in brain cell functions and plasticity
and with alterations in glial activation, neurogenesis, and cell
survival [96–98]. Marques and collaborators report that the
inflammatory response of CP epithelial cells is associated
with the overexpression of gene encoding lipocalin-2 (LCN2),
which is involved in the rapid proinflammatory response
of the innate immune system [99]. Furthermore, it has

been suggested that LCN2 participates in regulating the
neuroinflammatory response to an increased level of A𝛽
peptides and an oxidative stress insult and plays a role in the
modulation of brain cell activation, migration, and survival
[100, 101]. Monomeric and oligomeric A𝛽 forms can activate
microglial cells to secrete proinflammatory cytokines in the
brain [102]. Brkic and collaborators reported that soluble
A𝛽1–42 oligomers injected into the cerebral ventricles ofmice
increased the levels of cytokines and chemokines in the CSF
withoutmicroglia activation, which indicates that in the early
stage of AD the inflammatory signal generated in CPE’s in
response to soluble A𝛽1–42 oligomers and impairments in
the BCSFB might occur before microglia activation [89].
This supports the notion that the immune system plays an
important role not only at the late AD stages, but also at
the early step of the pathology development, and thus that
early AD markers may be identified among the immune
mediators.

Recently, Villeda and coworkers using a mouse animal
model confirmed that an increased level of the CCL11
chemokine is associated with age-dependent peripheral
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systemic alterations that affect neurogenesis processes in
the hippocampus and memory formation [103]. Erickson
and collaborators demonstrated that CCL11 can cross into
the brain through direct interaction with the BBB [76].
Additionally, some data suggests that an increased level of
CCL11 is involved in changes in the BCSFB. Firstly, this is
due to the overexpression of gene encoding CCL11 in CP
cells, and secondly CCL11 is produced in CP cells in response
to IL-4 secretion. Both ways lead to a significant rise of the
level of CCL11 in the CSF. Baruch and coworkers also showed
that INF-𝛾 can inhibit IL-4-dependent CCL11 production in
CP cells. Moreover, they reported the increase of IL-4 and
decrease of INF-𝛾 levels in CP during the aging process,
associated with the alteration of T cells recruitment from the
blood into the stroma [95, 96] (Figure 3).

In order to investigate the mechanisms involved in the
neuroinflammatory signature of AD, Delaby and collabora-
tors performed a multiplex analysis of human samples of
CSF and blood serum from 55 individuals and evaluated
the expression level of 120 potential AD biomarkers corre-
sponding to cytokines and chemokines and other signaling
proteins. Based on their observations more characteristic
changes were found related to cytokines receptors than
cytokines per se. For example, they observed a significant
increase in the level of sIL-6R, TIMP-1, and TNFR-I receptors
in the CSF. Furthermore, although it is evaluated that the
exposure of microglia to A𝛽 deposits increases the levels of
IL-6 in the CSF and serum [104], Delaby et al. observed
a significantly raised level only of sIL-6R. Similarly, an
increased level of TNF-𝛼 and a decreased level of TGF-
𝛽 in the CSF were previously described as markers of the
conversion of MCI to AD [105]. However Delaby et al.
reported no changes in the level of these cytokines, but they
did report a significantly increased level of sTNFR-I in the
CSF and a decreasing tendency in the serum of AD patients
compared to controls (Figure 3). Their analysis indicates
that sTNF-RI and TIMP-1 and sILR-6 are promising AD
biomarker candidates. Moreover, they noted an increased
level of IL-8 and CCL2 (MCP-1) in the CSF. However,
contrary to the results from blood analysis, they described
no changes in CCL5 and CXCL3 levels in CSF samples from
ADpatients in comparison to controls. Because some of these
results are contrary to data from previous studies, Delaby
suggests that in following tests CSF putative biomarkers
should subsequently be tested for confirmation in an enlarged
cohort and throughmore sensitive quantitative analysis [106].
Additionally, Kauwe and coworkers, based on data from
genome-wide association studies (GWAS) and in accordance
with other previous findings, also confirmed the increased
level of CCL2 in CSF samples from patients with prodromal
AD, which correlated with a faster cognitive decline [107,
108].

Summarizing, neuroinflammation is one of the hallmarks
of AD and according to current knowledge inflamma-
tory mediators present in the CSF and blood, particularly
cytokines and chemokines, may represent biomarkers for
disease screening in patients with severe AD, as well as those
with mild cognitive impairment, and may help to diagnose
the early stages of AD.

2.3. T Lymphocytes and Inflammatory Mediators in the Inter-
play between AD Blood and Brain. In AD brain, among the
most important cytokines of the immune response, IL-1, IL-
4, IL-6, IL-10, IFN-𝛾, and TNF-𝛼 are reported most often
[109, 110]. During pathological process microglial cells pro-
duce some of these proinflammatory and anti-inflammatory
cytokines via direct interaction with infiltrated T lympho-
cytes [111]. The pathogenic reaction of T cells against A𝛽 is
initiated by the entry of a cluster of differentiated (CD) 8
cytotoxic T cells into the brain, followed by the secretion of
proinflammatory cytokines by CD4+ cells [112, 113].

Referring to T lymphocytes and related immune medi-
ators in AD, such data is predominantly derived from
in vitro studies, which use cell lines isolated from the
blood of AD patients and from in vivo studies involving
animal AD models. In in vitro conditions the stimulation
of peripheral blood mononuclear cells (PBMCs) by A𝛽42
induces these cells to produce cytokines and chemokines.
This study showed a significantly high production of the
inflammatory cytokines IL-1𝛽, IL-6, TNF-𝛼, and IFN-𝛾
in response to A𝛽. This observation suggests that PBMC
cells are important players in the inflammatory response of
AD pathogenesis [114]. Similarly, Martorana and coworkers
reported an increase of the anti-inflammatory cytokine IL-
10 and IL-1 receptor antagonist in the PBMCs in in vitro
study and they hypothesized that this situationmight balance
the overproduction of the above-described proinflammatory
cytokines. The additional effect of the amyloid efflux from
the brain to the blood, which can prime lymphocytes in
physiological conditions, should be taken into consideration
[115]. On the other hand, an overexpression of IL-1 in
hippocampal neurons fromAD patients is shown at all stages
of tau protein neurofibrillary tangle formation [116, 117], as
well as microglia-derived IL-1 association with A𝛽 plaques
formation in brain parenchyma [118]. Consistently,microglial
activation and IL-1 overexpression have been shown in
transgenic animal models of AD [119]. Mrak and Griffin
[120] also reported increased level of microglia-derived IL-
1 in AD, which drive a cascade of development of amyloid
plaques and neurofibrillary tangles. The role of IL-1 gene
variants in these processes and its influence on changes of
blood level of IL-1 as a potential biomarker of AD was
indicated.However, the confirmation of this possibility seems
to be difficult because of additional complications due to the
influence of hypothalamic-pituitary-adrenal axis activity on
peripheral cytokine production. In contrast, it was reported
that decreased level of IL-1 in AD patients corresponds with
an increase in AD severity [120]. Other evidence indicates
that IL-1 leads to the increased expression and activity
of neuronal acetyl cholinesterase, which could explain the
cholinergic dysfunction characteristic of AD patients [121].
This issue requires further study.

Another important proinflammatory cytokine is IL-6, the
secretion of which could be induced by IL-1𝛽 [122]. Based
on the analysis of AD patients, the level of IL-6 in blood
was significantly higher in the AD group versus the control
group, and that increase was even more significant among
older AD individuals [123]. This indicates that according to
the characteristics of AD, changes in the level and expression
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of immune mediators in the blood may also be age-related.
Butovsky and collaborators presented data that cytokines
characteristic for T cells like IFN-𝛾 and IL-4 can induce
microglial cells to neuroprotective activity in response to an
aggregated beta-amyloid. Interleukin-4 plays a protective role
through the downregulation of TNF-𝛼 and upregulation of
insulin-like growth factor I (IGF I). These findings suggest
that the beneficial or harmful expression of the local immune
response in the damaged CNS depends on the interplay of
T cells and microglia [124]. In the Chao and coworkers in
vitro study, pretreatment of cell cultures with IL-4 prevented
neuronal cell injury induced by activated microglia [125].
According to Lee and coworkers IL-4 concentration is lower
in the blood from AD patients, as compared to a control
group [126]. Jabbari Azad and coworkers confirmed that
a decrease of the IL-4 concentration level in blood, but
also a significant increase of the IFN-𝛾 level, correlated
with the MMSE results of AD patients [123]. In Belkhelfa
and collaborators in vivo study, IFN-𝛾 and TNF-𝛼 levels in
peripheral blood assessed in patients with AD in mild and
severe stages, respectively, were higher than those observed
in patients with moderate stage AD and MCI. An increased
level of INF-𝛾 observed in mild cases of AD indicates that
it could serve as one of the markers of the early stage of
the disease [127]. Moreover, INF-𝛾 plays a key role during
promoting processes of the immune reaction in the brain
and has the ability to facilitate T cell migration [128]. On
the other hand, INF-𝛾 is also known as a bidirectional factor,
which may prevent amyloid deposition during inflammatory
process [129] but also enhance A𝛽 deposition through 𝛽-
secretase 1 expression. Moreover, it was evaluated that TNF-
𝛼 and IL-1𝛽 have the ability to increase the activity and/or
expression of 𝛾- and 𝛽-secretases [130, 131], which leads to
A𝛽 deposition. Additionally IL-1𝛽-expressing microglia are
associated with A𝛽 plaques and NFT in the brain, where they
correlate with progressive neuronal damage [132]. McQuillan
and coworkers evaluated that A𝛽-specificTh1 cells enhanced
the A𝛽-induced activation of microglia; they found that Th1
cells enhanced soluble and insolubleA𝛽 concentrations in the
brains of APP/PSI mice [59].

Regulatory T cells (Treg) are also involved in the cytokine
cascade during AD pathogenesis. Studies in Treg-depleted
APP/PS1 mice, which are characterized by reduced microglia
recruitment, suggest that Treg may contribute to the promo-
tion of type 1 IFNs, depending on microglia activation in
response to amyloid deposition [133]. Additionally the data
from Dansokho et al. suggests that type 1 IFNs may help to
restrain the development of the microglia proinflammatory
activation profile at early stages of AD [133]. Other studies
indicate that Treg can mediate their suppressive function
through several effector mechanisms, including the produc-
tion of immunosuppressive cytokines such as IL-10 and TGF-
𝛽 [134, 135]. Cytokines such as IL-1, IL-4, IL-6, IL-10, IFN-𝛾,
TNF𝛼, and TGF-𝛽 can be taken into account in the search for
new biomarkers of the early stages of AD [136].

Chemokines are chemotactic cytokines which stimulate
and control the movement of leucocyte migration from
the blood into the tissues. They play an important role in
inflammation formation and are involved in the pathogenesis

of many diseases [137–141]. The action of chemokines is
determined by the expression of different surface receptors
of cells from myeloid and lymphoid lines that lead to a
chemotaxis [138]. The expression of chemokines and their
receptorsmay be positively or negatively regulated at the tran-
scriptional level by different factors, that is, proinflammatory
cytokines, hypoxia, pathogens, stress, foreign antigens, and
T cell costimulation [142–144]. The role of chemokines is to
attract leukocytes to sites posing a threat, for example, infec-
tion. To reach the inflammation site circulating leukocytes
must leave the bloodstream and enter the endothelium [145].
Proinflammatory cytokines such as IL-1 and TNF can affect
the secretion of the proinflammatory chemokine belonging
to the innate response, for example, CXCL8. Interferons and
anti-inflammatory cytokines, that is, IL-10, can inhibit gene
expression of inflammatory chemokines [146]. After antigen-
specific cell activation, proinflammatory chemokines attract
antigen-specific effector T cells to the inflammatory focal
point. At the same time, Treg are recruited, and the balance
between regulatory and effector cells determines the outcome
of the local inflammatory process [147]. Furthermore, data
indicates that chemokines play a role in starting the inflam-
matory response cascade and the recruitment of Treg [148].

The most commonly evaluated chemokine involved in
AD neurodegenerative processes is CCL5 (RANTES), which
regulates the expression and secretion of normal T cells.
During AD pathogenesis an elevated level of the astroglial
CCL5 chemokine is observed in the microcirculatory system
of the brain [149]. CCL5 is upregulated as a response to a
cytokine-mediated increase of reactive oxygen species (ROS)
and oxidative stress in endothelial cells in the brain [150].
Its elevated levels contribute to the recruitment of immune-
competent cells, which occurs concurrently with increased
rates of neuronal deaths [151]. The CXC8 (IL-8) chemokine
is produced in response to the proinflammatory signaling
of A𝛽 by microglial cells. It plays a key role in phases
with prevalent neurodegeneration through the recruitment of
activated microglia into damaged areas of the brain during
late stages of AD [47]. Other chemokines involved in AD
pathogenesis are, for example, CCL2 (MCP-1); when its
level increases, it results in the recruitment of activated
monocyte cells [152, 153]. CX3CL1, also known as fractalkine,
is produced in neurons and has the ability to control
neurotoxicity through suppressing microglial activation by
CX3CR1 receptor binding. An increased level of plasma-
soluble CX3CL1 is observed in mild to moderate AD [154],
which may indicate its potentially neuroprotective function.
CCR2 and CCR5 chemokine receptors are expressed on lym-
phocytes. Martorana and coworkers reported an increased
expression of both CCR2 and CCR5 receptors only in T
cells after in vitro stimulation by A𝛽42, whereas after the
same treatment B cells only overexpress CCR5 [115]. It has
been demonstrated that the CCL2 chemokine via CCR2
receptor, expressed on brain endothelial cells, contributes to
increased brain endothelial permeability [155, 156]. Li and
coworkers reported that A𝛽 interaction with RAGE receptor
upregulates brain endothelial CCR5 expression and promotes
T cells crossing the blood brain barrier [77, 157]. Moreover,
peripheral T lymphocytes of AD patients are characterized
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by an increased level of CCL3 (MIP-1𝛼) in comparison to
healthy controls. In AD patients T cells infiltration may
also result from an increased expression of the CXCR2
receptor [158]. While further research is needed to elucidate
precise mechanism of AD at different stages of inflammatory
response, these results all point to the important function of
chemokines and their receptors inADpathology and confirm
their potential as biomarkers in the blood.

3. Dendritic Cells Contribution to T Cell
Functions and Infiltration into the Brain

Nowadays it is increasingly accepted that inflammation
is not only a consequence of neurodegeneration but also
one of the major causative factors of AD, especially in its
sporadic form [159]. Brain immune cells have an impaired
ability to clear pathological forms of dangerous proteins
that lead to the inflammation process and neuronal damage.
In turn the ongoing inflammation in the brain enhances
the progression of degeneration [41]. This phenomenon
involves bidirectional communication between the CNS and
systemic immunity where the recruitment of bone marrow-
derived immunocompetent cells from systemic circulation
to the brain is an important event during the progression
of neurodegeneration [160, 161]. In addition to the T cells
infiltration from the periphery into the AD brain and the T
cell role in both brain venules and brain parenchyma, other
immune cells which crosstalk with T cells, such as dendritic
cells (DCs), as well as other myeloid cell types [68], also play
an important contribution to neuroinflammation. Recently
described CD33 and TREM2 genes, strictly coupled with
myeloid cells, have been reported as significant risk factors
associated with both familial and sporadic forms of AD. It is
confirmed that these genes expressed both onmicroglial cells
and peripheral myeloid cells may contribute to the clearance
of misfolded pathological molecules [162, 163].

DCs maintain immune surveillance in neuroinflamma-
tion and neurodegeneration in the brain. Colton’s studies
[164] confirmed the presence of DCs in the CNS. These
cells are present in the CSF, meninges, choroid plexus, and
perivascular spaces [165] but they derive from circulating
DC precursors, not from the brain. DCs have migratory
abilities and play a crucial regulatory role in both innate and
acquired immunity. These cells express major histocompat-
ibility complex class II molecules (MHCII) and leukocyte
integrin CD11c. DCs also play an important role in the
communication between the brain and the periphery as a
response to pathological conditions, when their amount in
the CNS is significantly increased. DCs crosstalk with T cells
and stimulate T cells during their migration from the blood
to the brain in ADpathogenic processes [165, 166]. According
to studies by Fisher and coworkers, DCs may regulate A𝛽-
specific T cell entry into the brain at perivascular and
leptomeningeal spaces [167]. The DCs protective properties
inAD seem to be predominantly linked to their ability to clear
A𝛽 [168], as well as to cytokine and neurotrophin production
and T cell activation [169, 170]. In the experiments of
Ciramella and coworkers, in in vitro conditions, stimulation

of monocyte-derived DCs (moDCs) with A𝛽1–42 led to an
increase in cell survival and soluble antigen uptake.Moreover,
A𝛽 induced the elevated production of proinflammatory
cytokines IL-1𝛽, IL-6, and IL-18, and a decrease in MHC
expression of the DCs, lowering the DCs ability to activate
T cells [171]. Similar and even more pronounced results were
obtained analyzing DCs collected from AD patients [169].
These results suggest that DCs contribute to brain damage
probably by mechanisms of overactivation of inflammatory
responses.

It is known that, in order to activate the adaptive immune
response in brain, precursors of DCs migrate from the
bone marrow to the CNS. There are two main subpopula-
tions of circulating precursor DCs: one of them is myeloid
cells (mDCs; lin−CD11c+ MHCIIhi, CD123lo) and the
other is plasmacytoid cells (pDCs; lin−CD11c−MHCIImod,
CD123hi) [172]. According to Bossù and collaborators, dur-
ing AD progression, a significant decrease of myeloid DC
precursors in the blood of AD patients was observed, which
correlated with disease severity. These results suggest that
the monitoring of blood DCs levels could be employed as
a potential biomarker of AD progression. However, more
studies are required to evaluate this possibility and to elu-
cidate whether the reduction of blood DCs occurs in the
results of their recruitment from the periphery to the brain
or alterations of their differentiation from progenitor cells
[173].

4. Interactions of T Cells and Amyloid 𝛽

It is known that, during AD progression, brain A𝛽 levels
increase and A𝛽 is progressively deposited in the CNS where
it can act as a specific antigen causing innate immune
responses [174]. The A𝛽 can also act as an antigen activating
adaptive responses, because mounting reports described A𝛽-
reactive circulating B cells in patients with AD [175]. The
A𝛽-reactive T cells in peripheral AD blood have also been
described [112, 176]. Most recent studies by Monsonego and
collaborators have shown that circulating A𝛽-reactive T cells
are present in patients with AD and that their levels in
the blood increase with the disease’s progression [112, 176].
Moreover, circulating A𝛽-reactive T cells were detected at
higher levels in AD patients after stimulation with the A𝛽1–
42 peptide compared to stimulationwith A𝛽1–40.Thus, these
data indicate that the A𝛽1–42 peptide is more immunogenic
than A𝛽1–40, in agreement with other studies showing a
higher toxicity of A𝛽1–42 than the A𝛽1–40 peptide in the
brain [177].

The localization of A𝛽 epitopes recognized by T cells is
different than that of B cells. Epitopes recognized by CD4 T
cells were identified in the C-terminal part of A𝛽, that is, in
the A𝛽15–42 peptide, in contrast to dominant B cell epitopes
identified in the A𝛽1–15 peptide. More specifically, among
the peptides that induced T cell proliferation, the A𝛽16–30
peptidewas themost effective. In addition, epitopes for T cells
located in A𝛽28–42 were specific to A𝛽1–42 and not to A𝛽1–
40 which could explain the higher immunogenicity of A𝛽1–
42 than A𝛽1–40.
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A𝛽 is processed and presented by antigen-presenting
cells (APCs) such as dendritic cells (DCs), in the context
of MHC, and A𝛽-specific T cell proliferation is mediated
through MHC-TCR interactions [112, 176, 178, 179]. The
question arises, where and how T cells are stimulated
with the A𝛽 antigen. In light of data showing that in AD
progression A𝛽 levels decrease in the CSF and there are
no correlations of blood A𝛽 levels with AD severity, A𝛽
seems to be mainly captured by APCs located in the brain.
SuchMHCII high antigen-presenting cells either differentiate
from brain-endogenous microglia or are recruited from the
peripheral blood as a result of an increased expression of the
CCL2 chemokine [157]. APCs located in the brain, such as
perivascular and leptomeningeal dendritic cells, can present
the antigen to T cells which infiltrate the AD brain [180–
182]. T cell entry to the brain from the periphery is related
mainly to A𝛽 deposition in the brain vasculature and to
compromising the BBB stability and, as a result, a local
inflammatory reaction [183, 184]. Low brain levels of IFN-𝛾
were shown to promote T cell migration to the brain and also
to regulate T cell adhesion, antigen presentation, expression,
and signaling.

Another place of A𝛽 presentation by APCs to T cells is
lymph nodes; brain APCs after capturing A𝛽migrate next to
lymph nodes, where they can induce T cell activation. Thus,
it seems that the T cells reactivity towards A𝛽 could reflect to
some extent an endogenous reaction to A𝛽 deposition in the
brain in the context of the local innate immune response that
occurs in AD [112, 183].

It was shown that A𝛽-reactive T cells are maintained
throughout life and increase with age in patients with AD
[185]. Moreover, A𝛽-reactive T cells can infiltrate the brain.
However, the role of A𝛽 reactive T cells in AD is not obvious
and in fact T cell reactivity to A𝛽may cause either beneficial
or injurious effects.

The beneficial effects of A𝛽 reactive T cells were indicated
to be associated with A𝛽1–42 as a self-antigen; self-reactive
T cells were implicated in an immune regulation as well
as brain repair processes during aging and in AD, but the
particular mechanism is still debated [112, 176, 178, 179]. A𝛽-
reactive T cells seem to participate in numerous activities
such as the release of regulatory cytokines [186] and an
increase in the expression of neurotrophic factors in the
brain [187, 188]. Recently it was shown that A𝛽-reactive T
cells are able to effectively target A𝛽 plaques in the brain
and enhance the phagocytic activity of adjacent microglia
via IFN-𝛾-induced TREM2 and SIRPb1 expression [176, 189–
191]. In addition, IFN-𝛾 facilitates T cell migration into and
within the brain parenchyma [128] and promotes immune-
regulatory processes [192, 193], as well as neuronal repair in
the brain [168, 192]. Thus, anti-inflammatory cytokines such
as IL-10 and TGF-𝛽, together with a set of chemokines and
neurotrophic factors secreted by T cells, prove therapeutic for
the AD brain.

On the other hand, it was also shown that A𝛽-reactive T
cells can be boosted to promote pathogenic autoimmunity in
AD. AD alterations in the T cells regulatory roles may lead to
increased levels of proinflammatory cytokines such as IL-1𝛽,
TNF-𝛼, and IL-6 and cause chronic inflammation which in

turn enhances neurotoxicity and may impair key functions
of the microglia in neuronal function and repair [194–
196]. The conditions for neuroprotective versus promoting
neurodegeneration role of T cells, and in particular A𝛽-
reactive T cells, in AD are still not fully elucidated and are
possibly dependent on the AD stage, with more pronounced
harmful function in more severe, later AD.

5. Cellular and Molecular Alterations in
AD Peripheral Lymphocytes

Another line of research indicated molecular and cellular
aberrations in blood lymphocytes from AD patients. The
data shows changes in the distribution of different types
of lymphocytes in the blood of AD patients [115] and the
decline of immune functions due to decreased levels of T
as well as B cells in peripheral blood [52]. Several reports
confirmed the role of T cells in the development of AD-
related abnormalities in the immune system, such as hypore-
sponsiveness of T cells to some intrinsic functional defects
[50] and an increase of telomerase activity in lymphocytes
that leads to diminishing lymphocyte proliferation activity
and results in the loss of immune system functioning in
AD patients [51–56]. Recently, we and other groups demon-
strated alterations in the regulation of the cell cycle and
oxidative stress response and impairment in mitochondrial
functions in lymphocytes from AD blood (reviewed in [30]).
However, in general little is known how molecular changes
affect lymphocyte functions in the interplay between blood
and brain in immune responses of AD patients and how
they modify AD pathogenesis. Nevertheless, such changes
were demonstrated early in AD in MCI patients and thus
molecular alterations in blood lymphocytes seem promising
as potential biomarkers for the early AD diagnostics using
easily accessible tissue.

6. Conclusions and Future Perspectives

Summarizing, mounting evidence highlighted neuroinflam-
mation as one of the key mechanisms in AD pathogenesis
already at the early disease stage and in progression to
later stages. Among factors which significantly contribute to
AD inflammatory processes are immune mediators such as
cytokines and chemokines, acting in theADperipheral blood
and brain, and T lymphocytes whichmigrate from peripheral
blood through the BCSFB and the BBB to the AD brain. The
inflammatorymediators present in the CSF and blood, as well
as molecular and cellular alterations in peripheral lympho-
cytes in AD, represent potential biomarkers for diagnosing
the early stages of AD and for monitoring progression to late
stages. However, little is known on particular immune signa-
tures characteristic for AD stages, mainly due to insufficiency
in precise recruitment of patients for such studies. Further
progress in biomarker development and immunotherapy
requires determination of immune mediators characteristic
for the early, moderate, and late AD stages.
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[137] K. Waśniowska, “Chemokines—perspectives for using agents
that block their action in therapy,” Postpy higieny i medycyny
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The local immune response is considered a key determinant in cervical carcinogenesis after persistent infection with oncogenic,
high-risk human papillomavirus (HPV) infections. Genetic variation in various immune response genes has been shown to
influence risk of developing cervical cancer, as well as progression and survival among cervical cancer patients. We reviewed the
literature on associations of immunogenetic single nucleotide polymorphism, allele, genotype, and haplotype distributions with
risk and progression of cervical cancer. Studies on HLA and KIR gene polymorphisms were excluded due to the abundance on
literature on that subject. We show that multiple genes and loci are associated with variation in risk of cervical cancer. Rather than
one single gene being responsible for cervical carcinogenesis, we postulate that variations in the different immune response genes
lead to subtle differences in the effectiveness of the antiviral and antitumour immune responses, ultimately leading to differences
in risk of developing cervical cancer and progressive disease after HPV infection.

1. Introduction

Infection with human papillomavirus (HPV) is highly com-
mon across human populations. Worldwide, prevalence esti-
mates of HPV infection among women range from 2% to
44% [1]. Invasive cervical carcinoma, which is caused by
malignant transformation of cervical epithelial cells following
persistent HPV infection, is one of the most common
malignant diseases among women, representing almost 10%
of all cancers in the female population. Each year, more than
500.000 women are diagnosed with cervical cancer, mostly in
developing countries [2].

Approximately 200 HPV types have been identified to
date, with new types constantly being discovered. Types
may differ in tissue tropism and may preferentially infect
skin or mucosa. Certain HPV types are pathogenic, leading

to a variety of benign conditions (genital, oral, and throat
warts) as well as malignant disease (the most common being
cervical, penile, vulvar, vaginal, and oesophageal carcinoma)
[3, 4]. HPV types 16 and 18 are responsible for approximately
60–80% of all cervical cancer cases, while types 52 and 31
account for the majority of the remaining cases. However,
HPV distribution patterns differ significantly amongst vari-
ous populations [5].

Although infection and colonisation of the cervical
epithelium by oncogenic, high-risk human papilloma viruses
(hr-HPVs) are prerequisites for the development of cervical
cancer, the local immune response is thought to be an
important determinant of progression and disease outcome
[6]. The higher incidence of HPV-associated cervical dyspla-
sia in immunosuppressed patients supports the hypothesis
that local immune responses are an important determinant
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in transformation of epithelial cells [6]. The transiency of
most HPV infections and the observed regression of certain
cervical intraepithelial neoplasia (CIN) lesions to normal
epithelium suggest a variability in local immune responses,
which may be caused by differences in host genomics [7].

Genetic variation in various immune mediators has been
shown to be an important determinant in susceptibility to
a wide variety of autoimmune disorders and neoplasms, as
well as in progression and disease outcome [8–10]. This is
especially the case for HPV-related epithelial transformation
[11]. Understanding immunogenetic variation is necessary
not only to comprehend the striking heterogeneity in anti-
HPV and antitumour immune responses but also to enable
and facilitate rational design of host-directed therapy and
other novel treatmentmodalities.This review aims to provide
an overview of common single nucleotide polymorphisms
(SNPs) in genes encoding cytokines, chemokines, receptors,
and antigen-processing machinery (APM) components and
association with cervical carcinoma risk, progression, and/or
outcome.

2. Methods

A systematic search in the NCBI PubMed bibliographic
database and HuGE navigator was conducted [46]. Since
major histocompatibility complex (MHC/HLA) and killer
cell immunoglobulin-like receptor (KIR) genes have been
abundantly studied in cervical cancer [47–55], these terms
were excluded from the search. All original research studies
and meta-analyses, published until August 1st 2015 and
reporting on genes encoding any immune response media-
tors and either risk of cervical cancer or survival outcome
amongst cervical cancer patients, were included.

Information on allele or genotype frequencies and, if
available, odds or hazard ratios with associated 95% confi-
dence intervals were extracted from the studies. If unavailable
in the original studies, these ratios were calculated along
with the population attributable faction (PAF), according to
Miettinen’s formula [56].

3. Cytokines

Cytokines play a crucial role in mounting and maintaining
immune responses against a host of pathogens, including
viral infections and tumours [11]. Though many different
classification systems exist for these signalling molecules,
the most basic subdivision is that of proinflammatory and
anti-inflammatory cytokines. A separate group is formed by
chemokines, chemoattractant cytokines specifically involved
in chemotaxis, the process by which different immune cells
are recruited and signaled to migrate to certain sites to build
a local inflammatory response. Among the most ubiquitous
cytokines are the interleukins, which influence development
and differentiation of lymphocytes and hematopoietic cells.
Cytokines are produced by many different cells involved
in the immune response; substantial evidence suggests that
certain tumour cells, both in vitro and in vivo, also gen-
erate various cytokines [57, 58]. Genetic variation in genes
encoding proinflammatory (Table 1) and anti-inflammatory

cytokines (Table 2) and chemokines (Table 3) may lead to
altered function or quantity of the associated cytokines and
is therefore believed to be an important determinant of anti-
HPV and antitumour immunity.

3.1. Proinflammatory Cytokines. Although several polymor-
phisms in the genes encoding various interleukins have been
described in relation to cervical carcinoma and its precursor
lesions [59–63], the most consistently reported SNP is in
the promotor region of the IL1B gene (c.-511C>T) encoding
interleukin-1 beta (mediator of the inflammatory response,
cell proliferation, differentiation, and apoptosis), which has
been demonstrated to be associated with cervical carcinoma
risk in Korean, North Indian, Chinese Han, and Egyptian
populations [12–15]. Two recent meta-analyses demonstrated
significant association of the minor allele with increased
cervical cancer risk [16, 64].

Several polymorphisms in the TNF gene, encoding
tumour necrosis factor (TNF), have been described in rela-
tion to HPV infection and cervical neoplasia. TNF is a
key proapoptotic cytokine, involved in cell proliferation and
differentiation [65]. Variation at one site in the promotor
region (c.-308G>A) has been found to be associated with
development of CIN lesions and with susceptibility to HPV16
infection and subsequent cervical carcinoma in various
populations. It has been hypothesised that the minor allele
is associated with increased TNF production, which may be
associated with induction of angiogenesis, a prerequisite for
cancer cell growth and progression [17]. However, the geno-
types associated with HPV-related epithelial transformation
differed among the investigated populations: in a British
cohort, all categories of CINwere associated withmajor allele
homozygosity, while in Indo-Aryan and Portuguese women,
the minor allele was associated with a threefold increase
in susceptibility to cervical cancer and a twofold increased
risk of developing cervical cancer in Portuguese women
[17, 18, 66]. A recent meta-analysis demonstrated association
of the minor allele with cervical cancer risk (OR 1.19; 95%
CI 1.02–1.38), although there was significant population-
based heterogeneity [67]. Data regarding other TNF gene
polymorphisms, including microsatellite polymorphisms, is
available but conflicting, probably due to small sample sizes
[68–70].

Interferon-gamma (IFN𝛾) plays an important role in
antiviral immunity [71]. Genetic variation of the c.874T>A
locus, located at the translation start site of the first intron of
the IFNG gene, has been shown to be associated with altered
levels of IFN𝛾 production in response to immunogenic
stimuli, with minor allele carriers having decreased IFN𝛾
production [72]. In several North Indian cohorts, genotypes
with the minor allele were associated with increased risk and
with higher disease stage [19, 20]. Minor allele homozygosity
was also associated with increased cervical cancer risk in a
Chinese population [21]. However, studies among Brazilian
and Swedish populations did not find any significant asso-
ciations of this polymorphism with cervical carcinoma [73–
75]. Two recent meta-analyses have demonstrated a clear
association of the minor allele at this locus with increased
cervical carcinoma risk; this association is the strongest
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Table 1: Overview of polymorphisms in genes encoding proinflammatory cytokines and association with cervical neoplasia risk.

Gene Polymorphisma Cohort Cases (𝑛) Population Distribution Risk (OR, 95% CI); PAFb,c,d Reference

IL1B c.-511C>T
(rs16944) Cervical cancer

182 Korean Genotypes

CT: 2.83 (1.52–5.28); 44.8%
TT: 1.68 (0.85–3.32)

CT/TT: 2.42 (1.31–4.46);
54.2%

[12]

150 North
Indian

Alleles T: 1.83 (1.28–2.61); 33.9%
[13]Genotypes CT: 1.37 (0.59–3.20)

TT: 2.77 (1.21–6.41); 36.6%

404 Chinese
Han Genotypes

CT: 1.53 (1.09–2.15); 19.5%
TT: 1.47 (0.97–2.24)

CT/TT: 1.52 (1.10–2.09);
26.2%

[14]

100 Egyptian

Alleles T: 2.00 (1.19–3.38); 37.5%

[15]Genotypes
CT: 0.72 (0.36–1.43)

TT: 2.16 (1.07–4.33); 30.6%
CT/TT: 2.91 (1.01–8.36);

61.0%

736 Asian Genotypes
CT: 1.69 (1.29–2.22)
TT: 1.64 (1.19–2.25)

CT/TT: 1.69 (1.30–2.18)
[16]

TNFA c.-308G>A
(rs1800629)

Cervical cancer 195 North
Portuguese Genotypes

GA: 1.81 (1.10–2.97); 11.5%
AA: 2.54 (0.65–10.52)

GA/AA: 1.88 (1.20–2.94);
13.7%

[17]

Cervical cancer 2279 Varied Alleles A: 1.57 (1.21–2.04) [16]
Cervical cancer +

CIN 165 Indo-
Aryan Alleles A: 2.70 (1.41–5.15); 13.2% [18]

IFNG c.+874T>A
(rs2430561) Cervical cancer

200 North
Indian Genotypes

TA: 3.30 (2.05–5.20); 43.6%
AA: 1.90 (0.90–3.90)

TA/AA: 2.90 (1.90–4.60);
48.8%

[19]

200
North
Indian

Alleles A: 1.54 (1.17–2.03); 23.0%
[20]Genotypes TA: 1.56 (0.88–2.78)

AA: 2.43 (1.34–4.42); 25.3%

186 Chinese
Alleles A: 1.47 (1.10–1.97); 17.6%

[21]Genotypes TA: 1.58 (0.86–2.91)
AA: 2.22 (1.19–4.15); 24.0%

1116 Varied Genotypes TA/AA: 1.399 (1.097–1.784) [22]
1532 Varied Alleles A: 1.30 (1.01–1.69) [16]

n: number of cases; OR: odds ratio; 95% CI: 95% confidence interval; CIN: cervical intraepithelial neoplasia; PAF: population attributable fraction.
aNucleotide variation and dbSNP reference number.
bOR relative to major allele or major allele homozygotes.
cPAF listed if OR > 1.00.
dSignificant associations listed in bold.

among Asian populations [16, 22]. Possible explanations for
this difference among populations could include differences
in HPV type distributions as well as in background host
genomics.

3.2. Anti-Inflammatory Cytokines. The IL1RN gene encodes
the interleukin-1 receptor antagonist (IL-1RA), which reg-
ulates the biological activity of the two potent proinflam-
matory cytokines interleukin-1𝛼 and interleukin-1𝛽 [76].
Most of the genetic variation in this gene is attributed
to a polymorphic 86-bp variable numbers tandem repeat
(VNTR) in intron 2; five different allelic variants of this

VNTR have been described. Two studies among Indian
populations showed association of genetic variation at this
site with cervical carcinoma risk, with allele 2 bearing the
strongest association with increased cancer risk [13, 77],
both in single genotype analysis and in haplotype analy-
sis with the IL1B gene. In contrast, a study of Austrian
patients with high-grade CIN lesions demonstrated no sig-
nificant association with the IL1RN VNTR polymorphic
site [78]. Unfortunately, no data on HPV type distribution
was reported in the Austrian study, rendering assumptions
as to the cause of this difference between populations
difficult.
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Table 2: Overview of polymorphisms in genes encoding anti-inflammatory cytokines and association with cervical neoplasia risk.

Gene Polymorphisma Cohort Cases (𝑛) Population Distribution Risk (OR, 95% CI); PAFb,c,d Reference

IL1RN VNTR alleles 1–5 Cervical cancer 150 North
Indian

Alleles
2: 2.33 (1.57–3.44); 19.4%

3: 0.89 (0.27–2.77)
4: 1.00 (0.18–5.33)

[13]Haplotypes
(ILRN-

VNTR/IL1B
c.-511C>T)

1/T: 1.71 (1.12–2.62); 18.7%
2/C: 1.98 (0.95–4.14)

2/T: 4.08 (2.38–7.04); 20.1%
3/T: 1.26 (0.37–4.14)
4/T: 1.89 (0.29–2.23)

IL10 c.-1082A>G
(rs1800896)

CIN
Cervical cancer

163
104 Japanese Genotypes

CIN
AG/GG: 2.2 (1.2–4.2); 53.9%

Cervical cancer
AG/GG: 3.9 (2.1–7.3); 70.8%

[23]

Cervical cancer 77 African Genotypes AG: 0.28 (0.12–0.61) [24]
Cervical cancer 667 Caucasian Alleles G: 0.39 (0.32–0.47) [25]

Cervical cancer 256 Indian Genotypes AG/GG: 3.67 (2.33–5.77);
52.2% [26]

IL10 c.-592C>A
(rs1800872)

Cervical cancer 2396 Asian
Caucasian Alleles A: 1.16 (1.04–1.31) [25]

Cervical cancer 2183 Varied Alleles A: 1.17 (1.04–1.33) [16]
Squamous

intraepithelial
cervical lesions

204 Mexican
Alleles A: 1.32 (0.97–1.81)

[27]Genotypes CA/AA: 2.02(1.26–3.25);
38.4%

CIN II/III
Cervical cancer

263
667 Dutch Genotypes

CIN
CA: 1.44 (1.06–1.97); 11.2%

AA: 1.09 (0.53–2.26)
CA/AA: 1.40 (1.04–1.88);

11.7%
Cervical cancer

CA: 1.36 (1.07–1.73); 9.3%
AA: 1.30 (0.73–2.29)

CA/AA: 1.34 (1.05–1.72);
10.1%

[28]

n: number of cases; OR: odds ratio; 95% CI: 95% confidence interval; CIN: cervical intraepithelial neoplasia; PAF: population attributable fraction.
aNucleotide variation and dbSNP reference number.
bOR relative to major allele or major allele homozygotes.
cPAF listed if OR > 1.00.
dSignificant associations listed in bold.

Table 3: Overview of polymorphisms in gene encoding chemokines and association with cervical neoplasia risk.

Gene Polymorphisma Cohort Cases (𝑛) Population Distribution Risk (OR, 95% CI);
PAFb,c,d Reference

CXCL12
(SDF-1) G>A rs266085 Cervical cancer

917 American

Alleles A: 0.74 (0.56–0.98)

[29]
Haplotypes
(rs266085/

rs17885289G>A/
rs266093C>G)

A/A/C: 0.69 (0.54–0.89)

348 Han
Chinese Alleles A: 1.41 (1.14–1.74); 17.1% [30]

n: number of cases; OR: odds ratio; 95% CI: 95% confidence interval.
aNucleotide variation and dbSNP reference number.
bOR relative to major allele or major allele homozygotes.
cPAF listed if OR > 1.00.
dSignificant associations listed in bold.
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Interleukin-10 (IL-10) has both immunosuppressive and
antiangiogenic effects and may therefore exert both tumour-
promoting and antitumour effects [79, 80]. Associations
with both increased and decreased IL-10 levels in cervical
cancer have been shown in different studies [81]. The IL10
c.-1082A>G polymorphism has been shown to influence
levels of IL-10 production, with major allele homozygosity
being associated with low IL-10 levels, heterozygosity with
intermediate levels, andminor allele homozygosity with high
levels [82]. Several studies have investigated this SNP in
cervical carcinoma with varying and often contradictory
results [23, 24, 26, 28, 83–86]. A recent meta-analysis with
pooled data from 1498 cases and 1608 controls showed no
significant association of this SNP with cervical carcinoma
risk [25]. However, the same meta-analysis did find a signifi-
cant association for another IL10 promotor SNP (c.-592C>A),
with occurrence of the minor allele associated with increased
cervical cancer risk, especially among Asian patients [25].
This association was also found in Mexican, Dutch, and
Indian studies, as well as a more recent meta-analysis [16, 26–
28]. The seemingly contradictory effects of IL-10 on carcino-
genesis might have different implications for HPV infection
and cervical cancer, given that angiogenesis is likely to be
more important in later development of malignant tumours
than in viral infection and persistence [87]. It is therefore
possible that the heterogeneous effect of IL10 polymorphisms
in HPV and cervical cancer might be tied to the stage of
lesions.

3.3. Chemokines. To date, polymorphisms in only one che-
mokine gene, CXCL12, have been reported in relation to
cervical carcinoma. Chemokine CXCL12, also known as
stromal-cell derived factor 1 (SDF-1), directs leucocytemigra-
tion and, through interactions with its receptor CXCR4
[88], it is also involved in the regulation of metastatic
behaviour of certain tumour cell lines [89, 90]. One North
American study investigated the role of several CXCL12
SNPs in cervical cancer and identified one intronic SNP
(rs266085), where the minor allele was associated with a
decreased risk of cervical cancer. Using haplotype interaction
analysis, this group identified a combination of three SNPs
(rs266085, rs266093, and rs17885289), which was associ-
ated with cervical cancer risk [29]. The location of these
SNPs in the 5 UTR (rs17885289), second intron (rs266085),
and 3 UTR (rs266093) regions of the CXCL12 gene is
consistent with several possible aetiologic mechanisms for
the identified association with cervical carcinoma, including
alternative splicing and regulation of CXCL12 induction
[91–93]. In contrast to this study, a separate study among
Han Chinese women demonstrated a significant association
of the rs266085 minor allele with higher risk of cervical
cancer [30]. Stronger CXCL12 induction may have similar
consequences as those seen in patients with mutations in
the CXCR4 gene, which lead to increased cellular respon-
siveness to CXCL12, yielding a rare syndrome characterised
by immune deficits and extensive HPV-induced lesions
[94, 95].

4. Receptors

Receptors bind a wide variety of ligands, including cytokines,
costimulation transmembrane proteins, and pathogen-asso-
ciated molecular patterns (PAMPs). Due to the different
ligands and functions associated with them, many different
receptors have been found to be associated with antitumour
immunity. Genetic variation in the corresponding genes has
been found to be strongly associated with HPV infection and
subsequent cervical carcinoma.

The cell-surface FAS receptor induces apoptosis after
binding by the FAS ligand (FASL) [96]. Two SNPs in the
promotor region of the FAS gene have been identified: c.-
1377G>A and c.-670G>A (Table 4). These SNPs disrupt Sp1
and STAT1 transcription factor binding sites, thus diminish-
ing promotor activity and leading to FAS downregulation.
Both SNPs are associated with several diseases, including
acute myeloid leukaemia and systemic lupus erythematosus
[97, 98]. Polymorphism at c.-670G>A has been found to be
associated with cervical carcinogenesis, with the minor allele
associated with higher risk of high-grade CIN and cervical
cancer [31, 32].Other studies have shownvarying associations
of FAS c.-670G>A with cervical carcinogenesis. A recent
meta-analysis showed no significant association of this SNP
with cervical cancer either in the overall population or in
ethnical subgroups [33]. The c.-1377A>G SNP does not seem
to be associated with cervical neoplasia individually [35] but
has been shown to strengthen the effect of c.-670G>A [31].

One SNP in the FASL gene has been investigated for
association with cervical cancer (Table 4). FASL c.-844T>C
lies within a putative binding motif for CAAT/enhancer-
binding protein (C/EBP𝛽) and the two resulting alleles
have different affinities for C/EBP𝛽. This SNP has been
demonstrated to have functional consequences: minor allele
homozygosity has been linked to increased FASL expression
and alteration of FASL-mediated signalling in lymphocytes
[99]. Consequently, one study has demonstrated an associa-
tion with cervical carcinoma risk [34]. However, in a recent
meta-analysis, the FASL c.-844T>C SNP was not associated
with cervical carcinoma risk [35].

4.1. Toll-Like Receptors (Table 5). Toll-like receptors (TLRs)
are transmembrane proteins that recognise pathogen-
associated molecular patterns (PAMPs), the conserved
structural motifs in pathogenic organisms [100]. TLRs are
normally anchored in the plasma membrane but can also be
present in intracellular membrane compartments, such as
endosomes or lysosomes [100].

Toll-like receptor 2 (TLR2) is a pattern recognition
receptor that senses the presence of bacterial lipoproteins
and other components of bacteria and fungi [101]. However,
there is mounting evidence that points to its putative role
in sensing viral pathogens as well [102, 103]. Accordingly,
the TLR2 c.+613T>C SNP showed association with cervical
cancer in a Costa Rican population [36].

TLR4 plays an important role in recognising lipopolysac-
charide molecules present in Gram-negative bacteria; how-
ever, as in the case of TLR2, recognition of viruses has also
been implicated [104]. Heterozygosity at TLR4 c.+936C>T
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Table 4: Overview of polymorphism in FAS and FASL genes encoding receptors and association with cervical neoplasia risk.

Gene Polymorphisma Cohort Cases (𝑛) Population Distribution Risk (OR, 95% CI);
PAFb,c,d Reference

FAS
c.-670G>A
(rs1800682)

CIN
Cervical cancer

143
175

Han
Chinese

Alleles A: 1.26 (1.01–1.57); 12.4%

[31]
Genotypes GA: 1.11 (0.60–2.02)

AA: 1.83 (0.97–3.44)

Haplotypes
(FAS c.-670/
c.-1377A>G)

G/G: 1.38 (0.80–2.37)
A/A: 3.05 (1.28–7.30);

11.3%
A/G: 1.27 (1.00–1.60)

CIN I
CIN II/III

Cervical cancer

104
131
176

Taiwanese Alleles

CIN I
A: 1.1 (0.8–1.6)
CIN II/III

A: 1.1 (0.8–1.6)
Cervical cancer

A: 1.5 (1.1–2.0); 20.5%

[32]

Cervical cancer 2317 Varied Alleles A: 0.97 (0.84–1.11) [33]

FASL c.-844T>C
(rs736110) Cervical cancer 314 Chinese Genotypes

TC: 1.68 (0.78–3.66)
CC: 3.05 (1.43–6.52);

41.3%
[34]

2485 Varied Alleles C: 1.12 (0.91–1.36) [35]
n: number of cases; OR: odds ratio; 95% CI: 95% confidence interval; CIN: cervical intraepithelial neoplasia; PAF: population attributable fraction.
aNucleotide variation and dbSNP reference number.
bOR relative to major allele or major allele homozygotes.
cPAF listed if OR > 1.00.
dSignificant associations listed in bold.

polymorphism was associated with stage II cervical cancer in
a North Indian population [37].

Toll-like receptor 9 (TLR9) recognises nonmethylated
CpG DNA sequences, ubiquitous in bacterial and viral
genomes, for instance, HPV16. Viral oncoproteins E6 and E7
block the expression of this receptor, thereby contributing
to HPV immune evasion [105]. TLR9 polymorphisms may
therefore influence HPV persistence and cervical carcino-
genesis. The TLR9 c.+2848G>A SNP was shown to be
associated with risk of cervical carcinoma, with the minor
allele associatedwith an increased cancer risk amongChinese
Han women [38]. Similar results were obtained in a large
Polish study [39]. Similarly, the TLR9 c.-1486T>C SNP has
been associated with cervical cancer risk in various studies
[39, 40].

5. Antigen-Processing Machinery

The antigen-processing machinery (APM) is responsible
for the generation, trimming, transport, and loading of
peptides derived from intracellular proteins to be presented
by molecules of the human leucocyte antigen (HLA) family
to cytotoxic T lymphocytes [106]. The main components of
the APM are low molecular-weight proteins (LMP) 2 and 7,
involved in generation of peptides from intracellular proteins,
transporter associated with antigen presentations (TAP) 1
and 2, involved in transporting peptides from the cytosol to
the endoplasmic reticulum, where peptides undergo further
trimming by endoplasmic reticulum aminopeptidase associ-
ated with antigen presentations (ERAP) 1 and 2, and chaper-
one molecules including tapasin, calnexin, calreticulin, and

Erp57, which are responsible for loading of the peptides
onto empty HLA class 1 molecules. As both viral infection
and malignant transformation lead to the occurrence of
aberrant intracellular proteins, the APM is hypothesised
to be an important mechanism of recognition and lysis
of virally infected and neoplastic transformed cells. Corre-
spondingly, polymorphisms in various genes encoding APM
components have demonstrated association with increased
cervical carcinoma risk as well as with worse clinical outcome
(Table 6). The most probable explanation for this is that
genetic variation in certain APM components may ultimately
lead to alterations in the immunogenicity of the repertoire of
peptides presented by HLA class 1 molecules. In particular,
SNPs in the LMP7, TAP2, and ERAP1 have been found
to be associated with cervical carcinoma risk, lymph node
metastases, and overall survival, both individually and in
specific haplotype configurations [41, 45]. Though similar
gene and haplotype associations have been found in several
populations, including Dutch, Indonesian, Austrian Cau-
casian, North Indian, and North American, the actual genes
and gene combinations involved differ greatly between the
various populations [42–44, 107].

6. Discussion

There is a great diversity of immunogenetic associations with
HPV infection, persistence, and cervical neoplastic transfor-
mation, based on the overwhelming body of continuously
growing data. Contradicting results indicated by different
studies attest to the complexity of the topic. Moreover, the
wide variation in sample size amongst the various studies can
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Table 5: Overview of polymorphisms in toll-like receptor genes encoding receptors and association with cervical neoplasia risk.

Gene Polymorphisma Cohort Cases (𝑛) Population Distribution Risk (OR, 95% CI);
PAFb,c,d Reference

TLR2 c.+613T>C
(rs3804100)

CIN III
Cervical cancer 470 Costa

Rican Genotypes
TC: 0.61 (0.39–0.95)
CC: 0.56 (0.09–3.50)

TC/CC: 0.61 (0.40–0.93)
[36]

TLR4 c.+936C>T
(rs4986791) Cervical cancer 150 North

Indian Genotypes

Overall
CT: 1.50 (0.72–2.92)
TT: 2.20 (0.20–24.76)

Stage II
CT: 2.50 (1.03–6.12);

12.5%
TT: -

Stage III
CT: 1.30 (0.54–2.97)
TT: 4.20 (0.37–47.64)

[37]

TLR9 c.+2848G>A
(rs382140) Cervical cancer

120 Chinese
Han

Alleles A: 7.001 (2.422–20.23);
10.7%

[38]
Genotypes

GA: 6.929 (1.534–33.30);
10.0%

AA: 7.918 (1.797–64.52);
5.9%

GA/AA: 7.259
(2.104–25.05); 15.8%

426 Polish Genotypes

GA: 1.443 (1.019–2.043);
16.6%

AA: 1.237 (1.016–1.507);
5.0%

GA/AA: 1.345
(0.976–1.855)

[39]

TLR9 c.-1486T>C
(rs187084) Cervical cancer

712 Chinese Genotypes TC: 1.28 (1.01–1.62)
TC/CC: 1.24 (1.01–1.53) [40]

426 Polish Genotypes

TC: 1.371 (1.021–1.842);
13.0%

CC: 1.300 (1.016–1.507);
4.4%

TC/CC: 1.448
(1.099–1.908); 20.7%

[39]

n: number of cases; OR: odds ratio; 95% CI: 95% confidence interval; CIN: cervical intraepithelial neoplasia; PAF: population attributable fraction.
aNucleotide variation and dbSNP reference number.
bOR relative to major allele or major allele homozygotes.
cPAF listed if OR > 1.00.
dSignificant associations listed in bold.

lead to underestimation of the actual strength of association
of particular loci with disease [108]. Multiple gene-gene and
gene-environment interactions ought to be inspected on par,
in order to gain a comprehensive, systematic insight into
the molecular network underlying the aetiology of HPV
persistence and cervical cancer. However, as is the case
with low-penetrance alleles, we can only speak in terms of
attributable risks. For a considerable number of genes listed
in this review, contributions of each polymorphism or even a
haplotype to a disease are oftenmodest. Just asHPV infection
alone is not sufficient to develop cervical dysplasia or cervical
carcinoma, one particular genotype or haplotype is not likely
to individually cause disease. A possibly more plausible sce-
nario is that in which, following infection with an oncogenic
HPV type and initial malignant transformation of cervical
epithelial cells, certain SNPs in APM components may lead

to a less immunogenic peptide repertoire to be presented
to local immune cells. The presentation of these peptides
may be further influenced by polymorphisms in HLA genes.
The resulting immune response is then further attenuated by
underlying SNPs in cytokine genes and receptor/KIR genes,
which lead to a less effective overall local immune response.
The end result of all these factors may then be further
development and progression of malignant cells, ultimately
leading to high-stage cervical carcinoma. This hypothesis
is based on an interplay between host genomic factors,
environmental factors, and HPV-related factors, which may
explain the sometimes contradictory associations found for
genes among different populations.

An emerging field in genetic association studies is that
of haplotype interaction analysis, which investigates the
association of specific SNP combinations (often spanning
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Table 6: Overview of polymorphisms in genes encoding antigen processing machinery components and association with cervical neoplasia
risk/survival.

Gene Polymorphisma Cohort Cases
(𝑛)

Population Distribution Risk (OR, 95% CI);
PAFb,c,d Reference

ERAP1

ERAP1-127
(c.+380G>C
rs26653)

Cervical cancer 127 Dutch Alleles C: 1.652 (1.106–2.467);
12.4% [41]

98 Javanese Alleles C: 0.656 (0.437–0.985) [42]

ERAP1-730
(c.+2188C>G;

rs27044)
Cervical cancer 127 Dutch Alleles G: 1.685 (1.136–2.500);

13.6% [41]

98 Javanese Alleles G: 0.644 (0.431–0.962) [42]
ERAP1-528
(c.+1583C>T;

rs30187)
Cervical cancer 98 Javanese Alleles T: 0.643 (0.429–0.964) [42]

LMP7
LMP7-145
(c.145C>A;
rs2071543)

Cervical cancer 127 Dutch Alleles A: 0.565 (0.346–0.920) [41]

TAP1
TAP1-333

(c.+1177A>G;
rs4148880)

CIN III 114 American Genotypes AG/GG: 0.28 (0.10–0.80) [43]

TAP1 TAP1-637
(A>G; rs1135216) CIN III 114 American Genotypes AG/GG: 0.27 (0.1–0.7) [43]

TAP2
TAP2-651

(c.+1951C>A;
rs4148876)

Cervical cancer
127 Dutch Alleles A: 0.481 (0.246–0.942) [41]

103 Balinese Alleles A: 3.837 (2.379–6.189);
47.2% [42]

TAP2
TAP2-379
(c.1135G>A;
rs4148873)

CIN 616 Caucasian Alleles A: 0.5 (0.4–0.8) [44]

Various APM
gene
combinations

ERAP1-127(G>C)/
ERAP1-730(C>G)/
TAP2-651(C>A)/
LMP7-145(C>A)

Cervical cancer 127 Dutch Haplotypes C/G/C/C: 3.024
(1.656–5.519); 11.6% [41]

ERAP1-575(C>T)/
TAP2-379(G>A)/
TAP2-651(C>A)

Cervical cancer 98 Javanese Haplotypes T/C/G: 3.36 (0.98–11.56);
3.9% [42]

ERAP1-56(G>A)/
ERAP1-127 (G>C)

Cervical cancer
survival 75 Dutch Haplotypes G/C heterozygotes: 0.219

(0.065–0.731)e [45]

n: number of cases; OR: odds ratio; 95% CI: 95% confidence interval; CIN: cervical intraepithelial neoplasia; PAF: population attributable fraction.
aNucleotide variation and dbSNP reference number.
bOR relative to major allele or major allele homozygotes.
cPAF listed if OR > 1.00.
dSignificant associations listed in bold.
eHazard ratio listed for survival analysis.

multiple chromosomes) with particular diseases [109]. This
is based on the assumption that where individual SNPs may
exert a (weak) influence on disease traits, the combination of
particular alleles at these loci may bear a stronger association.
Until now, all such analyses have been limited to genes
from the same category (e.g., haplotypes spanning only
APM component genes). The logical next step would be to
investigate combinations of a larger spectrumof gene variants
(e.g., haplotypes spanningAPM component genes, combined
with cytokine and receptor genes).

The increasingly popular genome-wide association study
(GWAS) approach for the purpose of identifying polymor-
phisms of interest appears promising for the purpose of
elucidating the susceptibility to persistent HPV infection as
well as progression of cervical neoplasia [53, 110]. Also, the

emergence of integrative sciences such as systems biology and
immunoinformatics appears to be an encouraging approach
that could help explain these interactions and provide a full
understanding of the aetiology of these diseases [111, 112].
Understanding the immunogenetic networks that underlie
complex diseases such as cancer would hopefully bring
personalised prevention, diagnosis, and treatment closer to
their successful implementation into the healthcare system. It
would be interesting to see whether this can be accomplished
by incorporating these factors with other biomarkers most
predictive of cervical lesions, MAL/CADM1 methylation
pattern, p16INK-4a/Ki-67 dual immunostaining, and viral
integration [113]. These markers appear most promising for
the usage in successful triage of hrHPV-positive women for
the purpose of successful screening for high-grade lesions.
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Aside from the potential to alter diagnostic risk assessment,
detailed insights into the roles of immunogenetic factors
in HPV infection and cervical cancer can contribute to
other levels of prevention as well as therapeutics. Combining
knowledge of a person’s HPV status with immunogenetic
factors (both in the genes described in this review and in
other immunologically important genes, e.g., HLA) could
enable the development of host-directed treatment based
on a person’s immunogenetic profile, which may lead to a
more effective cure or remission with minimised side effects.
Developing a therapeutic HPV vaccine would provide novel
means of treatment for individuals already infected with
hrHPV or suffering from related diseases [114]. Elucidating
the precise role of immunogenetics in HPV infection and
cervical neoplasia is a prerequisite formaking these advances.

Ultimately, by combining data regarding HPV infection
and distributionwith host genomic data, it may be possible to
make individual “predictions” not just of the risk of develop-
ing cervical cancer and its progression but also of the efficacy
of therapies and, equally important, the efficacy of anti-HPV
vaccination programmes, all of whichwill ultimately facilitate
the development of tailor-made, personalised interventions.
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Polymorphisms have been identified in the Xq28 locus as risk loci for rheumatoid arthritis (RA). Here, we investigated the
association between three polymorphisms in the Xq28 region containing TMEM187 and IRAK1 (rs13397, rs1059703, and rs1059702)
in two unstudied populations: Tunisian and French. The rs13397 G and rs1059703 T major alleles were significantly increased in
RA patients (𝑛 = 408) compared with age-matched controls (𝑛 = 471) in both Tunisian and French women. These results were
confirmed by a meta-analysis replication study including two independent Greek and Korean cohorts. The rs1059702 C major
allele was significantly associated with RA, only with French women. In the French population, the GTC haplotype displayed
a protective effect against RA, while the ATC, GCC, and GTT haplotypes conferred significant risk for RA. No association for
these haplotypes was found in the Tunisian population. Our results replicated for the first time the association of the three Xq28
polymorphismswith RA risk in Tunisian and French populations and suggested that RA susceptibility is associatedwithTMEM187-
IRAK1 polymorphisms in women. Our data further support the involvement of X chromosome in RA susceptibility and evidence
ethnicities differences that might be explained by differences in the frequencies of SE HLA-DRB1 alleles between both populations.
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1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease.
It is characterized by chronic destructive inflammation in
synovial joints. The prevalence of RA is about 1% in the adult
European population and is three times more common in
women than in men [1–4]. The aetiology of this complex dis-
ease is still poorly understood but is considered as a result of
interaction between susceptibility genes and environmental
factors [5].The genetic contribution toRAhas been estimated
to be about 50–60% [6], with the HLA (Human leukocyte
antigen) classes II molecules remaining the most powerful
known genetic factor [7]. There is extensive evidence for the
association between certain HLA-DRB1 alleles that contain a
conserved sequence of five amino acids (Q/RK/RRAA) in the
third hypervariable region of the DR𝛽1 chain, the so-called
shared epitope (SE), and RA susceptibility and severity [8–
10].

Genome-wide association studies (GWAS) and high-
density array Immunochip studies for single nucleotide poly-
morphisms (SNPs) genotyping of populations have identified
over 101 RA risk loci involved among individuals of European
and Asian ancestry [11–15]. Among these, IRAK1 (interleukin
1 receptor associated kinase) was the first X chromosome
locus reported as associated with RA susceptibility and is
thus of importance given the female predominance of the
disease. IRAK1 is a serine-threonine protein kinase and
an essential component of the toll/interleukin 1 receptor
(TIR) signaling pathway involved in the pathogen-mediated
inflammation [16]. Interestingly, the IRAK1 gene is located on
the Xq28 region that harbours several SNPs that have also
been associated with susceptibility to autoimmune diseases.
A recent case-control study investigated numerous SNPs
located on the Xq28 locus and identified rs1059703 and
rs1059702, encoding for pSer532Leu and pPhe196Ser, as two
IRAK1 SNPs most significantly associated with RA suscep-
tibility in Korean families [17]. These authors also showed
that the major haplotype (rs1059702 T and rs1059703 C) was
associated with increased IRAK1 activity. Of note, upstream
IRAK1 and within the Xq28 risk locus, Eyre et al. reported
the SNP rs13397 associated with RA risk among individuals
of northern European ancestry [13]. This polymorphism
is located within the TMEM187 gene, which encodes a
transmembrane protein of unknown function.

The relationship between these three polymorphisms on
the Xq28 region and RA risk in different population remains
unaddressed. Interestingly, a clear separation of different
ethnic and regional populations was evidenced when con-
sidering northern and southern Europe groups separately in
genetic studies, suggesting the existence of European popu-
lation genetic substructures [18]. In addition, there are also
clear differences between northern and southern Europe for
the main genetic risk factor for RA, HLA-DRB1∗04:04, and
DRB1∗04:01 genotypes being the most frequent in northern
populations, while HLA-DRB1∗10:01 andDRB1∗04:05 alleles
are more frequent in southern Europe, as well as in Maghreb
[19, 20]. Therefore, the present study aimed at investigating
the association between critical polymorphisms in Xq28,
from rs13397 (A/G) through rs1059703 (C/T) and rs1059702

(C/T) in the TMEM187 and IRAK1 locus, respectively, with
risk for RA in two not previously studied populations display-
ing different genetic background: Tunisian and French. We
also examined genetic differences for the HLA-DRB1 alleles
in both RA populations. Ameta-analysis including two other
independent cohorts was then performed to test the overall
effect of these TMEM187-IRAK1 polymorphisms on RA.

2. Patients and Methods

2.1. Study Subjects. For RA patients and healthy con-
trols, informed consents were provided in accordance with
national procedures. French studies were approved by local
human ethical committees: sample collection and analysis
(DC-2008-327) were approved by the “Cellule Bioéthique,
Direction Générale pour la Recherche et l’Innovation, Min-
istère de l’Enseignement Supérieur et de la Recherche”
(Ministry Bioethics Unit) and by Comité de Protection des
Personnes SudMéditerrannée IV (ID RCB 2008-A01087-48).
Blood samples were collected from a total of 879 unrelated
female participants: 408 patients with RA and 471 controls
from Tunisia and France. Detailed size of Tunisian and
French cohort is shown in Table 1. RA patients fulfilled the
2010 ACR/EULAR classification criteria for RA [21]. The
clinical examination consisted of questionnaire and a physical
examination: age, geographical origin, family history, body
mass index, smoking habits, the presence of hypertension,
diabetes, levels of physical activity, and alcohol consump-
tion. The 471 controls matched with age were recruited
from Voluntary Bone Marrow Donor (VBMD). Less than
1% of healthy VBMD women come from Maghreb. All
patients were positive for anti-citrullinated peptide antibod-
ies (ACPA) as determined by commercially available ELISA
kits (Orgentec�, Hamburg, Germany) and Euroimmun� for
Tunisian cases and CCP2 enzyme-linked immuno sorbent
assay (ELISA) (Immunoscan RA, Euro-Diagnostica, Arn-
hem, Netherlands) for French cases.

2.2. Genotyping. Selection for Xq28 polymorphisms from
previously reported SNPs was conducted using the following
criteria: (a) the minor allele frequency (MAF) was >0.05
in the Caucasian population, according to the international
HapMap project databank (http://www.hapmap.org) and to
the NCBI SNP database (https://www.ncbi.nlm.nih.gov), (b)
it was a tagging SNP, and (c) it has been reported to be
associated with RA or other autoimmune diseases in different
populations or other types of studies as GWAS. Genomic
DNA was extracted from total blood leukocytes using stan-
dard methods including proteinase K digestion, followed
by phenol–chloroform extraction and ethanol precipitation.
Finally, all subjects were genotyped for three SNPs (rs1059702
and rs1059703 and rs13397) using direct PCR sequencingwith
the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) and an Applied Biosystems (ABI) 3130xL genetic
analyzer (Applied Bio Systems, Foster City, CA, USA). PCR
reactions were performed in a Bio-Rad thermal cycler using
Taq Polymerase (Prim 5 by Fisher Scientific) with initial
denaturing conditions at 96∘C for 5min, followed by 30 cycles
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Table 1: Characteristics of female samples from Tunisian and French cohort.

Characteristic Tunisian population French population
Controls RA patients Controls RA patients

Size of the cohort 131 119 340 289
Age (mean ± SD years) 56.65 ± 17.37 52.16 ± 13.61 46.24 ± 8.92 63.15 ± 20.71
Disease duration (years) NA 15.3 ± 5.6 NA 14.8 ± 6.9
Positive ACPA, 𝑛 (%) NA 119 (100) NA 289 (100)
Positive RF, 𝑛 (%) NA 98 (74.7) NA 200 (69.20)
C-reactive protein (mg/L) NA 12.2 ± 22.7 NA 13.6 ± 21.8
DAS28 NA 6.3 ± 1.2 NA 5.2 ± 1.4
Smoking status% 66 55 76 47

Table 2: Shared epitope frequency and HLA-DRB1 alleles frequency in Tunisian and French RA.

Alleles
HLA-DRB1

Tunisian RA
Allele number
(𝑁 = 264)

Tunisian allele
frequency (%)

French RA
Allele number
(𝑁 = 346)

French allele
frequency (%) OR [95% CI] p value pvalue∗

#DRB1∗01:XX 16 6.06 59 22.35 0.31 [0–0.51] 1.6𝐸−05 35.2𝐸−05

DRB1∗01:03 0 0.00 1 0.38 0 [0–4.55] 0.32 NS
DRB1∗03:XX 42 15.91 15 5.68 4.17 [2.48–+∞] 1𝐸−06 22𝐸−06

#DRB1∗04:01 11 4.17 48 18.18 0.26 [0–0.47] 1.5𝐸−05 33𝐸−05

DRB1∗04:02 1 0.38 1 0.38 1.31 [0.20–+∞] 0.39 NS
DRB1∗04:03 3 1.14 4 1.52 0.98 [0–3.23] 0.51 NS
#DRB1∗04:04 8 3.03 30 11.36 0.32 [0–0.64] 0.001 0.0022
#DRB1∗04:05 19 7.20 12 4.55 2.15 [1.16–+∞] 0.01 NS
DRB1∗04:06 6 2.27 0 0.00 +∞ [2.49–+∞] 0.002 0.044
DRB1∗04:07 0 0.00 1 0.38 0 [0–4.56] 0.32 NS
#DRB1∗04:08 3 1.14 9 3.41 0.43 [0–1.27] 0.11 NS
DRB1∗04:11 1 0.38 0 0.00 +∞ [0.37–+∞] 0.18 NS
DRB1∗07:XX 41 15.53 46 17.42 1.19 [0.81–+∞] 0.21 NS
DRB1∗08:XX 3 1.14 1 0.38 3.96 [0.68–+∞] 0.11 NS
DRB1∗09:XX 1 0.38 2 0.76 0.65 [0–3.98] 0.41 NS
#DRB1∗10:01 33 12.50 13 4.92 3.65 [2.09–+∞] 2.3𝐸−05 50.6𝐸−05

DRB1∗11:XX 19 7.20 25 9.47 0.99 [0–1.66] 0.5 NS
DRB1∗12:XX 0 0.00 5 1.89 0 [0–0.83] 0.03 NS
DRB1∗13:XX 40 15.15 24 9.09 2.39 [1.52–+∞] 0.0005 0.011
DRB1∗14:XX 4 1.52 4 1.52 1.31 [0.43–+∞] 0.33 NS
DRB1∗15:XX 12 4.55 33 12.50 0.45 [0–0.80] 0.009 NS
DRB1∗16:XX 1 0.38 13 4.92 0.09 [0–0.49] 0.002 0.044
#
Shared epitope, XX means all known alleles, DRB1∗14: XX apart from DRB1∗14:02
∗𝑝 value corrected with Bonferroni correction.
NS: not significant.

of 96∘C for 30 s, 64∘C for 30 s, abd 72∘C for 45 s and a final
extension of 72∘C for 10min.

2.3. HLA-DRB1 Genotyping. Genomic DNA from whole
blood was extracted as described in the subsection
“Genotyping.” HLA-DRB1 typing was carried out according
to the manufacturer’s specification for LAB type SSO HD
(One Lambda Inc., USA) and the retrieved output was
analyzed by HLA Fusion v 1.2.1 software (One lambda Inc.,

USA) for allele information.The following alleles or group of
alleles were genotyped: HLA-DRB1∗01, HLA-DRB1∗01:03,
HLA-DRB1∗03, HLA-DRB1∗04:01, HLA-DRB1∗04:02,
HLA-DRB1∗04:03, HLA-DRB1∗04:04, HLA-DRB1∗04:05,
HLA-DRB1∗04:06, HLA-DRB1∗04:07, HLA-DRB1∗04:08,
HLA-DRB1∗04:11, HLA-DRB1∗07, HLA-DRB1∗08, HLA-
DRB1∗09, HLA-DRB1∗1001, HLA-DRB1∗11, HLA-DRB1∗12,
HLA-DRB1∗13, HLA-DRB1∗14, HLA-DRB1∗15, and HLA-
DRB1∗16 (Table 2).
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2.4. Meta-Analysis Study. A literature search using PubMed,
Science Direct, andWeb of Science databases was conducted
to identify publications that examine the association of
TMEM187 rs13397, IRAK1 rs1059703, IRAK1 rs1059702, and
IRAK1 rs3027898 polymorphisms with RA. Our research
strategy was based on a combination of the following
keywords: variation, variant, polymorphism, SNP, Rheuma-
toid arthritis, RA, TMEM187, IRAK1, rs13397, rs1059703,
rs1059702, and rs3027898. We also reviewed the references
mentioned in the identified articles for any additional rel-
evant studies. Association studies included in our meta-
analyses had to meet the following criteria: (1) evaluation
of association between TMEM187 rs13397, IRAK1 rs1059703,
IRAK1 rs1059702, or IRAK1 rs3027898 polymorphisms and
the susceptibility to RA, (2) use of case-control design, and
(3) inclusion of available genotype frequencies or sufficient
information for calculation. The following information was
extracted from the selected studies: first author, years of
publication, characteristics of cases and controls (mean age,
distribution of gender, and ethnicity), number of cases and
controls, and genotype/allele frequency information. The
strength of the association between the three polymorphisms
and RA was measured by pooled OR with 95% CI. The 𝑍
test was used to determine the significance (𝑝 < 0.05) of the
pooled OR. The heterogeneity between studies was checked
by 𝑄 test and 𝐼2 statistics. We used a fixed effect model when
𝑝 value of the𝑄 test was less than 0.10 or 𝐼2 was equal to or less
than 50%; otherwise, random effect model was used. Finally
this meta-analysis was performed using Review Manager 5.3
software (Cochrane Collaboration, London, UK).

2.5. Statistical Methods. In this study, the Bayesian statistical
method was used to evaluate the confidence intervals (called
in the Bayesian framework credibility intervals) and to
compute the 𝑝 values associated with our tests, as in [20].
Indeed, the Bayesian statisticalmethods aremore appropriate
in case of small samples and the “approximate value” of the
variance of the logarithm of the Odds Ratio. In the Bayesian
framework, the unknown parameter is considered as the
realization of a random variable, which forces us to choose
an a priori probability distribution for that random variable.
We chose an “a priori” distribution for a pair of frequencies
and decided that the two random variables are independent,
each with the probability density equal to 1 on the interval
(0.1). It is fair to say that our prior is uninformative: it is the
uniform distribution on the interval (0.1). The “a posteriori”
distribution of each parameter is easily shown from the Bayes
formula to be a Beta distribution. More precisely, if while
observing 𝑛 realizations of 1 s and 0 s, we get 𝑛 1 s and 𝑛 0 s,
then the a posteriori distribution of the proportion is the Beta
(𝑛 + 1, 𝑛 + 1) probability distribution. Since the two samples
come from completely unrelated sources, it is fair to assume
that the two proportions are conditionally independent,
given the data. Consequently a posteriori distribution of
the pair of parameters (corresponding to the proportions of
the given allele among the patients and among the control
individuals) is the product of two Beta distributions whose
density is explicitly known. Our method involves simulating
one million realizations of that pair of random variables,

from which we deduce one million realizations of the Odds
Ratio. The 𝑝 value of the test is then obtained by looking
at which proportion of those values is smaller (resp., larger)
than 1; this gives us 𝑡. Finally we want to discuss the issue
of multiple testing. We have used our Bayesian test method
6 times (Table 5) where the probability of an error among
six successive tests is not controlled by the probability of
an error in each single test. The 𝑝 values were corrected
for multiple comparisons using the Bonferroni correction in
Table 2. PLINK 1.7 version software was used for analysis of
association between haplotypes and disease, and Haploview
4.2 software was used for LD analysis. All haplotypes with
frequencies less than 5% were ignored in analysis. Distribu-
tions of data were tested with the Shapiro-Wilk test. Chi2
or Fisher test was used for categorical data; Yates correction
was performed. For numerical data, comparisons of medians
were performed using Mann–Whitney or Student’s 𝑡-tests.
For correlation study, statistical analyses were performed at
the conventional two-tailed 𝛼 level of 0.05 using R software
version 3.0.2.10. Odds ratios (OR) with 95% confidence
interval (CI) were also calculated. A 𝑝 value less than 0.05
was considered statistically significant.

3. Results

3.1. Demographics and Phenotypes of the Study Subjects.
Characteristics of the 408 ACPA (anti-citrullinated protein
antibody) positive RA and 471 controls from Tunisia and
South Eastern France (Marseille and Montpellier) are shown
in Table 1. All samples were females. The average age was
52 years for the Tunisian RA and 63 years for French RA
women. Age was not significantly different between patients
and control females. There were more presently smokers in
controls than in patients group.

3.2. Frequency of HLA-DRB1 Alleles and SE. Allelic frequen-
cies of the HLA-DRB1 alleles in Tunisian and French RA
patients are presented in Table 2. Due to the size of cohorts,
we applied Bayesian statisticalmethod to define susceptibility
or protective genotypes and calculate accurate confidence
intervals for the associated Odds Ratios. HLA-DRB1∗01,
HLA-DRB1∗03, HLA-DRB1∗04:01, HLA-DRB1∗04:04,
HLA-DRB1∗04:05, HLA-DRB1∗04:06, HLA-DRB1∗10,
HLA-DRB1∗13, HLA-DRB1∗15, and HLA-DRB1∗16 showed
statistical differences between the French and the Tunisian
RA women. No statistical differences were found for
HLA-DRB1∗01:03, HLA-DRB1∗04:02, HLA-DRB1∗04:03,
HLA-DRB1∗04:07, HLA-DRB1∗04:08, HLA-DRB1∗04:11,
HLA-DRB1∗07, HLA-DRB1∗08, HLA-DRB1∗09, HLA-
DRB1∗11, HLA-DRB1∗12, and HLA-DRB1∗14 between both
populations. The RA associated HLA-DRB1 alleles that were
significantly more present in the Tunisian samples compared
to those in the French samples were, by order of Odds Ratios,
HLA-DRB1∗04:05 (OR = 2.15), HLA-DRB1∗13 (OR = 2.39),
HLA-DRB1∗10 (OR = 3.65), HLA-DRB1∗03 (OR = 4.17),
and HLA-DRB1∗04:06 (OR = +∞). Similarly, RA associated
HLA-DRB1 alleles that were significantly more observed in
the French than in the Tunisian samples were, by order of
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Table 3: Shared epitope single dose/double dose frequency in Tunisian and French RA women.

Shared epitope
(SE)

Tunisian RA
𝑁 = 132

Tunisian SE
frequency

(%)

French RA
𝑁 = 173

French SE
frequency

(%)
SE single dose 66 50.00 100 57.80
SE double dose 12 9.09 35 20.34
Total 78 59.09 135 78.48

Table 4: TMEM187-IRAK1 allelic frequencies in samples of RA and healthy controls from Tunisian and French female populations.

Gene/SNPs Populations Alleles Controls (%) RA cases (%)

TMEM 187
rs13397

Tunisian G 207 (79) 178 (75)
A 55 (21) 60 (25)

French G 537 (79) 399 (69)
A 143 (21) 179 (31)

IRAK 1
rs1059703

Tunisian C 57 (22) 69 (29)
T 205 (78) 169 (71)

French C 139 (20) 201 (35)
T 541 (80) 377 (65)

IRAK 1
rs1059702

Tunisian C 196 (75) 167 (70)
T 66 (25) 71 (30)

French C 557 (82) 414 (72)
T 123 (18) 164 (28)

Odds Ratios, HLA-DRB1∗16 (OR = 0.09), HLA-DRB1∗04:01
(OR = 0.26), HLA-DRB1∗01 (OR = 0.31), HLA-DRB1∗04:04
(OR = 0.32), and HLA-DRB1∗15 (OR = 0.45). Three HLA-
DRB1 alleles (DRB1∗04:05, DRB1∗12:XX, and DRB1∗15:XX)
did not show significant differences between Tunisian and
French RA women after the Bonferroni correction.

Two (HLA-DRB1∗04:05 and HLA-DRB1∗10) out of
seven shared SE alleles were overrepresented in the Tunisian
RA population, and three SE alleles (HLA-DRB1∗01, HLA-
DRB1∗04:01, and HLA-DRB1∗04:04) were overrepresented
in the French population. SE single dose showed similar
frequency in both Tunisian and French RA women (50% and
57.80%, resp.), while French RA population displayed higher
SE double dose than Tunisian RA population (20.34% and
9.09%, resp.) (Table 3).

3.3. Association between Three TMEM187-IRAK1 Polymor-
phisms and RA Susceptibility in Women Samples from
Tunisian and French Populations. Genotype distributions of
all three investigated SNPs were in Hardy-Weinberg equi-
librium in both patient and control groups (𝜒2 < 3.84).
Among the genotype frequencies of the three SNPs analyzed
using the dominant modelling, the rs13397 and rs1059703
demonstrated a significant association with RA susceptibility
in both populations. The rs13397 G allele is present in 75%
of RA Tunisian patients and in 69% RA French (Table 4).
The frequency of the rs13397 G major allele was significantly
lower in RA patients than in controls in both Tunisian (OR
0.48 [95% CI 0.12–0.73], 𝑝 = 0.0025) and French (OR =
0.45 [95% CI 0.21–0.59], 𝑝 < 0.001) women populations.

The rs1059703 T major allele was significantly decreased in
patients compared with controls in both Tunisian (OR =
0.46 [95% CI 0.13–0.71], 𝑝 < 0.001) and French (OR =
0.36 [95% CI 0.15–0.47], 𝑝 < 0.001) women populations.
The SNP rs1059702 C showed a significant association with
RA in French patients as compared with control subjects
(OR 1.97 [95% CI 1.22–11.52], 𝑝 < 0.001), but none in
the Tunisian population. Of note, no correlation was found
between polymorphisms and the SE (data not shown).

3.4. Linkage Disequilibrium of TMEM187-IRAK1 Locus with
RA in the Samples of the Tunisian and French Populations. To
determine the extent of linkage disequilibrium (LD) among
the three polymorphisms enclosed in the TMEM187-IRAK1
locus in both Tunisian and French populations, standardized
LD coefficient 𝑟2 was calculated for all pairs of the three
polymorphisms. Our study showed that the IRAK1 SNPs
rs1059703 and rs1059702 did not belong to the same linkage
disequilibrium locus, both in Tunisian and French popula-
tions (Figure 1). We also showed that rs13397 and rs1059703
polymorphisms were in moderate linkage disequilibrium (𝑟2
= 0.5) in the Tunisian population (Figure 1(a)), but not in the
French population (Figure 1(b), 𝑟2 = 0.11).

3.5. Haplotype Analysis. To examine the combined effect of
three variants within the TMEM187-IRAK1 locus, the haplo-
type frequencies defined by the three SNPs rs13397, rs1059703,
and rs1059702 were analyzed. Among the potential hap-
lotypes, four common haplotypes were identified in our
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Figure 1: Linkage disequilibrium (LD) between TMEM187-IRAK1 SNPs. Correlations (𝑟2 values) among all 3 single nucleotide
polymorphisms (SNPs) located in the TMEM187-IRAK1 locus are indicated in the diamonds for the Tunisian (a) and French (b) populations.
Haploview 4.2 software was used for LD analyses.

Table 5: TMEM187-IRAK1 genotypes for samples of RA and healthy controls in Tunisian and French female populations.

Gene/SNPs Population Genotype Controls
(%)

RA cases
(%) OR (95% CI) p values

TMEM 187
rs13397

Tunisian
GG 92 (70) 66 (53)

0.48 (0.12–0.73) 0.0025AG 23 (18) 46 (41)
AA 16 (12) 7 (6)

French
GG 220 (65) 131 (45)

0.45 (0.21–0.59) 1.0𝑒 − 6AG 97 (28) 137 (47)
AA 23 (7) 21 (8)

IRAK 1
rs1059703

Tunisian
CC 15 (11) 9 (7)

0.46 (0.13–0.71) 0.0017CT 27 (21) 51 (43)
TT 89 (68) 59 (50)

French
CC 27 (8) 34 (12)

0.36 (0.15–0.47) 1.0𝑒 − 6CT 85 (25) 133 (46)
TT 228 (67) 122 (42)

IRAK 1
rs1059702

Tunisian
CC 81 (62) 62 (52)

0.67 (0.18–1.02) 0.0608CT 34 (26) 43 (36)
TT 16 (12) 14 (12)

French
CC 237 (70) 157 (54)

0.52 (0.24–0.68) 3.7𝑒 − 5CT 83 (24) 100 (35)
TT 20 (6) 32 (11)

∗𝑝 values compared genotypes according to the dominant/recessive model.

populations with frequencies greater than 5% in both cases
and controls (Table 6).

Results of the analysis suggested that the GTC haplotype,
which carries the rs13397 G variant, displayed a protective
effect against RA in our sample of the French population
(OR = 0.23 (95% CI) [0.16–0.33], 𝑝 < 0.001) while the
ATC, GCC, and GTT haplotypes conferred significant risk
for RA in the same population. French women with the
ATC, GCC, or GTT haplotypes had 3.97-, 2.39-, and 2.05-fold
higher risk of having RA compared to controls. In contrast,
association between all 4 detected haplotypes and disease was
not significant in the sample of the Tunisian women. Overall,

these data further support the involvement of the Xq28 locus
in RA susceptibility in the French population and underscore
ethnical differences.

3.6. Meta-Analysis Study. A meta-analysis was performed
and included datasets from 2076 RA cases and 2112 healthy
controls. To carry out the meta-analysis, we combined our
findings with three independent studies that fit the inclusion
criteria and included a total of 1668 RA patients and 1641
ethnically matched healthy controls from Greece and Korea
[17, 22, 23].The samples size of these studies varied from 119 to
1318 cases and from 131 to 1016 controls.The characteristics of
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Table 6: Association of SNP haplotypes in the TMEM187-IRAK1 region with RA susceptibility.

Chromosome Populations Haplotypes Frequencies OR (95%CI) 𝑝 values Effects
Controls Cases

X

Tunisian [ATC] 0.15 0.15 1.00 (0.63–1.59) 0.995 NA
French 0.09 0.19 3.97 (2.57–6.13) <0.001 Risk
Tunisian [GCC] 0.14 0.17 1.21 (0.79–1.89) 0.379 NA
French 0.06 0.15 2.39 (1.52–3.77) <0.001 Risk
Tunisian [GTT] 0.15 0.18 1.09 (0.70–1.71) 0.692 NA
French 0.04 0.10 2.05 (1.16–3.62) 0.009 Risk
Tunisian [GTC] 0.57 0.50 0.77 (0.57–1.04) 0.083 NA
French 0.68 0.39 0.23 (0.16–0.33) <0.001 Protector

Order of SNPs: [rs13397, rs1059703, rs1059702]
NA: no association.

all studies were summarized in Table 7. Meta-analysis results
showed a significant association between TMEM187 rs13397
(OR = 1.56, 95% CI = 1.25–1.94, and 𝑝 value < 0.0001) and
IRAK1 rs1059702 (OR = 1.41, 95% CI = 1.11–1.80, and 𝑝 value
= 0.006) polymorphisms and susceptibility to RA (Figures
2(a) and 2(c)).The IRAK1 rs1059703 polymorphism showed a
significant protective effect in RA (OR = 0.68, 95% CI = 0.51–
0.89, and𝑝 value = 0.006) (Figure 2(b)).The IRAK1 rs3027898
polymorphism that was available in the three independent
studies fromKorea, China, and Greece showed no significant
association with RA risk (OR = 0.96, 95% CI = 0.67–1.39, and
𝑝 value = 0.83).

4. Discussion

In the present study, we aimed at investigating the association
between three critical polymorphisms in the TMEM187-
IRAK1 locus and risk for ACPApositive RA female patients in
two not previously studied populations: Tunisian and French.
We found that the rs13397 A and rs1059703 C risk alleles
were significantly associated with RA susceptibility for both
populations.The rs1059702 T allele was only found associated
with risk for RA in the French sample. Four haplotypes were
detected in both populations. In the French population, the
major GTC haplotype displayed a protective effect against
RA, whereas the GCC, GTT, and ATC haplotypes conferred
significant increased risk for RA. No association for these
haplotypes was however found in the Tunisian population.
Finally, a strong genetic association of RA susceptibility exists
for the rs13397/rs1059703 block only in women Tunisian
subjects.

Among the many loci that have been identified as asso-
ciated with RA risk using either candidate gene association
studies or GWAS, IRAK1 is the only gene located on the
X chromosome. The IRAK1 gene encodes the interleukin 1
receptor-associated kinase 1, a serine/threonine kinase that
mediates TLRs and IL-1 receptor signaling. Upon recep-
tor stimulation, IRAK1 is recruited, phosphorylated, and
responsible for TLR- and IL1-induced activation of the NF-
𝜅B signaling cascade, thus playing a critical role in the
early inflammatory response [24]. The IRAK1 gene is located
within the Xq28 locus that contains several polymorphisms
associated with increased susceptibility to autoimmunity,

including systemic lupus erythematous [25], systemic sclero-
sis [26, 27], and RA [13, 17, 22, 23]. Altogether, these studies
demonstrated that the Xq28 locus is a shared locus for several
complex diseases, thereby highlighting its role in inflam-
matory disease susceptibility. Recently, two studies devoted
attention to the TMEM187-IRAK1 locus and identified two
SNPs in a Korean population (rs1059702 and rs1059703) [17]
and one SNP (rs13397) in a large cohort of northern European
ancestry [13], respectively, associated with increased disease
susceptibility. In an attempt to investigate new, not previously
studied populations and to replicate the above studies, we
examined the distribution of these three SNPs and found
statistical differences between RA patients and controls for
both Tunisian and French populations. Although risk alleles
for both rs1059702 and rs1059703 were different, they were
also associated with risk for RA in both Tunisian and
French populations. Indeed, the rs1059702 T and rs1059703 C
polymorphismswere in strong associationwith RA inKorean
women while we found the rs1059702 C and rs1059703 T
alleles in our cohorts. In agreement with the study of Eyre
et al. [13], we found the minor rs13397 A allele to be the
risk allele in both the French and Tunisian cohorts. Earlier
work performed on a small Greek cohort found no associ-
ation between the rs1059703 and RA [22]. These differences
might have several explanations, including the sample size
of cohorts used, the Bayesian statistical method being better
suited than the SPSS statistical package to decide about
susceptibility in small samples, the classification criteria used
to select RA patients (ACR 1987 versus 2010 ACR/EULAR
that discriminate or not betweenACPApositive RApatients),
and different ethnic and regional populations.

Concerning the haplotype and LD studies, we are the first
to study the combination of LD and haplotypes of these three
SNPs with RA. We found that, with the exception of rs13397
and rs1059703 polymorphisms, which were in moderate
linkage disequilibrium in the Tunisian population (𝑟2 = 0.5),
other polymorphisms were not in linkage disequilibrium in
both population. This finding seems to be in contradiction
with the Korean study that previously reported a linkage
disequilibrium block on Xq28 enclosing both rs1059702 and
rs1059703 [17]. Discrepancies between Korean, Tunisian, and
French populations might be due to differences in genetic
background. Interestingly, a comparative study reported that
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Favours [control]
0.01 0.1 101 100

Favours [experimental]

Controls Odds Ratio Odds RatioStudy or subgroup Cases
Events Total Events Total

Weight
M-H, fixed, 95% CI M-H, fixed, 95% CI

France (this study) 179 578 143 680 69.8% 1.68 [1.31, 2.17]
Tunisia (this study) 60 238 55 262 30.2% 1.27 [0.84, 1.93]
Total (95% CI) 816 942 100% 1.56 [1.25, 1.94]

Total events 239 198

Heterogeneity: 𝜒2 = 1.29, df = 1 (p = 0.26); I2 = 23%

Test for overall effect: Z = 4.00 (p < 0.0001)

(a)

France (this study) 377 578 541 680 27.2% 0.48 [0.37, 0.62]
Greece (Chatzikyriakidou et al. 2010) 206 272 234 294 20.6% 0.80 [0.54, 1.19]
Korea (Han et al. 2013) 507 2326 441 1714 32.0% 0.80 [0.70, 0.93]
Tunisia (this study) 169 238 205 262 20.2% 0.68 [0.45, 1.02]

3414 2950 100% 0.68 [0.51, 0.89]
1259 1421

Favours [control]Favours [experimental]

Cases Controls Odds Ratio Odds RatioStudy or subgroup Events Total Events Total
Weight

M-H, random, 95% CI M-H, random, 95% CI

Total (95% CI)
Total events 

Test for overall effect: Z = 2.75 (p = 0.006)

Heterogeneity: 𝜏2 = 0.06, 𝜒2 = 12.20, df = 3 (p = 0.007); I2 = 75% 0.01 0.1 101 100

(b)

164 578 123 680 32.7% 1.79 [1.37, 2.34]
1807 2324 1266 1720 45.0% 1.25 [1.08, 1.45]

71 238 66 262 22.4% 1.26 [0.85, 1.87]
3140 2662 100.0% 1.41 [1.11, 1.80]

2042 1455

France (this study)
Korea (Han et al. 2013)
Tunisia (this study)

Favours [control]Favours [experimental]
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Figure 2: Forest plot of the association between TMEM187 rs13397 (a), IRAK1 rs1059703 (b), and IRAK1 rs1059702 (c) polymorphisms and
RA. Meta-analyses were performed for the rs13397 (a), rs1059703 (b), and rs1059702 (c) polymorphisms, respectively, using Review Manager
5.3 software.

none of the susceptibility loci identified by GWAS in Cau-
casian patients with RA contributed significantly to disease
in Koreans [28].

We found differences between French and Tunisian pop-
ulations for association of SNP haplotypes in the TMEM187-
IRAK1 locus with RA susceptibility. The CTG haplotype
displayed a protective effect against RA, while the ATC, GCC,
and GTT haplotypes conferred significant susceptibility to
RA, in French women. All four haplotypes showed no
association in the Tunisian women sample. In both Tunisian
and French cohorts, we found the GTC common haplotype
in 57 and 68% of the control populations, respectively. This
GTC haplotype carries the major alleles for the three SNPs
rs13397 G, rs1059703 T, and rs1059702 C.

Although alleles and haplotypes identified among
Tunisian and French subjects display differences with
previous studies performed with Korean and northern

European cohorts, our present work confirms significant
association of the three SNPs with RA susceptibility. The
minor discrepancy found for the rs1059702 in the Tunisian
RA women populationmight be due to the size of the cohort.
Indeed, pooled results for the three different ethnical groups
including Tunisian confirm a significant association between
rs1059702 and risk for RA.

Our meta-analysis including a larger case-control data
set of two independent studies from Korea and Greece in
addition to our data sets confirmed that TMEM187 rs13397,
IRAK1 rs1059702, and IRAK1 rs1059703 are associated with
RA. Unfortunately, data sets on the TMEM187 rs13397 from
populations of European ancestry [13] were not available
for inclusion in our meta-analysis. The IRAK1 rs3027898
that was not investigated in our study but available in the
three independent studies from Korea, China, and Greece
showed no significant association in the meta-analysis (data
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not shown). To the best of our knowledge, this is the first
meta-analysis study on the association between RA and these
four polymorphisms in TMEM187-IRAK1.

Many studies have documented that one of the key
genetic elements closely linked to RA susceptibility is the
HLA complex locus located in the chromosome 6 [15]. Our
present study evaluated the frequency ofHLA-DRB1 alleles in
Tunisian and French RAwomen, all ACPA positive, and con-
firmed that both populations belonging to different ethnical
groups do not share the same HLA susceptibility alleles. As
expected for the French population, we find the usual associa-
tion between RA andHLA-DRB1∗01, HLA-DRB1∗04:01, and
HLA-DRB1∗04:04 [20]. We show that two SE alleles, HLA-
DRB1∗04:05 and HLA-DRB1∗10, are overrepresented in the
RA Tunisian population.This is in agreement with a previous
report showing their association with RA susceptibility in
Tunisia [19].TheHLA-DRB1∗04 allele has also been reported
in RApopulations fromMorocco [29], Saudi Arabia [30], and
Turkey [31].TheHLA-DRB1∗10 allele has been reported to be
associatedwith RA in Saudi Arabia [30], Italy [32], Spain [33],
Turkey [34], and Asian Indian [35] populations.

A meta-analysis performed in Latin America RA pop-
ulation (Colombia, Peru, Brazil, Argentina, Mexico, and
Chili) showed that HLA-DRB1∗04:04 allele is associated
with disease risk [36]. Moreover, this whole genome scan
study also shows that the second most consistently linked
region to RA is the Xq28 locus. The absence of the HLA-
DRB1∗01:03, HLA-DRB1∗04:07, and HLA-DRB1∗12 alleles
in our RA Tunisian population sample is in accordance with
the protective effect suggested by previous study [19]. Con-
sidering the observed differences between ethnical groups
for HLA-DRB1, our findings suggest that the association of
the TMEM187-IRAK1 locus with RA risk may play a role
independently of the major genetic risk locus for RA.

5. Conclusion

In conclusion, the present study illustrates the involvement
of the Xq28 locus in RA susceptibility in both Tunisian and
French populations with ethnical differences. Finally, the
meta-analysis combining our findings with two independent
studies from Greece and Korea further supports the fact that
the three polymorphisms are important in the susceptibility
for RA. Although a growing number of studies suggest the
contribution of the X chromosome to RA, as to many other
autoimmune diseases, future works shall be performed to
compare female and male RA populations to identify the
exact contribution of this locus, with a focus on TMEM187-
IRAK1 polymorphisms. Furthermore, functional studies on
the impact of these polymorphisms on both gene expressions
in RA populations might help defining new therapeutic
perspectives in RA.
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Chronic Granulomatous Disease (CGD) is a rare inherited primary immunodeficiency, which is characterized by recurrent
infections due to defective phagocyte NADPH oxidase enzyme. Nowadays, little is known about Chinese CGD patients. Here
we report 48 CGD patients in our single center study, which is the largest cohort study from Mainland China. The ratio of male
to female was 11 : 1. The mean onset age was 0.29 years old, and 52% patients had an onset within the 1st month of life. The mean
diagnosis age was 2.24 years old. 11 patients (23%) had died with an average age of 2.91 years old. 13 patients (28%) had positive
family histories. The most prevalent infectious sites were the lungs (77%), followed by gastrointestinal tract (54%), lymph nodes
(50%), and skin (46%). In addition, septicopyemia, thrush, and hepatosplenomegaly were also commonly observed, accounting for
23%, 23%, and 40% of the cases. Lesions due to BCG vaccination occurred in more than half of the patients. X-linked CGD due
to CYBB gene mutations accounted for 75% of the cases, and 11 of them were novel mutations. Autosomal recessive inheritance
accounted for 6% patients, including 1 patient with CYBA, 1 with NCF1, and 1 with NCF2 gene mutations.

1. Introduction

Chronic Granulomatous Disease (CGD; OMIM number
306400), which was firstly described in 1957 [1, 2], is a rare
inherited primary immunodeficiency (PID). CGD is caused
by defect in one of the subunits of nicotinamide dinucleotide
phosphate (NADPH) oxidase, resulting in failure of phago-
cyte to generate superoxide. In neutrophil phagosome, super-
oxide combines with hydrogen ions to generate hydrogen
peroxide, which is important for the intracellular killing of
microorganisms [3]. As a result, CGD patients usually suffer
from severely recurrent, often life-threatening bacterial and
fungal infections [4–6].

NADPH oxidase is a transmembrane enzyme complex
which is comprised of gp91phox, p22phox, p47phox, p67phox,

p40phox, and Rac1/2 GTP binding protein subunits [7, 8].
It has been reported that CGD could be caused by defects
in any of the components of this oxidase [3]. The most
common reason leading to CGD is the defect on gp91phox,
which is encoded by CYBB gene, localized on chromo-
some Xp21.1. Mutations on CYBB gene lead to X-linked
recessive CGD (XL-CGD), which accounts for about 70–
75% of CGD patients. Autosomal recessive CGD (AR-CGD)
is mostly caused by defects in 1 of the 3 components of
NADPH oxidase: p47phox (encoded by NCF1 gene, localized
on chromosome 7q11.23), p22phox (encoded by CYBA gene,
localized on chromosome 16: 16q24), and p67phox (encoded
by NCF2 gene, localized on chromosome 1q25), accounting
for about 20%, 5%, and 5% CGD patients, respectively.
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Defects on p40phox, which is encoded byNCF4 gene, localized
on chromosome 22q13.1, could also lead to AR-CGD [4, 6, 9].
Besides, a defect on Rac2 (p.D57N) was also reported to be
associated with human phagocytic immunodeficiency [9].

The incidence of CGD is approximately 1 case in 200,000
newborns in the United States [10] and Europe [11]. In Asia,
the largest cohort studywas from Japan, inwhich 229 patients
were enrolled and the incidence was estimated to be about 1
out of 220,000 birth [12, 13].The clinical course varied inCGD
patients and most of them had an onset within the first year
of life. Infections in skin, lung, gastrointestinal tract, lymph
nodes, and liver were often observed in CGD patients. Gran-
ulomata, which has potential threat to cause ureteral, urinary
bladder, esophagus or stomach obstruction, was also reported
in CGD patients [4, 11, 14]. Many researches have been
conducted in CGD patients worldwide over the last decades,
however, little is known about Chinese CGD patients. In
fact, although some CGD patients have been reported from
Mainland China, most of the researches mainly focused on
the molecular defects and BCG infections in the patients,
providing little clinical information [15–17]. There are no
established CGD registry in China and thus make a compre-
hensive and systematic analysis of CGD on Chinese individ-
uals difficult. Further studies are still needed to clarify the
clinical characteristics, complications, epidemiology, genetic
information, and outcomes on Chinese CGD population.

Shanghai Children’s Medical Center (SCMC) is a pedi-
atric tertiary referral teaching hospital in Shanghai, China,
which is one of the biggest PID centers in Mainland China.
Here, we report 48 CGD patients who were diagnosed in
our PID center from 2005 to 2015, which is the largest
CGD cohort study from Mainland China. Furthermore, 157
CGD patients reported previously are reviewed in this paper,
which aim to summarize and provide further insight into the
characterization of CGD in China.

2. Patients and Methods

2.1. Patients. During 2005–2015, a total of 48 patients who
were diagnosed with CGD were enrolled in this study. The
diagnosis of CGD was based on the diagnostic criteria
for primary immunodeficiency by Pan-American Group
for Immunodeficiency (PAGID) and European Society for
Immunodeficiencies [18]. The classification of CGD was
based on the recommendation of the International Union
of Immunological Societies Expert Committee for primary
immunodeficiency (2015) [19].

This study was approved by the Ethical Committee of
Shanghai Children’s Medical Center, and written informed
consent was obtained from all the participants.

CGD patients who were reported in Mainland China
previously in English and Chinese literatures were reviewed
in this paper. Most of the patients were reported from
Children’sHospital of ChongqingMedical University (Center
2), Children’s Hospital of Fudan University (Center 3), and
Beijing Children’s Hospital (Center 4).

2.2. Data Collection. The patients’ detailed clinical and labo-
ratory data were retrospectively collected from the patients’

medical records, including clinical manifestations, age at
onset and diagnosis, parental consanguinity, family history
and frequency of infections, lesions induced by inoculation
with BCG, laboratory tests, treatments, and outcomes.

The onset age was defined as the age when obvious
infections initially occurred in the patients.The diagnosis age
was taken as the age when CGD-related gene mutations were
identified or low respiratory burst activation in neutrophils
was found in the patients. Bacillus Calmette-Guerin (BCG)
infections were divided into 3 categories according to the pre-
vious study: (1) regional infection, which included abscess or
ulcer formation at the site of vaccination or ipsilateral axillary,
supraclavicular, and cervical lymph node enlargement; (2)
distant infection, which involved at least 1 distant site beyond
regional ipsilateral infection, such as osteomyelitis, distant
skin, and pulmonary infections; (3) disseminated infection,
which involved more than 1 infection as mentioned in the
distant infection [33].

2.3. DHRFlowCytometric Assay. DHRflow cytometry assays
were performed as previously described. In brief, 50 𝜇l whole
peripheral blood was used in this assay. Firstly, the erythro-
cytes were lysed using 1x lysis buffer, then the leukocytes
were loaded with DHR at 37∘C for 5 minutes in the presence
of catalase. After that, the leukocytes were activated with
PMA for 15 minutes and the leukocytes were immediately
analyzed by flow cytometry. Data were analyzed using Cell
Quest software (BD FACSCalibur TM Flow Cytometer).

2.4. Genetic Analysis. Genomic DNA was isolated from
peripheral blood by using RelaxGene blood DNA isolation
kit (Tiangen BiotechCo. LTD., Beijing, China).CYBB,CYBA,
NCF1, NCF2, and NCF4 gene mutations were analyzed
using PCR amplification followed by direct sequencing. PCR
reaction was performed in 30 cycles of 94∘C for 15 seconds,
58∘C for 30 seconds, and 72∘C for 1 minute. Products were
verified by 1% agarose gel electrophoresis and then sent for
Sanger sequencing. Mutations were identified by alignment
with standard sequence published in NCBI. Reverse chain
was also sequenced for confirmation. High throughput exon
sequencing was done in parts of patients and PCR followed
by Sanger sequencing was conducted to verify the sequencing
results.

2.5. Statistical Analysis. Statistical analysis was accomplished
using SPSS 17.0 software. Significant differences were deter-
mined by an unpaired 𝑡-test. 𝑃 value < 0.05 was considered
as statistically significant.

3. Results

3.1. Population. A total of 48 CGD patients (44 male and
4 female) were enrolled in this study. These patients were
distributed in 17 provinces and municipalities throughout
Mainland China. The first CGD case diagnosed in our PID
center was in 2005, while most of the patients (98%, 47/48)
were diagnosed after 2007 and 75% (36/48) patients were
diagnosed after 2010 (Table 1).
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Figure 1: The age at onset and diagnosis of CGD in this study and other studies reported fromMainland China.

The 48 patients were from 48 unrelated nonconsan-
guineous families. Family history information was obtained
from 47 of 48 patients, while P35 was an adopted child, whose
family history information could not be collected. 13 of 47
patients (28%) had positive family histories, which means
early death histories in other family members within three
generations. Of the 13 patients, 8 (P10, P20, P23, P25, P27,
P31, P43, and P46) had family histories of suspected PID
in the first generation. All except P43 had elder brothers’
death at an early age. P43 had an elder sister who died due
to systemic infection at 3 years old. Four patients (P22, P27,
P33, and P39) were reported to have family histories in the
second generation, and all of them had maternal uncles’
death at an early age. No patient had third-generation family
history. The other 34 patients (71%) had no family histories
(Table 1). Among the 13 patients with positive family histories,
11 patients carried CYBB gene mutations, P43 carried NCF2
gene mutation, and P46 had unknown gene mutation.

3.2. Clinical Courses. Themean onset age of 48 CGD patients
was 0.29 ± 0.66 years old (median 0.83 years old, range 0–3.5
years old). Most of the patients (90%, 43/48) had an onset
within the first 3 months of life and over half (52%, 25/48)
of them had an onset within the 1st month of life. Of them,
13% (6/48) patients had an onset after birth. Only 1 patient
(P40) had an onset of symptoms after 2 years old (3.5 years
old) (Table 1 and Figure 1). The mean age at onset was 0.23 ±
0.45 years old in 36 XL-CGD patients and 0.16 ± 0.15 years
old in 3AR-CGDpatients.Therewas no significant difference
between them (𝑡 = 0.257, 𝑃 = 0.799).

The mean age at diagnosis was 2.24 ± 2.98 years old
(median 1 year old, range 0.07–15.00 years old). About one-
half of patients were diagnosed after 1 year old (Table 1 and
Figure 1). The mean diagnosis age was 2.38 ± 3.16 years old
in 36 XL-CGD patients and 0.43 ± 0.28 years old in 3 AR-
CGD patients. There was no significant difference between
them (𝑡 = 1.059, 𝑃 = 0.296).

The average lag time between onset of symptoms and
diagnosis in CGD patients was 1.95 ± 2.75 years (median
0.75 years, range 0.03–13 years), which indicated there were
obvious time lags between onset and diagnosis of CGD. Of
these patients, 36 XL-CGDpatients had an average lag time of
2.16±2.91 years, while 3 AR-CGDpatients had an average lag

time of 0.27 ± 0.21 years. There was no significant difference
between them (𝑡 = 1.109, 𝑃 = 0.275).

To date, 11 patients (22%) had died with an average age
of 2.91 ± 3.77 years old (median 1 year old, range 0.5–13 years
old), 7 of whom (64%, 7/11) died before 1 year old. Among the
11 patients, 10 (91%) carried CYBB gene mutations; only P47
(9%) had unknown gene mutation. All of the 11 patients died
due to infections, including severe pneumonia (3 patients,
P1, P33, and P47), septicopyemia (3 patients, P23, P25, and
P29), pulmonary tuberculosis (1 patient, P3), osteomyelitis (1
patient, P13), liver abscess (1 patient, P35), necrotic enteritis
(1 patient, P36), and infections after haematopoietic stem cell
transplant (HSCT) (1 patient, P30).The other 37 patients were
alive with an average age of 6.59 ± 3.95 years old (median 6.5
years old, range 1–20 years old) (Table 1).

3.3. Infectious Clinical Manifestations. In our cohort study,
the most prevalent infectious sites were the lungs, followed
by gastrointestinal tract, lymph nodes, and skin (Table 2).

Pulmonary infections were observed in most of CGD
patients (77%, 37/48), including pneumonia, pulmonary
tuberculosis, and bronchitis. Pneumonia was the most com-
mon pulmonary infection, occurred in 73% (35/48) CGD
patients. 10 of 35 patients were reported to have recurrent
pneumonia at least 2 episodes, 3 of whom (P7, P15, and
P17) had recurrent pneumonia with an average of 10, 4,
and 2 episodes per year, respectively. Of the 37 cases, 6
were diagnosed with fungal pneumonia (P6, P15, P18, P20,
P28, and P37). Pathogenic microorganism was isolated from
6 patients, including Aspergillus spp. from P6, mold from
P28, mycoplasma spp. from P14, Viridans streptococci from
P4, Staphylococcus aureus and Enterobacter aerogenes from
P20, and Acinetobacter baumannii from P24. Pulmonary
tuberculosis (TB) was reported in 7 patients, and all of them
were considered to be caused by BCG infections. That is
because they all had adverse reactions to BCG but did not
exposure to mycobacterium tuberculosis. However, mycobac-
terium tuberculosis culture was not done in this study. Of the 7
cases, 2 (P3 and P34) had pulmonary TB alone, and 5 (P4, P6,
P8, P21, and P28) were complicated by pneumonia. Besides,
bronchiolitis was reported in P42, who was complicated by
pneumonia. In addition to LRIs, upper respiratory infections
(URIs) were reported in CGD patients previously. In our
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Table 2: Summary of infections inCGDpatients from4major PID centers inMainlandChina and 2 large cohort studies fromother countries.

Infections This study Center 2 Center 3 Center 4 USA [10] Europe [11]
𝑛 = 48 (%) 𝑛 = 38 (%) 𝑛 = 48 (%) 𝑛 = 42 (%) 𝑛 = 368 (%) 𝑛 = 429 (%)

Lung 37 (77%) — 44 (92%) 41 (98%) — 284 (66%)
Pneumonia 35 (73%) 32 (84%) 44 (92%) 34 (81%) 290 (79%) —
Lung abscess 0 — 4 (8%) 1 (2%) 60 (16%) 24 (6%)
Tuberculosis 7 (15%) 21 (55%) ⩾10 (21%) 6 (14%) — —
GI tract 26 (54%) — — 17 (40%) — 208 (48%)
Diarrhea/enteritis 15 (31%) 14 (37%) 31 (65%) 7 (17%) — 55 (13%)
Perianal abscess 18 (38%) — 13 (28%) 9 (21%) 57 (15%) 88 (21%)
Liver abscess 4 (8%) — ≥3 (6%) 1 (2 %) 98 (27%) 138 (32%)
Cutaneous/subcutaneous
infections 22 (46%) — 22 (46%) 17 (40%) 156 (42%) 229 (53%)

Pustular eruption 10 (21%) — 9 (19%) 9 (21%) — —
Skin abscess 11 (23%) 16 (42%) 11 (23%) 2 (5%) — 74 (17%)
Lymphadenitis 24 (50%) 16 (42%) 31 (65%) 26 (62%) 194 (53%) 213 (50%)
Septicopyemia 11 (23%) — — 16 (38%) 65 (18%) 85 (20%)
UTI 1 (2%) — 3 (6%) 1 (2%) 52 (12%)
Bone 2 (4%) — 2 (4%) 0 56 (13%)
Osteomyelitis 1 (2%) — 1 (2%) 0 90 (25%) 56 (13%)
Bone tuberculosis 1 (2%) — 1 (2%) 0 — —
CNS 2 (4%) — — 6 (14%) — —
Meningitis 1 (2%) — — 5 (12%) 15 (4%) —
Brain abscess 0 — — 1 (2%) 12 (3%) 31 (7%)
Autoimmunity-
rheumatology 3 (6%) — — — 18 (5%) 26 (6%)

GI: gastrointestinal; UTI: urinary tract infection; CNS: central nervous system.
38 patients from center 2 were reviewed from 1 paper published in English version [15].
48 patients from center 3 were reviewed from 1 paper published in English version and 1 in Chinese version [16, 20].
42 patients from center 4 were reviewed from 10 papers published in Chinese version [21–30].

single center study, 6 patients (P7, P15, P21, P22, P36, and P37)
were reported to have recurrentURIs (⩾5 episodes per person
per year), 3 of whom had URIs more than 10 episodes per
person per year, and all of the 6 patients presented with upper
respiratory infection as initial symptom. Of the 6 patients
with recurrent URIs, 5 (P7, P15, P36, and P37) were compli-
cated by pneumonia, and P21 was complicated by pneumonia
as well as TB. Besides, maxillary sinusitis was observed in P17,
who was complicated by pneumonia (Table 1).

After the lungs, gastrointestinal tract wasmost vulnerable
to being affected (54%, 26/48). The most frequent disease
was perianorectal abscess (18 patients, 38%), 5 patients were
treated with abscess excision. Of them, 4 patients recovered
after the surgeries, only P35 had relapse. The remaining
13 patients took conservative treatments, most of whom
(92%, 12/13) had protracted course. Burkholderia Cepaciawas
isolated from P23. Of the 18 patients, 8 were complicated by
recurrent diarrhea, 1 by liver abscess (P31), and 1 by recurrent
diarrhea as well as liver abscess (P46). A significant number
of patients (15 patients, 31%) suffered from recurrent diarrhea,
and most of them had an early onset after birth, with an
average of 3.47 ± 2.27 months old (range 0.07–6 months).
In the 15 patients, P46 had diarrhea due to intestinal flora

imbalance after intensive use of antibiotics, P2 due to Pseu-
domonas aeruginosa infection. P10 and P19 were diagnosed
with rotavirus enteritis, P6 with bacillary dysentery, P36
with necrotizing enteritis. The recurrent diarrhea gradually
improved in all the 15 patients, and the latest case (P6) had
his symptomatic relief at 3 years old. In the 15 patients, 8
were reported to have anemia caused by diarrhea, including
mild anemia in 5 patients (P4, P10, P19, P26, and P29) and
moderate anemia in 3 patients (P5, P15, and P38). Besides,
liver abscesses were reported in 4 patients (8%, P13, P21, P31,
and P46) in this study. Staphylococcus aureus was isolated
fromP13, who had recovery after drainage of liver abscess and
anti-infective therapy. P21 was diagnosed with tuberculous
liver abscess due to BCG infection (Table 1).

Lymphnoditis (50%, 24/48) was also commonly reported
in this study (Table 1), and most of the cases (79%, 19/24)
were caused by BCG infections. Of the 19 cases, enlarged
axillary lymph nodes were observed in 15 cases (78.95%,
15/19), followed by cervical ones in 3 cases (16%, 3/19) and
an inguinal one (5%, 1/19). P29 suffered from lymphnoditis
in his left axilla due to BCG infection; then lymph node
abscess was observed in his left groin. Of the remaining 5
cases with lymphnoditis not due to BCG infections, inguinal
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lymphnoditis was observed in 3 cases (P17, P24, and P30)
and submandibular lymph node abscesses in 2 cases (P36 and
P40). Staphylococcus aureus and burkholderia cepacia were
isolated fromP40 and P30 after pus cultures. All of the 5 cases
had recovery after surgical drainage.

Skin was the fourth frequently affected site of this disease
(22 patients, 46%). Skin abscesses were observed in 11 patients
(23%, 11/48) with late onsets, 7 of whom (64%, 7/11) had their
onsets after 5 years old. P39was diagnosedwith cutaneous TB
abscess. Most of the skin abscess were located at arms, iliaca,
face and ear. Pustular eruption were observed in 10 patients
(21%, 10/48), 8 of whom (80%, 8/10) had an onset within the
1st week of life. P14 was diagnosed with orbital cellulitis on
the right side combinedwith dacryocystitis, and the cut of the
lacrimal sac had a granulomatous change. Besides the infec-
tious symptomsmentioned above, some noninfectious symp-
toms were also observed in this study. Eczema was reported
in 8 patients in this study. Of them, P39 suffered from eczema
complicated by skin abscesses, and P27 suffered from eczema
complicated by pustular eruption. Four patients (P5, P14, P31,
and P41) were reported to have skin granulomas. P5 suffered
from skin granulomas complicated by skin abscess (Table 1).

Septicopyemia was also reported in CGD patients previ-
ously. In the present study, 11 patients (23%) suffered from
septicopyemia, and treatments with antibiotics were effective
for most of these cases (73%, 8/11), while the remaining 3
patients died of septicopyemia (P23, P25, and P29). Other
severe infections, such as central nervous system (CNS)
infections, organ abscesses were less reported in this study.
CNS infections were reported in P18 and P27, with purulent
meningitis and encephalitis, respectively. Splenic abscess, left
kidney abscess, and testicular abscess was observed in P41,
P2, and P22. P13 was diagnosed with osteomyelitis due to
Acinetobacter baumannii infection.

Besides, thrush and otitis media were reported in 23%
(11/48) and 8% (4/48) patients, respectively. Six patients (P6,
P10, P24, P28, P33, and P36) were still having thrush after 1
year old. Other infections less occurred in our study. Virus
infections were observed in 4 cases, including Epstein-Barr
virus (EBV) infection in P4 and P17, respiratory syncytial
virus (RSV) infection in P11, and cytomegalovirus (CMV)
infection in P13. Besides, urinary tract infection was reported
in P14.

Infection-related symptoms also occurred in this study.
Hepatosplenomegaly was the most common infection-
related symptom, accounting for 40% (19/48) cases. Most
of them (95%, 18/19) were complicated by liver damage.
Hepatomegaly was reported in 17% patients (8/48), and all of
them were complicated by liver function damage (Table 1).

3.4. Other Clinical Manifestations. Anemia was observed in
11 patients (23%) in this study, including mid anemia in
7 patients and moderate anemia in 4 patients. Of the 11
patients, 8 had anemia due to diarrhea. Congenital heart
disease was reported in a significant number of patients (13%,
6/48), including atrial septal defect in P20, atrial septal defect
complicated by patent ductus arteriosus in P3, patent foramen
ovale in P9 and P24, ventricular septal defect in P10, double

arches, and left arch atresia complicated by tracheostenosis in
P37.

Allergic diseases were also reported in the present study.
Eczema occurred in 8 patients. P13 suffered from eczema
as well as allergic rhinitis. P4 suffered from eczema as well
as hypereosinophilia (0.88 × 109/L). Besides, urticaria was
reported in P17.

Autoimmune disease was reported in 3 patients, includ-
ing Kawasaki disease in P10 and P38 and Behçet’s disease in
P28. P28 had an onset at 6 years old, presentingwith recurrent
oral ulcer and fever. He suffered from recurrent skin and joint
pains and then ulceration at 8 years old, which respondedwell
to hormone therapy.

Other noninfections were rarely observed in this study.
Hydrocele was reported in P14, left renal cyst in P31, vitamin
K deficiency in P11, severe malnutrition and neonatal hyper-
bilirubinemia in P18, and acanthosis nigricans in P17.

3.5. BCG Complications. Of the 48 GD patients, 45 patients
(94%) received BCG vaccination after birth according to a
national vaccination program, 1 patient (P18, 2%) did not
received BCG vaccination because of neonatal hyperbiliru-
binemia, and the remaining 2 patients (P16 and P37, 4%) had
unknown vaccination histories. In the 45 BCG-vaccinated
CGD patients, more than half (53%, 24/45) suffered from
BCG infections. The most frequent pattern was distant
infection (20 cases), followed by regional infection (17 cases)
and disseminated infection (2 cases). Of them, 12 patients
were reported to have both regional and distant infections.
Disseminated infection was observed in P8 and P21 (4%)
(Table 1). P8 had lymph node enlargement in his groin and
right axilla, complicated by TB in bone and lung. P21 had
enlarged lymph nodes in his left armpit and liver tuberculosis
3 months later after BCG vaccination, thus was given regular
anti-TB treatment. Six months later, he was infected with
measles virus, followed with dissemination of TB infection to
other sites (lung, lymph nodes, and mediastinum). The most
common sites of occurrence for distant infectionswere lymph
nodes (41%, 19/46), followed by lungs (15%, 7/46).

3.6. Immunological Characteristics. Peripheral leukocyte
subsets and immunoglobulin levels were analyzed in most of
the patients in this study (Table 3). White blood cell (WBC)
counts were high in most of the patients (88%, 42/48),
while the remaining 6 patients (12%) had normal counts.
Likewise, neutrophils were elevated in most of the patients
(92%, 44/48). Respiratory burst activation in neutrophils was
measured in most of the patients in this study (34/48, 71%),
and all of them had significantly lower neutrophil oxidative
function compared to healthy controls. Besides, although the
percentages of lymphocytes were present in normal range
in most of the CGD patients (73%, 35/48), the counts of
lymphocytes were high in over half of patients (52%, 25/48).
T cells, B cells, and NK cells were reported to be normal in
most of the patients tested, with a percentage of 98%, 93%,
and 93%, respectively. In addition, high serum IgG levels
were found in most of the patients (88%, 42/48). IgG levels
were normal in the other 6 patients.
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Table 3: Immunologic investigations in CGD patients in the present study.

Patients tested (𝑛) Normal (𝑛/%) Low (𝑛/%) High (𝑛/%)
WBC (109 white blood cells/L) 48 6/13 0/0 42/88
Neutrophils (%) 48 2/4 2/4 44/92
Neutrophils (109 neutrophils/L) 48 4/8 0/0 44/92
Lymphocytes (%) 48 35/73 10/21 3/6
Lymphocytes (109 lymphocytes /L) 48 18/38 5/10 25/52
Eosinophils (%) 48 26/54 20/42 2/4
Eosinophils (109 eosinophils /L) 48 29/60 19/40 0/0
CD3 T lymphocytes (%) 46 45/98 0/0 1/2
CD4 T lymphocytes (%) 46 38/83 7/15 1/2
CD8 T lymphocytes (%) 46 44/97 1/2 1/2
B lymphocytes (%) 46 43/93 2/4 1/2
NK lymphocytes (%) 46 43/93 0/0 3/7
IgG levels (g/L) 48 0/0 6/13 42/88
IgA levels (g/L) 48 35/73 11/23 2/4
IgM levels (g/L) 48 44/92 1/2 3/6
IgE levels (g/L) 42 32/76 0/0 10/24

3.7. Genetic Analysis. Genetic analyses were performed in all
of the 48 CGD patients in the present study. 39 mutations
were found in 48 patients, including 36 mutations in CYBB
gene, 1 mutation in CYBA gene, 1 mutation inNCF1 gene, and
1 mutation in NCF2 gene.

For CYBB gene, 17 missense, 5 nonsense, 7 deletion, 1
insertion, and 6 splicing error mutations were identified.
Among them, 11 novel mutations were reported, includ-
ing 5 missense mutations (c.376T>C in P15, c.1414G>A in
P17 c.1328G>A in P20, c.911C>G in P28 and c.184T>A in
P30), 3 deletions (c.616delT in P19, c.218delG in P24 and
c.185 186delTC in P33), 1 insertion (c.1206 1208insGGT in
P1), and 2 splicing errors (c.1315A>G in P22 and c. [898-2 902
AGGTGGTdel] in P32). A female carrier of X-linked CGD
(P17) was found to have a heterozygous mutation in CYBB
gene (c.1414G>A). The frequency of the A variant at c.1414 in
CYBB gene is 2.1‰ in 1000 genomes and 6.3‰ in Chinese
Han population. The female patient with this heterozygous
mutation in our study had defective NADPH oxidase activity
and clinical symptoms consistent with CGD. Further exon
sequencing was done in this patient, but no other CGD-
related genemutations was found.These above indicated that
the G to A transition at position 1414 in CYBB gene and
an extremely skewed X-inactivation event resulted in CGD
phenotype in this female patient.

One patient was found to have CYBA gene mutation. A
homozygous missense mutation (c.7C>T), which has been
reported in other CGD patients in China previously, was
also identified in P37 in our study. P41 was found to have a
compound heterozygousmutation inNCF1 gene (c. [541delG;
923T>C]). In the NCF2 gene, a homozygous missense muta-
tion (c. 550C>T) was found in P43 (Table 5).

4. Treatment and Outcome

In our PIDs center, all the patients were recommended
to have preventive treatment with cotrimoxazole and itra-
conazole to prevent bacterial and fungal infections. IFN-
𝛾 therapies were used when the CGD patients had severe
infections. Only 13% patients (6/48) had ever received IFN-
𝛾 treatment. Administrations of IFN-𝛾 were reported to be
effective in reducing infections in 67% patients (4/6, P7, P19,
P28, and P33). By the end of this study, 4 CGD patients had
been treated with haematopoietic stem cell transplantation
(HSCT). One patient (P30) died because of serious infections
after transplantation; the other 3 patients (P10, P19, and P34)
were still alive at the time of inclusion.

5. Discussion

CGD is a rare primary immunodeficiency, which is character-
ized by the defect in phagocyte respiratory burst oxidase and
thus recurrent infections [6, 20, 34, 35].The incidence ofCGD
varied between countries. However, there was no national
PID registration system in China and therefore no reliable
prevalence data on Chinese CGD patients. Until now, a total
of 205CGDpatients (48 patients in this study and 157 patients
published previously) were reported from Mainland China.
Most of the cases (86%, 176/205) were from four major PID
centers in Mainland China, including 48 patients from our
center, 38 from center 2 [15], 48 from center 3 [16, 20] and 42
from center 4 [21–30]. If we calculated according to the China
population of 1,360,000,000 persons and the incidence of
CGD in Japan (1/300,000) and the United States (1/200,000),
an estimate of approximately 4533 and 6800 persons with
diagnosedCGD inChina.However, therewere only 205CGD
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patients were reported fromMainland China, which were far
less than other countries. This indicated that CGD patients
might be underdiagnosed inChina.The imbalance ofmedical
resources in China and the lack of recognition of PID in
primary hospitals may contribute to the underdiagnosis of
CGD. Furthermore, for the proportion that CGD accounting
for PIDs, it was 14% in Japan [36], 9% in the United States
[37] and 6% in Taiwan [38]. In our single center study, there
were 48 patients diagnosed with CGD, accounting for 8%
in 575 PIDs patients, similar with the United States, while
the proportion was 4% (5/138) in another single center study
in Mainland China [17]. Unfortunately, it is hard for us to
estimate the national prevalence data on CGD because of
lacking reliable data, and further work is still needed to clarify
it.

The first CGD case reported in Mainland China was in
1981 without gene analysis [39], while most of patients were
diagnosed after 2004. This indicated that people gradually
paid more attention to PID in China.

According to the previous CGD cohort studies from
other countries, XL-CGD caused by CYBB gene mutations
accounted for about 70% CGD cases. For instance, XL-CGD
accounted for 74% CGD in Japan, 74% in the United States
[10] and 68% in European series [11, 12]. However, the pro-
portion did not apply to the regions where consanguineous
marriage was permitted, such as Turkey and Iran [32, 40].
The high rate of consanguineousmarriage led to a higher rate
of AR-CGD. In our single center study, XL-CGD subgroup
accounted for 75% cases, similar with other single center
studies in China (79% in Center 2 and 65% in Center 3)
(Table 6). Besides, the ratio of male to female was 11 : 1 in
this study, similar with all the 205 CGD patients in Mainland
China (12 : 1; 189 male and 16 female). However, the ratio
of male to female patients was higher in the United States
(6.08 : 1; 316 male and 52 female) [10] and Japan (6.6 : 1;
199 male and 30 female) [12]. This indicated that female
CGD patients were underdiagnosed in Mainland China. The
reasons for the underdiagnosis for female may be as follows.
(1) There was a bias for Chinese physicians towards boys as
increased risk of being CGD. (2)Most of female patients were
AR-CGD patients, and Chinese physician had insufficient
recognition of AR-CGD, which occurred not only in the
primary hospital, but also in the tertiary hospital. In addition,
in our single center study, 28% patients had positive family
histories. For all the 205 CGD patients reported in Mainland
China, 33 patients were excluded because of lacking reliable
information from the published paper; of the remaining
172 patients, 47 patients (27%) had positive family histories,
similar with our single center study.

In our single center study, themean age at onset/diagnosis
was 3.48/26.88 months old. There was a long diagnosis lag
between the onset and diagnosis of this disease (Figure 1).
For all the patients from Mainland China, 198 had available
information about onset age, with a mean age of 4.73 months
old; 200 patients had available information about diagnosis
age, with a mean age of 29.69 months old, similar with our
single center study. However, both of the mean onset and
diagnosis age inCGDpatients fromother countries were later
than Chinese patients [10, 11, 41]. A possible explanation was

that BCG vaccinations were given routinely to all Chinese
newborns at birth as part of the National Vaccination Pro-
grams. CGDpatients were susceptible to BCG infections thus
had early onsets. Besides, as a developing country, the serious
environment pollutions in China might also contribute to
the early onsets in CGD patients. Furthermore, almost all
CGD patients reported in Mainland China were children,
and there was an obvious bias for Chinese physicians towards
children, especially boys as increased risk of being CGD.
This bias not only made the female and adult CGD patients
underdiagnosed but also lowered the mean age at onset and
diagnosis. Finally, milder clinical course in NCF1 mutant
patients and the insufficient recognition of NCF1 mutant
patients in Chinese physicians made the statistical data on
onset and diagnosis age earlier.

It has been reported that mutations in NCF1 gene led
to milder course and later age at onset of CGD; however,
the other autosomal forms of this disease were as serious
as the X-linked form [32]. In fact, because NCF1 mutant
patients accounted for majority of AR-CGD patients, and
many studies have showed that XL-CGD patients had earlier
age at onset and diagnosis [11, 41]. However, onset/diagnosis
age in XL-CGD and AR-CGD had no significant difference
in our single center study.The reasons for the difference were
probably as follows: (1) statistical limitation because of the
small samples and (2) the underdiagnosis of NCF1 mutant
patients. Only patients with severe clinical manifestations
were diagnosed at early ages, whilemany patients withmilder
clinical manifestations were not, which made the average
age at onset and diagnosis in NCF1 mutant patients earlier.
Besides, 22% of patients died up to the time of inclusion in
this study, little higher than Italy and Europe (13% and 20%,
resp.). However, the median age at death was 1 year old in
this study, significantly lower than Italy and Europe (8.8 and
10.4 years old, resp.) [11, 41].This reminds us that more efforts
are still needed to improve the outcomes of CGD patients in
Mainland China.

CGD patients were reported to suffer from recurrent
and even life-threatening infections [5]. Infections which
occurred in CGD patients from 4 major PID centers in
Mainland China were summarized in Table 2. Similar with
previous reports, the infectious sites of this disease were
mostly lung, gastrointestinal tract, skin/subcutis, and lymph
nodes in Chinese patients. However, for the incidence of
different infections, there were still some differences between
different centers. For example, the incidence of pneumonia
was 73% in our study, while it is 84% in center 2, 92% in center
3, and 81% in center 4, respectively.

Lung was the most common infectious site reported in
all 4 center studies. Of the lung infections, pneumonia was
the most prominent infection observed in our single study.
Pneumonia was also the most common infection reported
in other 3 PID center studies, with an incidence of 84% in
center 2, 92% in center 3, and 81% in center 4, respectively.
“Sampling bias” was the likely explanation for the different
incidence between different studies. For all 176 CGD patients
from 4 PID centers, the incidence of pneumonia was about
82%, similar with United States and Japan (with an incidence
of 79% and 88%, resp.) [10, 13]. However, pneumonia was
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less commonly reported in some European countries, with an
incidence of 67% in Germany [42], 47% in Italy [11, 41], and
⩽66% in European series [11] (Table 2). Fungal pneumonia,
which was reported in CGD patients from other countries
[10, 11], was also reported in this study. However, the fungal
pathogens detection rate was low in this study. Aspergillus
spp. were only isolated from 1 case. In fact, Aspergillus spp.
were reported to be the most common microorganism iso-
lated from CGD patients with pneumonia, with an incidence
of 41% in the United States and 18% in Europe series [10, 11].
The low positive pathogenic microorganism detection rate
was partially due to delaying or lacking of microorganism
detection and low-threshold use of antibiotics in primary
hospital in Mainland China. Besides, 14% patients were
reported to suffer from pulmonary tuberculosis in this study,
similar with center 3 (⩾21%) and center 4 (14%) [20]. How-
ever, the incidence of pulmonary tuberculosis was very high
in center 3 (55%) [15] (Table 2). In fact, our center and center 3
were both located at Shanghai; center 4 was located at Beijing.
Both of the cities had special hospitals to receive patients
with pulmonary tuberculosis, and patients with pulmonary
tuberculosis had to be transferred to these hospitals, which
was the probable explanation for the lower case finding in
these 2 cites. Lung abscess, another type of lung infection,
which was reported in CGD patients previously, was not
found in this study and was rarely found in other studies in
China. It was also less reported in some western countries
(3% in Italy and 6% in European series) [11, 41]. However,
a considerable number of patients (16%) suffered from lung
abscess in the United States [10] (Table 2).

After the lung infections, GI disease was also very com-
mon in this study. It was also commonly reported in other
studies (40% in center 4 and 48% in Europe). For perianal
abscess, 48 patients from center 2 had no available data from
the published paper. Of the remaining 138 patients from the
other 3 PID center studies, the incidence of perianal abscess
was 28% (39/138), which was higher than United Kingdom
and Ireland (15%), Italy (8%), and European series (21%)
[11, 41, 43]. Likewise, Chinese CGDpatients had higher risk of
getting diarrhea. Notably, although liver abscess was reported
to affect quite a number of CGD patients (46% in Japan [10],
27% in the United States, and 32% in European series), it was
less reported in Chinese CGD patients (Table 2). The reasons
for the low incidence were still to be determined. Another
frequent clinical manifestation of CGD, lymphadenitis, was
also commonly observed in our study (51%), most of which
(80%) were cause by BCG infections. The incidence of
lymphadenitis was similar in different studies (Table 2).

Skin/subcutis infections were commonly reported in our
study, similar with other Chinese single center studies (46%
in center 3 and 40% in center 4), the United States (42%),
and Europe (53%). Skin abscess was the most predominant
skin infection in CGD patient in our single center study.
However, the incidence of skin abscess varied between
different Chinese single center studies, accounting for 42% in
center 2, 23% in center 3, and 5% in center 4, respectively.The
average incidence in 4 PID centers was 23% (40/176), which
was similarwith European series (17%) and Italy (20%) [11, 41]
(Table 2).

Septicopyemia was also commonly observed in CGD
patients previously, and it was an important cause of death.
In our single center study, 3 of 9 patients died due to
septicopyemia, similar with the United Kingdom and Ireland
(18%) and European series (20%) [11, 43]. Another type of
severe infections, osteomyelitis, was reported to occurred
in a significant number of CGD patients previously (with
the incidence of 25%, 13% and 16% in the United Kingdom
and Ireland, Europe and Italy, resp.) [11, 41, 43], was less
reported in Chinese CGD patients. Besides, brain abscess,
which occurred in 3% CGD patients in the United States
and 7% in the European series, was also rarely observed in
Chinese CGD patients (Table 2).

China has a serious epidemic of TB. According to a
national survey of tuberculosis prevalence in 2000, the
incidence of TB in China was 367 in 100,000 person. In
fact, routine BCG vaccination in many countries with TB
burden is compulsory. In China, all newborns must be given
BCG vaccination at birth. Amarkedly high incidence of BCG
disease in our cohort study was observed. BCG disease was
also commonly reported in other CGD cohort studies, with
an incidence of 53% (17/32) in center 2, 47% (8/17) in Hong
Kong, and 65% (22/34) in France [11, 15]. This high incidence
of BCG disease was due to the defective respiratory burst of
neutrophils in CGD patients. In addition, CGD patients were
reported to be susceptible to TB. In our study, 41% patients
suffered from TB, similar with another 2 Chinese cohort
studies (55% in center 2 and 41% in Hong Kong) [15].

Summary of inheritance pattern of CGD patients in
different large cohorts was shown in Table 6. Although
mutation detection rate varied in different countries because
of different healthcare level and genetic sequencing technol-
ogy, it is clear that XL-CGD patients caused by gp91phox
deficiency made up majority of CGD patients, ranging
from 65% to 70%. Up to date, 718 different kinds of
mutations in CYBB gene were reported in HGMD data
base (http://www.hgmd.cf.ac.uk/ac/gene.php?gene=CYBB).
In Mainland China, a total of 89 different CYBB gene
mutationswere reported in 138 patients, including 36 patients
in this study and 102 patients published previously in English
and Chinese versions. Of them, mutations in 15 patients
were not included because of lacking detailedmutation infor-
mation from the published papers; the other 123 mutations
in CYBB gene were summarized in Table 4. 36 missense,
21 nonsense, 36 splicing error, 29 deletion and 1 insertion
mutations were included. These mutations were showed to
be distributed over almost all exons, and the most distributed
exon was exon 9, followed by exon 6. No mutation was found
in exon 4. Missense, splicing error, deletion, and nonsense
mutations were common mutation types found in Mainland
China, accounting for 30%, 30%, 24%, and 17%, respectively,
which was similar with other reports. However, insertion
mutations, which were commonly reported in other CGD
cohort studies, were less found in Mainland China [12]. In
addition, gross deletions were found in 8 patients, including
5 whole CYBB gene deletions. Notably, a female CGD patient
with CYBB gene mutation was reported in our study, which
is the first report of female CGD patient with gp91phox
deficiency in Mainland China (Table 4).

http://www.hgmd.cf.ac.uk/ac/gene.php?gene=CYBB
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Table 4: Summary of CYBB gene mutations reported in Mainland China.

Pts
number Mutation type Exon/intron Nt.

change
AA.

change Reference

P1 Insertion Exon 10 c.1211 1213dupGGT# p.V404dup This study
P2 Missense Exon 12 c.1498G>A p.D500N This study
P3 Missense Exon 5 c.466G>A p.A156T This study
P4 Missense Exon 9 c.1085C>T p.T362I This study
P5 Missense Exon 3 c.176G>T p.C59F This study
P6 Missense Exon 9 c.1014C>A p.H338Q This study
P7 Nonsense Exon 7 c.676C>T p.R226X This study
P8 Splicing error Intron 3 c.253-1G>A skip exon 4 ? This study
P9 Deletion Exons 6–8 c.484-? 897+?del exon 6 8del This study
P10 Missense Exon 6 c.626A>G p.H209R This study
P11 Missense Exon 7 c.731G>A p.C244Y This study
P12 Missense Exon 6 c.626A>G p.H209R This study
P13 Deletion Exon 10 c.1314delG p.I439SfsX62 This study
P14 Splicing error Intron 8 c.898-1G>A skip exon 9 ? This study
P15 Missense Exon 5 c.376T>C # p.C126R This study
P16 Missense Exon 12 c.1499A>G p.D500G This study
P17 Missense Exon 11 c.1414G>A # p.G472S This study
P18 Missense Exon 5 c.389G>C p.R130P This study
P19 Deletion Exon 6 c.616delT # p.W206GfsX7 This study
P20 Nonsense Exon 11 c.1328G>A # p.W443X This study
P21 Splicing error Intron 3 c.252+1G>C skip exon 3 ? This study
P22 Splicing error Exon 11 c.1315A>G # skip exon 11 ? This study

P23 Deletion Exon 10 c.1313 1314
delAGinsT p.K438IfsX63 This study

P24 Deletion Exon 3 c.218delG # p.R73QfsX34 This study
P25 Missense Exon 12 c.1498G>A p.D500N This study
P26 Nonsense Exon 7 c.676C>T p.R226X This study
P27 Nonsense Exon 11 c.1437C>A p.Y479X This study
P28 Missense Exon 9 c.911C>G # p.P304R This study
P29 Nonsense Exon 8 c.868C>T p.R290X This study
P30 Missense Exon 3 c.184T>A # p.F62I This study
P31 Splicing error Intron 5 c.483+1G>A skip exon 5 ? This study

P32 Splicing error Intron 8, exon 9 c.[898-2 902
AGGTGGTdel] # skip exon 9 ? This study

P33 Deletion Exon 3 c.185 186delTC # p.F62X This study
P34 Missense Exon 6 c.613T>A p.F205I This study
P35 Deletion Exons 1–13 c. (1-? 1710+?)del exon 1–13 del This study
P36 Missense Exon 6 c.577T>C p.S193P This study
P49 Missense Exon 1 c.1A>G p.M1V [21]
P50 Splicing error Intron 1 c. 46-2A>G skip exon 2 ? [21]
P51 Splicing error Intron 1 c. 46-2A>G skip exon 2 [15]

P52 Splicing error Exon 2 c.46 92del 47 bp
c.91C>A p.L16RfsX2 [15]

P53 Deletion Exon 2 c. c.77 78delTT p.F26CfsX7 [16]
P54 Deletion Exon 2 c.91 92delCG p.R31GfsX2 [17]
P55 Missense Exon 3 c.162G>C p.R54S [15]
P56 Splicing error Exon 3 c.252G>A skip exon 3 [22]
P57 Splicing error Exon 3 c.252G>A skip exon 3 [22]
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Table 4: Continued.

Pts
number Mutation type Exon/intron Nt.

change
AA.

change Reference

P58 Splicing error Intron 3 c.252+2dupT skip exon 3 ? [22]
P59 Splicing error Intron 3 c.252+2dupT skip exon 3 ? [16]
P60 Splicing error Intron 3 c.252+5G>A skip exon 3 ? [16]
P61 Splicing error Intron 3 c.252+5G>A skip exon 3 ? [16]
P62 Splicing error Intron 3 c. 252+5G>A skip exon 3 [22]
P63 Splicing error Intron 3 c. 252+5G>A skip exon 3 [22]
P64 Splicing error Intron 3 c.253-3A>G p.C85SfsX24 [16]
P65 Splicing error Intron 3 c.253-3A>G p.C85SfsX24 [22]
P66 Splicing error Intron 4 c.337+1G>A skip exon 4 [22]
P67 Deletion Exon 5 c.345 346delCA p.T116HfsX5 [16]
P68 Nonsense Exon 5 c.370G>T p.E124X [16]
P69 Nonsense Exon 5 c.388C>T p.R130X [16]

P70 Splicing error Exon 5
c.483-484ins115 bp
c.[338 483del146 bp;
484 674del191 bp]

p.K161VfsX12
p.A113QfsX2 [15]

P71 Nonsense Exon 5 c. 469C>T p.R157X [15]
P72 Splicing error Intron 5 c.483+1G>A skip exon 5 [15]
P73 Splicing error Intron 5 c.483+1G>C skip exon 5 [15]
P74 Splicing error Intron 5 c.483+1delG p.A113DfsX16 [15]
P75 Deletion Exon 6 c.565 568delATTA p.I189SfsX23 [21]
P76 Deletion Exon 6 c.565 568delATTA p.I189SfsX23 [15]
P77 Missense Exon 6 c.577T>C p.S193P [15]
P78 Nonsense Exon 6 c.603C>G p.Y201X [22]
P79 Missense Exon 6 c.626A>G p.H209R [22]
P80 Missense Exon 6 c.665A>G p.H222R [16]

P81 Splicing error Exons 5, 6 c.338 674del;
c.484 674del

p.A113DfsX16
p.N162Tfsx14 [15]

P82 Splicing error Intron 6 c.484 804del321 bp p.N162 M268del [15]
P83 Splicing error Intron 6 c.674+6T>C skip exon 6 ? [21]

P84 Splicing error Intron 6 c.674+1336 T>G;
c.675-676ins81 bp p.R226YfsX18 [15]

P85 Nonsense Exon 7 c.676C>T p.R226X [15]
P86 Nonsense Exon 7 c.676C>T p.R226X [15]
P87 Nonsense Exon 7 c.676C>T p.R226X [16]
P88 Nonsense Exon 7 c.676C>T p.R226X [16]
P89 Nonsense Exon 7 c.676C>T p.R226X [22]
P90 Nonsense Exon 7 c.676C>T p.R226X [22]
P91 Deletion Exon 7 c.725 726delCA p.T242SfsX2 [15]
P92 Splicing error Intron 7 c.805-1G>T skip exon 8 ? [15]
P93 Nonsense Exon 8 c.868C>T p. R290X [15]
P94 Deletion Exon 8 c.871 881del p.S291GfsX52 [17]
P95 Splicing error Intron 8 c.898-1G>A skip exon 9 ? [25]
P96 Missense Exon 9 c.935T>A p.M312K [31]
P97 Deletion Exon 9 c.965delG p.G322DfsX20 [15]
P98 Missense Exon 9 c.965G>A p.G322E [22]
P99 Missense Exon 9 c.1012C>T p.H338Y [22]
P100 Missense Exon 9 c.1016C>A p.P339H [22]
P101 Deletion Exon 9 c.1078delG p.D360TfsX25 [15]
P102 Deletion Exon 9 c.1078delG p.D360TfsX25 [15]
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Table 4: Continued.

Pts
number Mutation type Exon/intron Nt.

change
AA.

change Reference

P103 Missense Exon 9 c.1081T>C p.W361R [22]
P104 Missense Exon 9 c.1082G>T p. W361L [15]
P105 Missense Exon 9 c.1082G>T p. W361L [16]
P106 Deletion Exon 9 c.1095delG p.F366SfsX19 [22]
P107 Nonsense Exon 9 c.1120C>T p. Q374X [15]
P108 Deletion Exon 9 c.1123delG p.E375SfsX10 [15]
P109 Deletion Exon 9 c.1123delG p.E375SfsX10 [15]
P110 Splicing error Exon 9/intron 9 c.1150 1151+2delAAGT skip exon 9 ? [16]

P111 Splicing error Exon 9/intron 9 c.1150 1151+2
delAAGT skip exon 9 ? [22]

P112 Splicing error Exon 10 c.1152G>C skip exon 9 ?
p.K384N [16]

P113 Deletion Exon 10 c.1170delC p.F391LfsX13 [15]
P114 Deletion Exon 10 c.1177delA p.T393LfsX12 [16]
P115 Deletion Exon 10 c.1177delA p.T393LfsX12 [22]
P116 Missense Exon 10 c.1234G>A p.G412R [22]
P117 Missense Exon 10 c.1234 G>A p.G412R [21]
P118 Missense Exon 10 c.1235G>A p.G412E [22]
P119 Splicing error Intron 10 c.1151+2dupT skip exon 10 [15]
P120 Splicing error Intron 10 c.1315-2A>C skip exon 11? [15]
P121 Splicing error Intron 10 c.1315-2A>C skip exon 11? [22]
P122 Nonsense Exon 11 c.1320C>A p.Y440X [16]
P123 Nonsense Exon 11 c.1320C>G p.Y440X [22]
P124 Deletion Exon 11 c.1327delT p.W443GfsX58 [15]
P125 Missense Exon 11 c.1333T>C p.C445R [22]
P126 Missense Exon 11 c.1366G>A p.D456N [16]
P127 Nonsense Exon 11 c.1437C>A p.Y479X [22]
P128 Nonsense Exon 11 c.1437C>A p.Y479X [22]
P129 Missense Exon 12 c.1548G>C p.W516C [15]
P130 Missense Exon 13 c. 1702G>A p.E568K [21]
P131 Deletion Exons 7–11 c.674+608 1587-1047delinsAG exon7 11del [25]
P132 Deletion Exons 1–13 c. (1-? 1710+?)del exon 1 13del [15]
P133 Deletion Exons 1–13 c. (1-? 1710+?)del exon 1 13del [21]
P134 Deletion Exons 1–13 c. (1-? 1710+?)del exon 1 13del [24]
P135 Deletion Exons 1–13 c. (1-? 1710+?)del exon 1 13del [24]
Pts: patients; Nt.: nucleotide; AA.: amino acid; del: deletion; ins: insertion; dup: duplication.
#: novel mutations identified in this study.
Note: 15 patients with CYBB mutations were not included in this table because of lacking detailed mutation information from the published paper. P1–36 were
patients reported in the present study and P49–135 were the patients reported previously fromMainland China.
P101 and 102 are brothers, and P108 and 109 are twin brothers [15]; while the other patients cited (except patients cited from [16]) have no relationships. The
relationship between the patients who were cited from [16] could not be determined because of lacking reliable information from the published paper.

In regard to the AR-CGD, which is mostly caused by
CYBA, NCF1, and NCF2 gene mutations, they accounted
for about 30% CGD cases according to the previous study
from western countries [6]. However, AR-CGD was less
reported in Mainland China. Up to now, only 6 patients with
CYBA gene mutations, 5 patients with NCF1 gene mutations,
and 3 patients with NCF2 gene mutations were reported
fromMainland China. These mutations were summarized in

Table 5. The low case finding rate was possibly because of the
insufficient recognition of AR-CGD in Chinese physicians,
which made the patients lost the chance to detect gene
mutations. Another possible reason was that the consan-
guineous marriage was strictly forbidden in China, which
lowered the prevalence of AR-CGD. With the development
of the next sequencing technology in China, a rapid genetic
diagnosis becomes realizable, thus greatly promotes genetic
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Table 5: Summary of different gene mutations in AR-CGD patients fromMainland China.

Patient
number

Mutation
gene Mutation type Nt.

change
AA.

change Reference

P37 CYBA Nonsense c.7C>T p.Q3X This study

P41 NCF1 Deletion;
missense

c.[541delG;
923T>C]‰

p.D181TfsX5
p.V308A This study

P43 NCF2 Missense c.550C>T p.R184X This study
p136 NCF2 Missense c.137T>G p.M46R [16]
p137 NCF2 Deletion c.1130 1135delACATGG p.D377 M378del [16]
p138 CYBA Nonsense c.7C>T p.Q3X [16]
p139 CYBA Missense c.7C>T p.Q3X [23]

p140 CYBA Missense;
splicing error

c.[7C>T;
59-2A>G]

p.Q3X
exon 2 del? [23]

p141 CYBA Missense c.152T>G p.L51R [15]
p142 CYBA Deletion c.246 273del p.F83SfsX98 [15]
p143 NCF1 Deletion c.75 76delGT p.Y26HfsX25 [26]
p144 NCF1 Deletion c.75-76delGT p.Y26HfsX25 [15]
p145 NCF1 Deletion c.75-76delGT p.Y26HfsX25 [15]

p146 NCF1 Deletion;
missense

c.763-800del;
c. 923T>C

p.E254 R267del
p.V308A [15]

Pts: patients; Nt.: nucleotide; AA.: amino acid; del: deletion; AR: autosomal recessive.
‰: novel mutation found in this study.
P37, P41, and P43 were the patients reported in the present study and P136–146 were the patients reported previously fromMainland China.

Table 6:Comparison of different subtypes ofCGD in 4major PID centers fromMainlandChina and large cohort studies fromother countries.

Pts XL-CGD AR-CGD UD Total
CYBB CYBA NCF1 NCF2

This study 36/48
(75%)

1/48
(2%)

1/48
(2%)

1/48
(2%)

9/48
(19%) 48

Center 2 [15] 30/38
(79%)

2/48
(5%)

3/48
(8%)

0/48
(0%)

3/48
(8%) 38

Center 3 [16, 20] 31/48
(65%)

1/48
(2%)

2/48
(4%)

3/48
(6%)

11/48
(23%) 48

Center 4 [21–30] 36/42
(86%)

2/42
(5%)

1/42
(2%)

0/42
(0%)

3/42
(7%) 42

Japan∗ [12] 109/148
(74%)

16/148
(11%)

10/148
(7%)

13/148
(9%) — 229

The United States [10] 259/368
(70%)

7/368
(2%)

45/368
(12%)

10/368
(3%)

28/368
(8%) 368

Europe [11] 290/429
(68%)

22/429
(5%)

69/429
(16 %)

11/429
(3%)

37/429
(9%) 429

Turkey [32] 34/89
(38%)

20/89
(23%)

17/89
(19%)

13/89
(15%)

5/89
(6%) 89

Pts: patients; XL: X-linked; AR: autosomal recessive; UD: unidentified.
∗A total of 229 CGD patients were reported in a Japanese national registry, 148 of whom have been classified into four types based on flow cytometric and
western blotting analysis.

diagnosis of PID. In addition, it has been reported that NCF1
gene mutations were the most common causes leading to
AR-CGD, which occurred in over 20% CGD in western
countries [6]. However, the incidence seems to be lower
in Asia countries, with an incidence of 2% and 7% in our
study and Japan, respectively [12].The reason for the different
incidences is still to be determined.

CGD was originally termed “fatal granulomatous disease
of childhood” [44], which indicated that it had high lethality.
With the development of medical level, the prognosis of
CGD have improved over time. At present, it is widely
accepted that CGD patients should take lifelong antibacterial
and antifungal prophylaxis and interferon gamma (IFN-
𝛾) treatment [45]. In fact, the treatment using INF-r is
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still controversial. Some studies suggested that IFN-𝛾 could
effectively reduce the number and severity of infections, while
other studies showed IFN-𝛾 treatment did not reduce the
infections [41, 46]. In our single center study, only 6 patients
have been treated with IFN-𝛾, and it was effective in 67%
of them. However, this was unrepresentative because of the
small sample and lacking long-term follow-up study. In fact,
recombinant human IFN-𝛾 is a very expensive therapeutic
agent, which made it difficult to be applied widely. Therefore,
the effect of IFN-𝛾 treatment on Chinese CGD patients still
need to be determined.

Up to now, HSCT is the only proven curative treatment
for CGD [45]. However, because of the high survival rate
of CGD patients, high cost of HSCT, relapse, and high risk
of infections after HSCT, most patients in our study did not
choose HSCT treatment. Similarly, only 3 CGD patients (8%)
in anotherChinese cohort study receivedHSCT [15]. Notably,
as a single gene disorder, gene therapy is a potential treatment
for CGD, which provides new hope for cure of CGD.

6. Conclusions

We here report 48 CGD patients in our single center study,
which is the largest cohort study from Mainland China.
39 gene mutations were identified in 48 patients, including
36 mutations in CYBB gene, 1 mutation in CYBA gene, 1
mutation in NCF1 gene, and 1 mutation in NCF2 gene. CGD
patients are susceptible to BCG infections and they should
avoid BCGvaccination.The compulsory BCGvaccination for
all infants after birth contributes to the early onsets in CGD
patients in Mainland China.

Disclosure

Jing Wu is the first author.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors appreciate all the blood donors and the nursing
staffs for the collection of specimens. This research was sup-
ported by grants from National Natural Science Foundation
of China (81273314 and 81571605) and Shanghai Municipal
Education Commission (14ZZ105).

References

[1] H. Berendes, R. A. Bridges, and R. A. Good, “A fatal granulo-
matosus of childhood: the clinical study of a new syndrome,”
Minnesota Medicine, vol. 40, no. 5, pp. 309–312, 1957.

[2] B.H. Landing andH. S. Shirkey, “A syndrome of recurrent infec-
tion and infiltration of viscera by pigmented lipid histiocytes,”
Pediatrics, vol. 20, no. 3, pp. 431–438, 1957.

[3] D. Roos and M. de Boer, “Molecular diagnosis of chronic gran-
ulomatous disease,”Clinical and Experimental Immunology, vol.
175, no. 2, pp. 139–149, 2014.

[4] M. Esfandbod and M. Kabootari, “Images in clinical medicine.
Chronic granulomatous disease,” The New England Journal of
Medicine, vol. 367, no. 8, p. 753, 2012.

[5] B.H. Segal, L. Romani, and P. Puccetti, “Chronic granulomatous
disease,” Cellular and Molecular Life Sciences, vol. 66, no. 4, pp.
553–558, 2009.

[6] W.-J. Ying, X.-C. Wang, J.-Q. Sun, D.-R. Liu, Y.-H. Yu, and J.-
Y. Wang, “Clinical features of chronic granulomatous disease,”
Chinese Journal of Pediatrics, vol. 50, no. 5, pp. 380–385, 2012.

[7] J. El-Benna, P. M.-C. Dang, M.-A. Gougerot-Pocidalo, and
C. Elbim, “Phagocyte NADPH oxidase: a multicomponent
enzyme essential for host defenses,” Archivum Immunologiae et
Therapiae Experimentalis, vol. 53, no. 3, pp. 199–206, 2005.

[8] D. Roos, D. B. Kuhns, A. Maddalena et al., “Hematologically
important mutations: the autosomal recessive forms of chronic
granulomatous disease (second update),”Blood Cells,Molecules,
& Diseases, vol. 44, no. 4, pp. 291–299, 2010.

[9] Y. Gu, B. Jia, F.-C. Yang et al., “Biochemical and biological char-
acterization of a human Rac2 GTPase mutant associated with
phagocytic immunodeficiency,” Journal of Biological Chemistry,
vol. 276, no. 19, pp. 15929–15938, 2001.

[10] J. A. Winkelstein, M. C. Marino, R. B. Johnston Jr. et al.,
“Chronic granulomatous disease. Report on a national registry
of 368 patients,”Medicine, vol. 79, no. 3, pp. 155–169, 2000.

[11] J. M. van den Berg, E. van Koppen, A. Åhlin et al., “Chronic
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Themannose-binding lectin (MBL) is amember of the collectin family, belonging to the innate immunity system. Genetic, biologic,
and clinical properties of MBL have been widely investigated throughout the last decades, although some interesting aspects of its
potential clinical relevance are still poorly understood. Low circulating concentrations of MBL have been associated with increased
risk of infection and poor neurologic outcome in neonates. On the other hand, an excessive and uncontrolled inflammatory
response by the neonatal intestine after the exposure to luminal bacteria, leading to an increased production of MBL, may be
involved in the onset of necrotizing enterocolitis. The purpose of the present review is to summarize the current knowledge about
genetic and biologic characteristics of MBL and its role in the susceptibility to infections and to ischemia-reperfusion related tissue
injuries to better explore its clinical relevance during the perinatal period and the possible future therapeutic applications.

1. Introduction

Themannose-binding lectin (MBL) is a protein of the innate
immune system, belonging to the collectin family, able to
deploy a variety of antimicrobial activities. It recognizes and
binds various pathogens (including bacteria, viruses, fungi,
and parasites), providing protection against the microbial
invasion of the host [1]. Although the clinical impact of MBL
deficiency and its association to a wide variety of diseases
has been extensively studied, the clinical significance of low
MBL serum levels in healthy subjects is still debated. The
image is that of a mosaic, as studies suggest a detrimental
or beneficial or no impact of low or high MBL serum levels
on the susceptibility to different diseases. In early life MBL
insufficiency seems to have clinical relevance in the presence

of immunodeficiency and whenever the immune system is
particularly challenged [2]. Consecutively, MBL could play
a critical role in the first line defence during the neonatal
period, when the maternal-derived antibodies disappear and
the child’s own immune system is immature [3, 4]. In the
same period of life, MBL seems also to play a role in contact
guidance of neuronal migration, interneuronal recognition,
myelinization, and tightening of the ependymal cell barrier
[5].

While low MBL serum levels have been associated to an
increased risk of nosocomial sepsis [6, 7] and of neurological
risks [8] in neonates, recent studies performed in rodents
support the role of MBL in the exacerbation of tissue damage
(myocardial, gastrointestinal, cerebral, and renal tissues) in
the course of ischemia-reperfusion injuries, by the activation
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of the lectin pathway of the complement. According to these
data, we found that MBL-2 genotypes associated with high
MBL serum levels represent a risk factor for necrotizing
enterocolitis (NEC) in preterm neonates [9].

In conclusion the role of MBL, the exact clinical signifi-
cance of the different MBL haplotypes and, consecutively, the
associated serum MBL levels, is still poorly understood and
needs to be further elucidated. Furthermore, it is still unclear
if the exogenous administration of MBL may have protective
or rather harmful effects on the host’s organism [10].

The purpose of the present review is to summarize the
current knowledge on the clinical role of MBL, especially
during the perinatal period, and address controversial issues,
discussing at the end on its possible future therapeutic app-
lications.

2. MBL: Protein and Biologic Properties

The human MBL2 gene product is a 24 kD polypeptide cha-
racterized by a 248-amino-acid sequence, with four distinct
regions, a cysteine-rich N-terminal region, a collagenous
domain, a short 𝛼-helical coiled-coil domain, the so-called
neck region, and a carbohydrate-recognition domain, and
forms the prominent globular head of the molecule. Three
polypeptide chains form a triple helix through the col-
lagenous region, stabilized by hydrophobic interaction and
interchain disulphide bonds within the N-terminal cysteine-
rich region. This trimeric form is the basic structural sub-
unit of all circulating forms of MBL. Larger molecules can
be obtained by the oligomerization of these homotrimeric
subunits [11, 12] (Figure 1). The highly ordered oligomeric
structure, the spacing, and orientation of the carbohydrate-
recognition domains define what ligands MBL can target
and are essential for its function. Through the carbohydrate-
recognition domain MBL binds to specific carbohydrates
such as mannose or N-acetylglucosamine that are exposed
on the surface of a number of pathogens such as bacteria,
viruses, parasites, and fungi [13–15]. For this reason, MBL
belongs to the group of the so-called “pattern recognition
molecules” [16] that mediate the precocious activation of the
immune response. MBL is produced by the liver [15, 17–19]
and released in the serum under stress conditions [20, 21]
as a calcium-dependent acute phase protein. Significantly
increased circulating levels have been reported in response
to infections. During inflammatory conditions MBL can also
leave the blood stream due to vascular leakage and can be
detected in the mucus of the middle ear, in upper airway
secretions, in inflamed synovial fluid, and in the normal
amnion fluid [22, 23]. MBL activates macrophages [24],
enhances phagocytosis [25, 26], and plays a role in comple-
ment activation by inducing the antibody-independent lectin
pathway [1, 13, 16, 27–31]. In particular, MBL, in cooperation
with three MBL-associated serine proteases (MASPs 1, 2, and
3), is able to initiate the lectin pathway of complement activa-
tion, the release of cytokines, and coagulation factors. A sin-
gle MASP entity was initially identified and characterized as
a protease with the ability to cleave complement proteins C4,
C2, andC3 [31, 32].MASPwas indeed amixture of two related
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Figure 1: The MBL gene and the MBL structure. The organization
of the MBL gene is located at chromosome 10q21. Two promotor
polymorphisms at positions −550 and −221 are indicated. A third
polymorphism is found at position +4. Exon 1 of the gene encodes
the untranslated region (UR), the signal peptide (SP), and the cross-
linking region (C-LR) of the N-terminal and the first part of the
collagenous region (CR) harbouring the base mutations that results
in the production of the MBL variants. The second exon encodes
the remaining part of the collagenous region (CR) including the
disruption of the Gly-X-Y repeat. A third exon encodes the neck
region (NR). The last exon encodes the carbohydrate-recognition
domain (CRD). The MBL subunit is composed of three single
peptides.

but distinct proteases,MASP-1 andMASP-2 [30]. A third pro-
tease, MASP-3, is also shown to be associated with MBL
[33]. It is generally believed that MASP-2 is the initiator of
the lectin-complement pathway, while the role of the other
MASPs is still uncertain [34].MASPs additionally form active
complexes with Ficolin-1 (M-Ficolin), Ficolin-2 (L-Ficolin),
and Ficolin-3 (H-Ficolin), which are also defence collagens
[35–37].

In the case of tissue damage after ischemia-reperfusion,
MBL rapidly deposits on target cells and forms an IgM-
MBL complex as soon as a specific autoreactive IgM binds
to exposed tissue antigens and triggers the downstream
complement activation in the acute phase, enhancing the
cleavage of C3 [38]. Small amounts ofMBL are also produced
in organs other than the liver such as brain [39], kidney
[40, 41], spleen [42], tonsil [43], thymus, small intestine [44],
testis [42, 44], ovary [41], and vagina [45], suggesting that
local expression of MBL may be relevant in local immune
defence.
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Figure 2: The structural differences due to the variant alleles. Three polymorphisms in the structural gene MBL2, at codons 52, 54, and 57,
encode for variant alleles referred to as D, B, and C, respectively; the wild-type gene is A. In the wild type, the correct repetition of Glu-
Xaa-Yaa permits the association of three identical polypeptide chains generating the structural subunit. This subunit is stabilized through
disulphide bonds in the cross-linking region, with a high-order MBL oligomer formation.Themutations in exon 1 generate three amino acid
substitutions in the collagen-like region; two of these substitutions disrupt the Gly-X-Y repeats by exchanging a glycine residue with aspartic
acid (variant B) or with glutamine (variant C). A third substitutes a cysteine for an arginine (variant D).These amino acid substitutions disrupt
the assembly of the MBL molecule, generating a nonfunctional low-order oligomer formation [15, 46].

3. MBL: Genetics

In 1989, the gene structure of MBL and the protein were
identified by Taylor and Sastry [48, 49]. The human MBL
gene (MBL2)was cloned and sequenced and has been located
in the chromosome 10q11.1–q21. Comparison of the genomic
nucleotide sequence of MBL2 with the cDNA sequence
revealed that the protein-coding region consists of four exons
interrupted by three introns of 600, 1350, and 800 base
pairs in size, respectively. Exon 1 encodes the signal peptide,
a cysteine-rich domain, and seven copies of a repeated
glycine-Xaa-Yaa motif typical for the triple helix formation
of collagen structures (Xaa and Yaa indicate any amino
acid). This pattern is continued by additional 12 glycine-Xaa-
Yaa repeats in exon 2. Exon 3 encodes a neck region and
exon 4 a carbohydrate-binding domain.The resulting protein
consists of oligomers each with three identical polypeptide
chains of 32 kDa as evaluated on Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE). The liver
synthesizes the protein as structures consisting of three–six
oligomers [50] (Figure 1).

3.1. MBL2 Gene Polymorphisms. The presence of variant
alleles of the MBL2 gene encoding three different struc-
tural variants of the MBL polypeptide is strongly associated
with MBL deficiency. Five single nucleotide polymorphisms
(SNPs) in the MBL2 gene lead to variations in quantity or
function of MBL in serum. Two SNPs are localized in the
promoter region, at positions −550 (H/L variant) and −221

(X/Y variant), and one is localized in the 5 untranslated
region at position +4 (P/Q variant) [51, 52] (Figure 1). They
affect the expression of the MBL2 gene. The haplotypes HY,
LY, and LX correlate with high, medium, and low promoter
activity, in agreementwith the serummeasurements [49].The
other three functional SNPs are situated in exon 1, exactly
in codon 52 (allele D) [51], in codon 54 (allele B) [2], and
in codon 57 (allele C) [53], and result in the disruption
of the repeated Gly-Xaa-Yaa structure of the collagenous
triple helix by substituting the essential glycine residue with
cysteine, aspartic acid, and glutamic acid, respectively [54].
All three variants prevent the assembly of MBL subunits into
the basic trimer structure, thereby reducing the amount of
MBL protein (Figure 2).

The variant alleles are very frequent in normal, healthy
populations, where they are present in 20 to 50% of the
individuals, with the highest frequencies found in Africans.
The B allele is common in Caucasians, Chinese, and Eskimos
with gene frequencies of 0.11 to 0.17%, while the C allele
is almost exclusively present in Africans, where it is highly
frequent (0.23 to 0.29%). The D allele is present in both
Caucasians and Africans, although with a lower frequency
(0.05% in both) [14]. All population studies have shown a
significant dominant effect of the B, C, and D alleles [51].

MBL serum levels are genetically determined, as
described by Sorensen, who estimated the heritability of
serum MBL levels and MASP-2 activity in an elegant study
on adult twins, underlining the contribution of common
genes affecting both traits. The data of this study indicate
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Figure 3: A model illustrates the activation of the lectin pathway by
natural IgM in I/R injury. IgMbinds to the neoepitope in self-Ag and
activates the lectin pathway of complement.The downstream events
include the releasing of proinflammatory factors C3a and C5a,
deposition of the membrane attack complexes C5–C9, recruitment
of inflammatory cells, and leading to direct cell damage [38].

a strong genetic influence for the serum levels of MBL and
for MASP-2 activity, with a significant genetic correlation
between the two traits. In fact, twin-twin correlations were
higher in monozygotic than in dizygotic twins for both traits,
which seem to be influenced, although in part, by the same
genes. The genetic correlation may also represent a casual
relation between the phenotypes [55].

The genetic variability of both the promoter and the exon
domains of MBL gene influences the subsequent stability and
serum concentrations of the functionally active protein, lead-
ing to defect in opsonization and susceptibility to infections
[1].

4. MBL: Role in the Activation of Complement
in Ischemia/Reperfusion Tissue Injury

Many studies have shown a determinant role of the comple-
ment system in ischemia/reperfusion (I/R) injury in human
and animals. Indeed, during the ischemia and in the following
reperfusion, the classical pathway has a pivotal role, but the
lectin pathways are also involved. Natural circulating IgM
(specific to self-antigens) may bind to antigens exposed by
ischemia. Antigen interaction initiates the classical pathway,
followed by the activation of C1 and downstream components
(C4, C3, and C2). The interaction between IgM and ischemic
antigen leads to the exposure of binding for the MBL,
through the carbohydrate pattern on IgM, and activates
the MASPs. The activated MASPSs further cleave relevant
substrate activating the lectin pathway (Figure 3). Activated
MASP-2 very efficiently cleaves the complement factors C4
and C2 to the fragments C4b and C4a and C2b and C2a,
respectively, and C4b and C2b join to form a C3 convertase
2 [30, 56]. MASP-1 can cleave C4b-bound C2, but not C4
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C4b C3b
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C3

C3b
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Pathogen membrane

Figure 4: Amodel illustrates the activation of the lectin pathway by
infective agents. MBL recognizes specific carbohydrates such as D-
mannose, L-fucose, and N-acetylglucosamine that are represented
on the surface of a wide variety of infectious agents. Engagement
of ligand by MBL activates MASP2, which then cleaves the C2C4
convertase and results in the cleavage of C3 and the generation of
C3b. It has also been proposed that MASP1 can directly cleave C3
[47].

[47].Therefore the lectin pathway activation route is deficient
in the absence of MASP-2. MASP-1 can augment MASP-2
functional activity by cleaving C2 and possibly enhancing
complement activation by conversion of MASP-2 into the
enzymatic active form, but it cannot compensate for the loss
of MASP-2 functional activity [57, 58].

This way to the complement activation has been impli-
cated in the pathophysiology of myocardial infarction [59],
gastrointestinal ischemia [60], and kidney I/R [61]. A recent
study shows the benefits of C1 inhibitor administration in
a murine model of cerebral I/R and suggests that MBL is
involved in this effect [62].

5. MBL: Clinical Significance

5.1. MBL and Susceptibility to Infections. MBL recognizes
and binds to sugar moieties on the surface of bacteria,
viruses, fungi, and parasites. MBL binding causes these
microorganisms to agglutinate and allows phagocytic clear-
ance of pathogens as well as lectin-complement pathway
activation, throughMBL-associated proteases [63] (Figure 4).
Since mounting evidence has supported a crucial role of
the MBL in the innate immune response during the last
years, several studies focused on the association between
MBL expression and/or concentrations in the body fluids and
the clinical presentation. Likewise to proteins of the acute
phase of inflammation,MBLblood levels increase in response
to infections. Healthy adult individuals usually have MBL
concentrations above 1000 ng/mL, and these levels seem to be
not affected by the age, circadian cycle, and physical exercise.
During inflammation, MBL levels increase within the 3-4-
fold compared to the baseline level [64]. MBL deficiency in
adults has been defined as plasmatic concentrations lower
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than 500 ng/mL or as an MBL function below 0.2U/𝜇LC4
deposition [65]. MBL levels may rise under stress to sufficient
levels, in individuals who are usually deficient. A positive
acute phase response was generally observed in individuals
with wild-type MBL2 genes [64].

MBL-deficient adults are characterized by a higher risk,
severity, and frequency of infections in a number of clinical
settings, although the exact impact of this kind of innate
immunodeficiency on the clinical outcome is still poorly
understood [66, 67]. Moreover, the risk of developing infec-
tions due to low MBL levels seems to be particularly accen-
tuated if associated to other conditions such as cystic fibrosis
[68, 69], or after chemotherapy [70–72] and transplantation
[73–77].

Nevertheless, despite these results suggesting a protective
role of MBL, an excess of MBL activation might be also
harmful, due to an unbalanced proinflammatory response
leading to additional tissue damage. High MBL activity has
been associated with inflammatory autoimmune diseases
such as the Systemic Lupus Erythematosus, resulting in organ
injury [78]. Furthermore, increased MBL serum concen-
trations and activity have also been associated with other
disorders including transplant rejection [79–84], diabetic
nephropathy [85–89], enhanced uptake of mycobacteria [90–
93] and Leishmania [94–99], and primary biliary cirrhosis
[12, 100, 101].

As for the adult population, low MBL levels seem to
represent a risk factor also for the development of neonatal
infections [6, 7, 102–104]. Particularly low MBL levels have
been detected among preterm neonates [64, 105] and a
genetically determined MBL deficiency has been described
[106, 107], leading to a significant interindividual variability
of serumMBL concentrations in the neonatal period.

Low MBL concentrations already in the cord blood were
found to correlate with a higher incidence of gram-negative
sepsis [4]. Low MBL serum levels on admission to the
Neonatal Intensive CareUnit are associatedwith an increased
risk of nosocomial sepsis, independently on gestational age
(GA) [6]. Since such low serum MBL concentrations have
been reported among septic neonates, a possible role of
MBL as biomarker for the early identification of neonates
at risk for infection has been suggested [6, 7, 108, 109]. A
prospective observational study performed at our institution,
which included 365 critically ill neonates, demonstrated that
medianMBL serum levels were significantly lower among the
infected than among the uninfected neonates. Furthermore,
low MBL concentrations on admission represented a risk
factor for the subsequent development of infection, indepen-
dently from GA and invasive procedures. Nevertheless, the
MBL levels on admission and the peak levels during infection
were not associated with death [7].

Schlapbach et al. found a trend towards an increased
incidence rate of severe respiratory symptoms in infants with
lowMBL concentrations, although this associationwas not as
strong as expected [110]. Other authors found that neonates
with MASP-2 deficiency had a shorter mean GA, a higher
incidence of prematurity, and lower birth weight (BW).
Moreover, a trend towards higher MASP-2 concentrations
was found among infected neonates [111].

With reference to the correlation between MBL2 geno-
types and serumMBL levels on admission in Neonatal Inten-
sive Care Unit, we observed that only 13.8% of our preterm
patients carried a genetically deficientMBL2 haplotype,while
43.1% of babies had deficient MBL levels (<700 ng/mL) on
admission to the unit. The finding of a discrepancy between
MBL genotypes and serum MBL levels in neonates supports
the role of immaturity in causing lowMBL levels in neonates.
Therefore, in preterm neonates MBL deficiency at birth and
in the firstmonth of life seems to be described better by serum
concentrations than by MBL genotype [109, 112].

5.2. MBL and Adverse Neurological Outcome in Preterm
Infants. Robust epidemiological studies, performed in
preterm and term-born neonates, suggest a strong associa-
tion between fetal infection, inflammation (e.g., chorio-
amnionitis), perinatal brain damage, and neurological
disability in term-born infants. Infection and hypoxia-
ischemia, despite being very different types of injuries,
can individually trigger the fetal inflammatory response,
by activation of the fetal immune system, contributing to
preterm brain injury, including periventricular white matter
injury [9].

In mice or rats with brain insult induced at 5 days of life
by ibotenate administration, after systemic injection of IL-
1𝛽, IL-6, TNF𝛼, or IL-9 between first and fifth day of life,
a different brain response has been seen, with up to twice
the level of brain damage observed in these rodents com-
pared with that observed in nonsensitized animals [113, 114].
Furthermore, in neonates developing later cerebral palsy, an
increase of IL-9 plasma level was found without an increase
of proinflammatory cytokines. The brain sensitization could
be induced by the trigger of neural H1 and H2 receptor, due
to release of histamine secondary to the mast cell activation.
Also TLR pathway activation (TLR4, TLR3, and adaptor
molecule TRIF), leading to cytokines production, seems to
be implicated in inflammatory brain sensitization to hypoxia-
ischemia insult. The cytokine response due to activation of
a common inflammatory pathway could explain the correla-
tion observed between cerebral palsy and the blood cytokine
levels of newborn infants born at term [115]. Although a role
for neonatal immunity and sepsis has been demonstrated in
neonatal encephalopathy, few studies have explored the role
of fetal and maternal genetics in predicting the neurological
outcome in neonates and whether genetic characteristics of
some innate immunity factors may constitute a biomarker of
fragility in neonates. In a group of very preterm infants at 24
months of corrected age, we observed that the homozygosity
of SNPs of exon 1 of the MBL2 gene was associated with
an adverse neurological outcome. Moreover, all the patients
with genotype OO had at least one episode of infection
during hospitalization and showed an increased risk for
intraventricular hemorrhage (IVH) [70]. So, the effect of
MBL2 SNPs on neurological development could be indirect
in these infants, perhaps mediated by the infection, and the
brain damage induced by MBL deficiency may be partially
independent of complement cascade, less active in such
preterm infants than in more mature babies and in adults.
Other MBL mediated mechanisms, related to the marked
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brain immaturity of neonates, may have a role in the genesis
of the neurological damage [8].

In a model of traumatic brain injuries in mice, Yager
et al. found that MBL deficiency exacerbates acute CA3
(Cornu Ammonis) cells death and cognitive dysfunction,
independently of complement activation.This suggests a neu-
roprotective role for MBL and a functional linkage between
innate immunity and neurological outcome after traumatic
brain injuries [116]. Yager et al. studied MBL2 genotype
in mice and in 135 stroke adult patients (mean age >70
years). At three months of follow-up, they concluded that
genetically defined MBL deficiency was associated with a
better outcome after acute stroke, without an increased risk
of infections in MBL-deficient patients. Moreover, patients
with MBL low genotypes disclosed lower serum levels of
C3 and C4 than patients with MBL sufficient genotypes
[116]. Recently, Cervera et al. confirmed in murine model of
middle cerebral artery occlusion the neuroprotective effects
of genetic MBL deletion in the acute post-stroke but did not
find improvements in either infarct volume or neurological
function at 7-day examination [117]. These results are in
conflict with each other. If MBL has a protective or harmful
role in the physiopathology of the ischemia-reperfusion brain
damage is still unclear. According to the studies by Zanetta,
we can speculate that MBL may play a protective role in
brain development [5].Mannose rich glycoproteinsmarkedly
accumulate during the second and the third postnatal weeks
compared with other monosaccharides and are thereafter
degraded. They are concentrated at the surface of axons,
especially at the surface of parallel fibers (axons of the
granule cells, the quantitatively major neuronal cell type in
the cerebellum). In premature babies, MBL could promote
the contact guidance of neuronal migration, interneuronal
recognition, formation of bridges betweenmigrating neurons
and radial astrocytes fibers, myelinization, and tightening
of the ependymal cell barrier, during the ontogenic devel-
opment of the brain. A single gene mutation could easily
suppress these functions increasing the susceptibility of the
brain tissue to various pathogenic insults, as infections and
hemorrhages [9].

5.3. MBL and Necrotizing Enterocolitis (NEC). As for adult
population, not only MBL deficiency but also MBL hyper-
production seems to have potentially harmful effects. The
host immune defence depends onmaintaining an appropriate
balance between proinflammatory processes and apoptosis.
Immaturity of the inflammatory pathways could increase
susceptibility to apoptotic activation, upsetting this balance,
and result in increased apoptotic tissue damage during
bacterial infection. The onset of an excessive and uncon-
trolled inflammatory response by the neonatal intestine after
the exposure to luminal bacteria may trigger the onset of
necrotizing enterocolitis. Polymorphisms of the MBL2 gene
associated with high expression of active serum and tissue
proteins may predispose preterm neonates to develop NEC
and generate the pathophysiology of NEC, which contributes
to the disease progression [9].

MBL is expressed by hepatocytes, but Sastry et al. obser-
ved low extrahepatic levels of MBL-2 mRNA, predominantly

in small intestine [49]. Prencipe et al. detected the expression
of MBL protein in the diseased guts of preterm infants
with NEC: MBL was strongly expressed in enterocytes, in
endothelial cells, and in histiocytes of the small intestine and
colon. Moreover, they observed a positive staining for MBL
also in enterocytes of intestinal tissues from healthy infants.
The −221 promoter MBL-2 variant allele Y, associated with
higher serumMBL levels, was shown to be significantly more
common in neonates with NEC than in control neonates.
Moreover, a significant association of the −221 YY promoter
genotype and of the combined exon 1/promoter −221YA/YA
genotype, both causing highMBLprotein levels, with a higher
risk of developing NEC, independently GA, was observed.
MBL-2 genotypes related to low MBL levels were shown to
be associated with a decreased mortality among neonates
with severe NEC, suggesting that MBL levels may affect the
outcome of NEC and further supporting the hypothesis of a
role of high MBL levels in contributing to intestinal damage
[9].

6. MBL: Future Perspectives

The observation that low MBL levels represent a risk factor
for infection development and severity suggested that the
external administration ofMBLmay be beneficial.Therefore,
MBL replacement treatments in critically ill neonates with
severe infections are currently discussed, although still far
to be applied in clinical practice. However, considering the
increased risk of some disorders which have been associated
with an uncontrolled production of the MBL (as described
above in the text), the potential prophylactic/therapeutic
MBL administration should be carefully investigated prior
to embarking upon potentially dangerous strategies [12, 118].
Despite the large number of studies investigating the role
of MBL, the exact clinical significance of the different MBL
haplotypes and, consecutively, the associated serum MBL
levels is still poorly understood and needs to be further
elucidated, especially in neonates, in which such pathways are
not fully developed and functionally mature. In particular, it
is still unclear if the response to infection could be blunted or
rather exaggerated by the early administration ofMBL before
the infection development. Population studies have revealed
unexpectedly high frequencies of structural MBL gene muta-
tions. It has been suggested that this may reflect a selection
advantage for reduced activities of MBL-associated immune
mechanisms, such that, for example, individuals with lower
levels of MBL might be protected against the complement-
mediated damage associated with inflammatory diseases.

The possibility to understand the genetic contribution
of specific responses to immunomodulatory agents is a
challenge of the current research on infections and inflam-
matory illness. SNPs of the MBL2 gene could predict the
susceptibility to specific pathogens or complications of infec-
tions, allowing us to implement unconventional strategies of
prophylaxis and therapy.

In addition, the importance to know the MBL involve-
ment in brain injury, participating in the activation of the
inflammatory response, could be important because the
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induced brain damage due to a first insult makes the develop-
ing brain more susceptible to a second insult. Understanding
the role of MBL in brain insult and whether the MBL levels
could be correlated with neurological outcome could be a
possible end point for new study, that is, in newborn with
hypoxic/ischemic encephalopathy treated with whole body
hypothermia.
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Idiopathic chronic inflammatory conditions (ICIC) such as allergy, asthma, chronic obstructive pulmonary disease, and various
autoimmune conditions are a worldwide health problem. Understanding the pathogenesis of ICIC is essential for their successful
therapy and prevention. However, efforts are hindered by the lack of comprehensive understanding of the human immune
system function. In line with those efforts, described here is a concept of stochastic continuous dual resetting (CDR) of
the immune repertoire as a basic principle that governs the function of immunity. The CDR functions as a consequence of
system’s thermodynamically determined intrinsic tendency to acquire new states of inner equilibrium and equilibrium against
the environment. Consequently, immune repertoire undergoes continuous dual (two-way) resetting: against the physiologic
continuous changes of self and against the continuously changing environment. The CDR-based dynamic concept of immunity
describes mechanisms of self-regulation, tolerance, and immunosenescence, and emphasizes the significance of immune system’s
compartmentalization in the pathogenesis of ICIC. The CDR concept’s relative simplicity and concomitantly documented
congruency with empirical, clinical, and experimental data suggest it may represent a plausible theoretical framework to better
understand the human immune system function.

1. Introduction

Although a remarkable progress has been made in under-
standing immunity, a comprehensive general model of func-
tion of the immune system has not been established. While
numerous elements of the immune machinery are identified,
the key functional nodes, organizational hierarchy (if any),
and how the immune system regulates itself are still not clear.

That is not just a theoretical problem. The lack of basic
understanding of immune system’s function thwarts efforts
toward successful treatments and prevention of steadily
growing pandemics of chronic inflammatory conditions such
as allergy, asthma, chronic obstructive pulmonary disease
(COPD), inflammatory bowel disease (IBD), and autoim-
mune conditions. According to the World Health Orga-
nization’s estimate (the global burden of disease, update
for 2004), only the chronic respiratory diseases (allergic
rhinitis, asthma, and COPD) affect more than 1.2 billion
people. Although we have been aware of those idiopathic
conditions for decades, their pathogenesis is still unknown.

Nevertheless, all are considered immunologic in origin
[1, 2].

The current reductionism-driven research has been iden-
tifying cellular and molecular mechanisms (such as TNF-
𝛼, IL-5, and IL-4 pathways) associated with the previously
mentioned diseases. However, the subsequently developed
immunologicals, which target particular components of the
inflammatory cascade, have been somewhat effective in
reducing the symptoms, but not in resolving the pathology.
Therefore, there is an urgent need to broaden the approaches
and find the way to not only therapeutically control those
immune disorders, but also develop effective prevention
strategy and thus protect the health of future generations.
The members of the recently formed trans-NIH Center
for Human Immunology, Autoimmunity and Inflammation
(CHI) have outlined these problems in the initiative to
comprehensively study the human immune system as a pan-
NIH project, thus proposing a holistic approach to acquire a
deeper understanding of the function of the immune system
[1].
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In line with those efforts, proposed here is a general
concept of function of the immune system. The concept
builds on the fact that, due to living system’s continuous com-
munication with the environment (energy exchange through
heat, food intake, waste excretion, etc.), the system under-
goes continuous disturbances and fluctuations in molecular
interactions. Therefore, the system is forced to continuously
reset itself toward appropriate equilibrium states. Such a
continuous equilibrium resetting in the system is a base for
the continuous dual (two-way: against self and against the
environment) resetting of the immune repertoire (CDR) as
a mode of the immune system function.

Description of the CDR-based concept (CDRc) will begin
with a brief summary of basic elements and current concepts
in immunology as a framework, will include description of
the resetting process, and will incorporate those elements
to create a general outline of function of the immune
system. The last part will focus on compartmentalization of
the immune system, which this concept considers essential
for establishment and preservation of immune competency.
Finally, described is the emerging common mechanism
proposed to underlie the pathogenesis of idiopathic chronic
inflammatory conditions (ICIC). Concomitant with descrip-
tion of the CDRc are examples of empirically and clinically
recognized human conditions, which are interpreted in the
CDRc context.

2. Methods and Basic Premises

Human physiology and pathology is in focus as the most
relevant element in the process of building the CDRc. The
approach applies basic principles of living systems’ function,
current concepts in immunology, and clinical data as the
frame and points of reference for this concept.

2.1. Living System’s Integrity. Living organism actively resists
the overall energy drive toward entropy and disintegration
into the environment. Immune processes contribute to the
maintenance of organism’s integrity by sensing/defining its
distinction/individuality (self) against other organisms and
the environment. That is accomplished through continu-
ous adjustments/resetting of a system to establish a steady
state/equilibrium (a) within the system and (b) with/against
the environment. One can assume that, to reduce the loss of
resources and energy, the surface interactions with the envi-
ronment and nonself would be energy sparing and simple—
preferably nonspecific, passive, and neutralizing (such as
protective secretion of mucins, secretory IgA-mediated anti-
gen exclusion, lactoferrin, etc.). Only when those rela-
tively passive protective mechanisms fail are active innate
responses triggered, primarily originating from the surface-
lining epithelial cells [3]. These basic passive mechanisms are
very important, as many elements of self and nonself are of
a common origin across all living organisms and thus are
likely to have similar molecular structure. Active reactions
against those common elements are undesirable, as they carry
a risk of cross-reactions and subsequent collateral damage to
self. With evolution deriving increasingly complex life forms,
the sophistication of self/nonself discriminationmechanisms

has been increasing as well. The innate recognition (pattern-
recognizing molecules and receptors, PRRs) remains evolu-
tionarily preserved, predominant, and essential even in most
complex organisms. Development of additional, specificity-
driven adaptive immunity that uses recombination and gene
rearrangements to form unique T and B cell receptor (TCR
and BCR) specificities has ensured a successful self/nonself
discrimination and expansion of jawed vertebrates (fish,
amphibians, reptiles, birds, and mammals).

2.2. Stochasticity. Randomness of events and uncertainty of
outcomes are intrinsic to all processes in nature. Living
system can be described as a deterministic chaos of interac-
tions, with outcomes that are predictable only to a certain
degree. Evolutionarily successful living organism functions
with a degree of (un)certainty that makes its survival and
reproduction sufficiently probable.

The complexity of processes governed by randomness of
interactions is exemplified in noncovalent molecular inter-
actions typical for immune processes. Those interactions
occur due to attraction/repulsion forces between molecules’
surface residues (affinity) and are further affected by spa-
tial/structural compatibility (avidity).Those interactions pro-
ceed as a continuous process that fluctuates depending on
local parameters (temperature, pH, concentration of ligands,
etc.). Such multifactorial interactions trigger multiple down-
stream events whose interactions further expand the range
of possible outcomes, all making the linearity in biologic
processes highly improbable. As the dynamics and strength of
all interactions are influenced bymany parameters, outcomes
are difficult to predict or control. Obviously, evolutionary
selection favored the systems that can function in a stable
manner and thus maintain integrity, that is, can successfully
compensate for a certain range of instability and fluctu-
ations in a system. The redundancy of system-balancing
mechanisms further contributes to the multitude of diverse
processes and pathways that assure favorable outcomes—
maintenance of integrity at optimal and energy-efficient equi-
libriumpoints.Therefore, living systems are self-regulatory and
sufficiently likely to maintain their integrity when functioning
within a certain range of parameters.

2.3. Terminology and General Context. Human physiology
and pathology is in focus. Further discussion will often refer
to conventional T/B cells, whose phenotypes and function
are more thoroughly investigated. However, the proposed
mechanisms are considered as generally applicable: they may
involve differentmolecules (innate receptors, inter- and intra-
cellular signaling molecules, etc.), but the principle remains
the same. Along those lines, immune repertoire includes
both innate and adaptive specificities and mechanisms. Term
“self” will be used for distinct molecular patterns that are
unique to every single living organism (including syngeneic
individuals). “Nonself ” can be an altered self or a foreign and,
in either case, induces recognition—a molecular reaction or
signaling [4].

As a consequence of interactions with the environment,
living organisms continuously change and, in response to
those changes, their self is also changing—resetting to reach
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a new point of inner (within the system) equilibrium, as
well as a steady state against the environment. Therefore,
immune reactions reflect a state of a dynamic equilibrium of
a system whose likelihood of maintaining integrity against the
environment continuously fluctuates.Those fluctuations could
be within or outside the parameters considered physiologic
(perception of health versus disease). As the uncertainty
of outcomes in such a complex system is intrinsic, learn-
ing about the patterns of system’s function could identify
intervention points with acceptably predictable outcomes,
potentially suitable for therapeutic purposes.

2.4. Expanding from the Current Concepts in Immunology

2.4.1. Polyspecificity/Cross-Reactivity. Thenotion is that poly-
specificity must be a rule in immune recognition in order for
clonal selection to work [5]. Polyspecificity primarily refers
to TCR/BCR recognition, while it is certainly applicable to
PRRs, chemokine receptors, endogenous ligands’ receptors,
and so forth. It predicts that, with cross-reactive or degenerate
recognition, a smaller number of receptors are required
to provide a competent repertoire. Strength of interactions
(and thus their likelihood) fluctuates depending on the local
parameters, which continuously change the affinity/avidity
of interactions. As explained later, that may be crucial for
regulation and resolution of the immune response, as well as
reestablishment of equilibrium in a system.

Strength of integrated signaling regulates the functional
phenotype and survival of cells. It is well established that
the T/B cell clonal selection depends on the strength of
TCR/BCR signaling from interactions with self [6]. Applied
to the peripheral immune setting, along with the notion
about integrated signaling, the constellation of various types
of signals that cells receive in the periphery (TCR/BCR
engagement, costimulatory signals, innate signals, etc.) may
determine both the functional phenotype and survival of
T/B cells. Indeed, recent reports have shown that integrated
innate, endogenous (TLRs, aryl hydrocarbon receptors), and
TCR signals are involved in development of a particular T
cell phenotype and regulation of adaptive immunity [7–15].
Similar mechanisms have been reported for marginal zone B
cells and NK cells as well [16, 17].

In a more general context, the entirety of interactions
between different cell populations, including leukocytes and
structural cells, and the matrix (through direct interac-
tions, released mediators, exosomes, etc.), contributes to
integrated signals that continuously change and regulate
the phenotype, function, and fate of all cells [18, 19]. Such
interactions modify the system’s inner and surface environ-
ment and determine the outcomes that maintain system’s
integrity.

2.4.2. The Self Is Continuously Changing. Normal growth
and development, maturation, chronologic aging, various
hormonal states (such as pregnancy), and inflammatory
and repair processes, as well as the continuous interac-
tions of self with the environment (commensal flora, food
intake, etc.) are all associated with (or a consequence of)

immunologically recognizable molecular changes of self [20–
22]. Those changes, which include permanent or temporary
modifications of glycosylation or glycation processes, alter
the molecular patterns of self [21–23]. That triggers home-
ostatic readjustments in the system, including the immune
repertoire’s resetting independent of exposures to the foreign.
Indeed, it has been reported that human marginal zone
B cells have molecular footprints of past proliferation and
accumulated mutations during fetal life in the absence of
germinal centers and independently of antigenic stimulation
[24, 25]. Also, memory phenotype T cells have been found
before birth in humans and in mice held in germ-free and in
antigen-free conditions [13].

The changes of self could be inferred from age-
associated differences in the immune repertoire,
which is positively selected based on reactivity
to self [6]. The limited repertoire for carbohy-
drate antigens in early childhood (but with already
competent repertoire for peptide antigens) sug-
gests that self may be less glycosylated during that
early growth/development period and it significantly
changes with age [21, 22]. The immune repertoire
expands through adolescence, reaches full compe-
tence in adulthood, and then gradually decreases
to significant reduction in the elderly (reduction
in repertoire diversity starts after age of ∼50) [26].
Reduction of the repertoire in the elderly affects
primarily responses to carbohydrate antigens (which,
as it will be explained later, the CDRc considers a
consequence of age-related increased glycosylation
and glycation and loss of specificities due to the reper-
toire resetting against self). Related to differences in
repertoire and in molecular patterns of self may be
the variability in clinical presentation and outcomes
of acute infectious diseases in subjectswithin different
age groups. For example, hepatitis A infection in
young children is subclinical. However, it causes
significant morbidity in adults. Also, pregnancy-
associated hormonal environment could induce ges-
tational diabetes. Similarly, metabolic abnormalities
caused by diabetes mellitus induce endothelial dam-
age, and so forth. All those observations suggest that
self is continuously changing due to both physiologic
and pathologic events [21–23, 26–28].

As it will be argued later, the interplay between envi-
ronment-induced/extrinsic immune reactions and intrinsic
changes of self may determine individual’s immune status.

3. The Immune Repertoire Continuous
Dual Resetting- (CDR-) Based Concept of
the Immune System Function

The CDRc postulates continuous dual (two-sided) resetting of
the immune repertoire triggered by (1) intrinsic changes of self
and (2) interactions with the environment. Considering the
continuity of both processes and constant readjustments to
maintain a steady state/equilibrium, the resulting changes in



4 Journal of Immunology Research

strength of integrated signaling determine the phenotype and
survival of cells-effectors and thus the outcomes of immune
processes at any given point in time.

3.1. Self-Regulation. Polyspecificity and functional plasticity
of T cells allow for a TCR-diverse population of activated
clones to acquire a range of functional phenotypes (from sup-
pressive to response-amplifying), depending on the strength
and constellation of integrated signals that each of the
activated clones receives. During immune reaction, a set of
activated clones will produce a dynamic curve of responses.
On each side of the curve, the extremes of the curve will be
clones either deleted or anergized due to the extremes of high
or low strength of signaling (resp.) and thus permanently lost
or (temporary) silenced. Among the intermediary-reacting
clones will be the clones with regulatory function: the low-
activated fraction of intermediaries acquiring a suppres-
sive phenotype (IL-10/TGF-𝛽 realm) and the high-activated
fraction of intermediaries acquiring a reaction-amplifying
phenotype (Th17 realm). The expansion/contraction of those
subsets may fluctuate depending on the strength of inte-
grated signals (local parameters, concentrations of activating
self/nonself ligands, endogenous ligands, innate signals, etc.).
If the signaling is overall decreasing (due to changed local
parameters, ligand neutralization/clearance, downregulation
of innate signals, etc.), the activation state of reaction-
amplifying and medium-activated subsets will “downgrade”
to medium-activated, suppressive, or dormant phenotypes,
respectively. Gradually, inflammation will subside and enter
the resolution/repair phase, regulating itself according to
the changes in relevant parameters. The clones that were
not lost in this particular reaction can be activated in a
different set of circumstances. Due to polyspecificity, clones
can assume roles/functional phenotypes different from their
previous experience and become engaged and governed by
elements of a new reaction. Therefore, there are no fixed
phenotypes. Each clone can acquire a range of phenotypes and
contribute to self-regulation of different immune reactions.
All clones-survivors will be available for activation in another
(possibly unrelated, but cross-reactive) response. If activated,
they will acquire a phenotype corresponding to the strength
of integrated signals at any given point during a particular
reaction. It is reasonable to predict that greater repertoire
diversity (and thus higher granularity of specificities) will afford
greater regulatory potential.

It has been observed that the long-term memory
in the CD4+ T cell population may not obey strict
rules or be as long as previously thought [29]. That
observation could be explained by polyspecificity and
multifunctionality of clones, which may repeatedly
engage in a variety of not obviously related reactions,
as well as in response to newly encountered anti-
gens. Similar issues have been recently reviewed as
related to vaccination responses in the elderly [30].
Also, recent report suggests that long-term antibody
responses aremaintained in part by long-lived plasma
cells, but 40–50% of plasma cells are newly formed
cells from clonally disparate precursors [31].

3.2.The Resetting Process in Tolerance and Repertoire Fluctua-
tions. As described, adaptive immune response will engage
a population of T cells consisting of clones with a range
of TCR specificities, which will behave as a dynamic entity
that keeps changing its phenotype profile and adapting in
response to a dynamic constellation of parameters, adjusting
cells’ function/phenotype accordingly. At any point during
such a process, additional dormant clones can be engaged,
and overly activated clones can be lost. Such a loss of
clones/specificities resulting from an adaptive reaction will
effectively reset the overall repertoire.

The observed sepsis-induced T cell loss and alter-
ations within the CD4 T cell compartment are an
example of repertoire resetting and attrition after a
violent systemic adaptive response. Postsepsis alter-
ations include reduced repertoire diversity, changed
CD4 T cell subpopulation profiles, and suppressed
immune function, with increased susceptibility to
secondary infections [32].

Simultaneously with the resetting during an adaptive
response similar repertoire resetting occurs as a homeostatic
mechanismof adaptation to the changes of self. Asmentioned
before, those changes of self are intrinsic to growth, matura-
tion, and aging but also are induced by stress, inflammation
(injury, infection), pregnancy, metabolic abnormalities, and
so forth. As with adaptive reactions, the changes of self can
engage dormant cells that have been minimally self-reactive,
already active clones can reach a state of inappropriate
activation, and additional signaling input can eliminate those
in a state of strong activation. In addition, dormant clones
can die out of neglect if the newly changed self no longer
provides the positive reinforcement signals. In this context,
tolerance reflects a dynamic state of homeostasis maintained
by a successful resetting of the immune repertoire against both
self and nonself.

One can appreciate how continuous resetting of the
repertoire can both expand (engagement of dormant and/or
näıve cells) and reduce (deletion due to hyperactivation) the
available range of specificities.

In parallel, the innate repertoire (adhesion molecules,
PRRs, innate receptors, etc.) is continuously changing
through the degree of expression, tachyphylaxis, due to sec-
ondary molecular modifications (changes in glycosylation,
glycation), and so forth, thus affecting the strength/quality of
interactions and integrated signaling.

It is important to note that the resetting processes will be
more pronounced with more frequent activations of adaptive
responses. Adaptive reactions will keep inducing the resetting
of the repertoire in addition to its continuous homeostatic
resetting against self. It should be also kept in mind that the
expansion of the T cell repertoire is limited by availability of
näıve clones and involution of the thymus. In addition, due
to glycosylation/glycation or other changes of self, the B cell
repertoire may shift/decline with age, with altered repertoire
particularly against the carbohydrate epitopes. Therefore,
there is a breaking point when an overall immune decline
starts. From that point on, any future immune interactions
(homeostatic or adaptive) are likely to result in repertoire
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Figure 1: Concomitance of the age-related changes in glycosylation and glycation patterns with the age-related repertoire competency
expansion and contraction/attrition. Competency for peptide antigens develops early in life and persists throughout life. In contrast, repertoire
for carbohydrate antigens develops gradually. It parallels the growth- and maturation-induced glycosylation of self (first ∼15 years of life), to
which the prominently active thymus during that period of life respondswith an output of carbohydrate-responsive repertoire.That repertoire
contracts later in life, paralleling increased alterations of self due to potentially pathogenic glycosylation and/or glycation processes. Those
alterations may be primarily induced by environmental factors (injury, infection, nutrition-induced metabolic abnormalities, etc.) and may
result in repertoire attrition.

attrition. Consequently, due to the reduced repertoire’s gran-
ularity, the regulatory potential and the tolerance range will
decrease as well.

Taken together, the CDRc allows for regulatory mecha-
nisms to emerge at all times and in response to a range of
nonself- or self-induced challenges. It predicts acquisition and
maintenance of tolerance as a continuous and dynamic process,
which stems from and depends on the available immune
repertoire. Owing to the redundancy of mechanisms and
polyspecificity/degeneracy of interactions, the cells’ func-
tional plasticity and resetting processes may preserve the
competency of the system and successfully compensate for
repertoire attrition (intrinsic to this concept), with relatively
minor disturbances in the system. Those could manifest
as subclinical inflammatory responses and allergic reac-
tions. Significant alterations/reductions of such a redundant
repertoire can normally be expected with advanced age
(involution of thymus, progressive alterations of self), but also
as a consequence of violent or persistent adaptive responses
(extensive injury, sepsis, perpetual infections, and chronic
inflammatory syndromes). Those can gradually reduce the
repertoire’s diversity and its regulatory potential and start
engaging less appropriate mechanisms. Such a sequence of
events may increase probability of unfavorable outcomes,
cause instability in the system, and eventually lead to the
irreparable loss of system’s integrity—death.

4. Carbohydrate Antigens, Glycosylation, and
Immune Repertoire Resetting Associated
with Age(ing)

Carbohydrates and their moieties are ubiquitous in nature.
Virtually all living organisms (prokaryotes and eukaryotes,
plants, fungi, and animals) are coated with carbohydrates or
carbohydrate residues. In mammals, glycosylation is a part of

posttranslational protein modification and lipid alterations,
providing their structural stability and defining interactions
with other molecules [33, 34]. Glycosylation is differentially
regulated during development, growth, and maturation. In
addition, protein-glycan interactions are recognized as piv-
otal in controlling innate and adaptive immune responses
[35–37].

Such ubiquity of carbohydrates in nature and their
involvement in virtually all biologic reactions make the
cross-reactivity in the process of self/nonself discrimination
intrinsic and unavoidable. Therefore, immune reactions to
carbohydrate antigens present a delicate task for the immune
system [38]. Indeed, while responses to peptide antigens are
well developed even in very young children, the repertoire
of responses to carbohydrate antigens develops gradually
and may reflect a dynamic balance between the changes in
glycosylation patterns of a growing/developing self and inter-
actions with the sugar-coated environment (Figure 1). The
immune competence of healthy individuals steadily increases
during childhood (e.g., children remain susceptible to Strep-
tococcus spp. and Haemophilus sp. infections up to adoles-
cence), remains at similar levels by ∼50 yrs. of age, and then
declines [26, 30]. The slow development of carbohydrate-
responsive repertoire coincides with growth and maturation,
the delay likely allowing for appropriate glycosylation of
self to proceed (Figure 1). The growth/maturation-associated
glycosylation gradually expands the carbohydrate “self tem-
plate” for carbohydrate-responsive repertoire expansion. The
increased susceptibility to bacterial infections again later
in life suggests that aging may include changed and/or
increased glycosylation/glycation of self [21–23]. According
to the CDRc, the continuous resetting processes will deplete
the repertoire becoming overly reactive/cross-reactive with
the glycosylated/glycated self. Consistent with the concept
is also homeostatic (against the altered self) activation of
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previously dormant and low-reactive clones, which may
become intermediary self-reactive. That would result in
reduced repertoire of conventional T/B cells, particularly to
carbohydrate antigens (leading to increased susceptibility to
infections), and also inception of chronic inflammatory con-
ditions (increased self-reactivity coupled with progressively
limited regulatory potential). In addition, due to alterations
in glycosylation/glycation patterns of self, innate immune
environment will change as well, including the expression
of PRRs, reportedly altered in the elderly [27]. Therefore,
the mechanisms to maintain integrity/distinction against the
environment will become less granular (due to the overall
repertoire reduction) and less specific. Progressive attrition
of the repertoire may be setting different homeostatic points
for the immune system in the elderly as compared to younger
adults, with likely increased baseline inflammatory state—
noted as “inflammaging” [39]. The self is becoming more
similar to the environment and progressively less competent
to distinguish between itself and nonself/environment or
to maintain the integrity of the system, which eventually
results in death. Therefore, glycosylation/glycation processes
may regulate not only growth and development, but also aging
and longevity.The changes expected per CDRc are consistent
with the observed immune remodeling/immunosenescence
associated with both, chronic inflammatory conditions and
aging [26–28, 30, 32].

5. Compartmentalization of the Immune
System: A Necessity

Recognition and neutralization of a foreign without harm-
ing the self are formidable tasks considering the common
origin and inevitable molecular similarities among all living
organisms. In the course of evolution, as the complexity of
organisms increased, the ever more sophisticated immune
mechanisms to achieve high specificity of recognition (epit-
omized in function of T and B lymphocytes) represent an
important evolutionary survival tool. But it is also a danger-
ous one, as reacting indiscriminately and specifically to every-
thing that is not self is unsustainable. This is where compart-
mentalization (demonstrated to function in mammals), with
the mucosal immune compartment as a barrier between the
environment and the systemic compartment (representing a
sequestered and isolated genuine self ), becomes an essential
survival strategy in highly organized megaorganisms [40].

The surface-lining mucosal compartment uses a versatile
set ofmechanisms to achieve a low-maintenance homeostasis
at the interface between the self and the foreign/environment.
Functioning “on the edge,” it locally deals with not only
potentially invading entities, but also innocuous antigens—
all of which may have a certain degree of similarity with the
self. In order to minimize inflammation, mucosal compart-
ment may favor the versatility and general applicability of
innate mechanisms over the conventional adaptive immune
responses as a practical approach to deal with the environ-
ment.More of a foreignmay be “allowed” atmucosal surfaces,
without inducing major immune reactions or engaging con-
ventional adaptive immune responses. To accomplish such
a delicate task, mucosal compartment is equipped with a

unique repertoire of unconventional effectors and mecha-
nisms. Those ultimately define the system’s capacity to deal
with the environment and maintain integrity in the context
of self. Alongwith epithelial cells and their particular capacity
to recruit innate effectors, unique populations of evolutionary
old cells reside along mucosal surfaces and are seldom found
elsewhere. Those resident populations include subsets of
unconventional T cells, mucosal B cells, and mast cells. The
adjective “unconventional” applies to both mucosal T and
B cells, as their repertoire (T-independent antigens such as
carbohydrates and lipids) and efficient activation process
(polyclonal/T cell-independent or neutrophil-mediatedB cell
activation, dispensable “classical” costimulatory signals for T
cell activation) enables them to develop a unique repertoire
and, having prestored mediators, react without delay [41–
46]. Mast cells, residing in such a setting of continuous
self/nonself interactions, may be essential for regulation of
responses necessary to maintain a sustainable equilibrium
with the environment [47, 48].

Thus, mucosal compartment can be considered a site of
a particular immune privilege, where direct interactions with
nonself are “allowed” and tolerated at the level not desirable
(nor sustainable) within the systemic compartment. Conse-
quently, mucosal compartment’s repertoire must differ from
the systemic repertoire. Considering the continuous resetting
processes, the CDRc requires that the mucosal compartment
should remain relatively isolated from the systemic, genuine
self. That would enable the mucosal compartment to avoid
significant resetting against the systemic/genuine self (and
vice versa) and reset only in response to local changes of self
resulting from interactionswith the environment.Thatmakes
the mucosal self different from the sequestered and protected
genuine self. The sequestration from the systemic compart-
ment protects mucosal compartment’s unique repertoire and
preserves its specificities accumulated from early life on.

Accordingly, frequent failures of the epithelial barrier
function will induce resetting of the mucosal reper-
toire and alter the mucosal compartment’s immune
environment. Allergic reactions may indicate such an
altered mucosal compartment and reflect activation
of alternative mechanisms to maintain equilibrium
along the body surfaces, but at a less appropriate (i.e.,
symptomatic) level.

The mucosal compartment’s repertoire (including innate
and adaptive repertoire ofmucosal B andT cells)may develop
and expand primarily during early childhood, as a result of
interactions with the environment, and continue expanding
through adolescence. Only when growth and development
(i.e., growth-induced alterations of self) are finalized, does the
mucosal compartment achieve its maximum competency.

Previous comments about the age-associated devel-
opment of immune repertoire against respiratory
pathogens support that notion. Also, children with
asthma-like respiratory symptoms sometimes “out-
grow” those by adolescence/adulthood, presumably
owing to the maturation and increased competency
of the mucosal compartment.



Journal of Immunology Research 7

Outcomes
Competent mucosal comp. Systemic compartment (genuine self)

En
vi

ro
nm

en
t

Appropriate
sequestration from the
systemic compartment

Appropriately
developed innate
repertoire

Strong barrier against
the environment

Minimal exposure to
the environment

Rare activations of
adaptive responses

Repertoire resetting
limited to homeostatic resetting
against the physiologic changes
of self

Preserved competency
and regulatory capacity

Increased longevity of
the system (delayed
aging-associated
repertoire attrition)

Minimal repertoire
attrition

(a)

Deficient mucosal comp. Systemic compartment (genuine self)
Outcomes

En
vi

ro
nm

en
t

Weak barrier
function
Poor mucosal
versus systemic
sequestration
Engagement
of alternative
mechanisms

conventional 

Frequent
interventions of

effectors

Frequent systemic exposures
to the environment

Frequent activations
of adaptive responses

Increased repertoire resetting
against the foreign and both,
environment-induced
and physiologic
changes of self

Reduced immune
competency and
regulatory capacity

Premature aging and 
early immunosenescence
of the system

Increased rate of
repertoire attrition

(b)

Figure 2: Compartmentalization: competent mucosal immune compartment is essential for appropriate function of the immune system.The
CDR concept indicates favorable outcomes in a systemwith strongmucosal barrier function and appropriately sequestered systemic immune
compartment (panel (a)). Panel (b) shows unfavorable outcomes in a system with deficient mucosal barrier function and poorly sequestered
systemic immune compartment.

Therefore, the maturity and competency of the mucosal
compartment acquired early in life determine how often the
systemic exposure to the foreign may occur and, if it occurs,
to which extent the foreign can be preprocessed/neutralized
before breaking through the mucosal barrier. On such occa-
sions, the intrinsically self-damaging activation of the sys-
temic adaptive responses (conventional systemic repertoire
is selected and maintained due to its low self-reactivity) will
trigger the resetting process. The resetting will occur due to
both, reactions against the intruding foreign and against the
reaction-altered genuine self. As both processes can engage
dormant repertoire, as well as reduce the activated repertoire,
high frequency of such events may increase the probability
of significant depletion of the overall repertoire, reduce its
regulatory range (reduced granularity), and thus result in
inception of chronic (intrinsically autoreactive) processes.

Consequently, the CDRc indicates that the “prime direc-
tive” of immune protection is to isolate the systemic com-
partment (genuine self) from exposures to the foreign.

In that way, the systemic repertoire will undergo only a
homeostatic resetting due to the intrinsic changes of self and
avoid additional resetting events against both the intruding
environment and the alterations of self due to such intrusions.
Such a state of systemic compartment’s isolationmay preserve
the systemic repertoire and its diversity, provide appropriate
regulatory breadth/capacity, and thus delay immunosenes-
cence (Figure 2(a)).

Although immunosenescence usually occurs with
advanced age (also referred to as age-associated
immune remodeling), immunosenescence occurs
also in younger subjects as a consequence of major
pathologic events or associated with chronic inflam-
matory conditions [26, 32]. Related to an altered
mucosal compartment is depleted and phenotypically
changed mast cell population, as well as a form
of immunodeficiency affecting responses to carbo-
hydrate antigens that are both observed in severe
asthmatics regardless of their age [48, 49].
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Therefore, the CDRc indicates that appropriately devel-
oped and preserved mucosal immune compartment is essential
for optimal function and regulation of immune responses
in general. Strong and competent mucosal barrier ensures
individual’s immunologic fitness and delays immunosenes-
cence, despite the chronologic aging. As Figure 2(b) depicts,
reduced immune competency along mucosal surfaces can
trigger a sequence of alterations in the entire immune system,
which can eventually reduce the overall repertoire (repertoire
attrition), impair the protective function and regulation of
immune reactions (due to reduced repertoire’s granular-
ity), and force the system to continue acquiring pathologic
steady states. Such a sequence of events, which reduces self-
regulatory capacity of the immune system, may be involved
in the pathogenesis of chronic inflammatory conditions and
autoimmune diseases. Allergic reactions in this context may
reflect engagement of alternative mechanisms (eosinophils,
increased IgE, increased mast cell counts and activity, etc.)
to cope with otherwise innocuous environmental exposures.
That would indicate an altered competency of the mucosal
compartment and its barrier function and thus can represent
a prodromal stage of a progressive and potentially detrimen-
tal immune deficiency.

6. Pathogenesis of Idiopathic Chronic
Inflammatory Conditions (ICIC)

The CDRc suggests a common mechanism related to the
altered mucosal protection underlies the pathogenesis of
ICIC (Figure 2(b)). Under such circumstances, the stochastic
nature of immune processes may produce a range of out-
comes, resulting in variable clinical presentations. Indeed,
ICIC are highly heterogeneous syndromes that, rather than
having pathognomonic features, are clinically defined using
sets of major andminor criteria.The overlap between various
syndromes is very common.

For example, interstitial lung disease symptoms often
precede rheumatoid arthritis. Also, there can be a
considerable overlap between asthma and COPD.
Despite the obvious differences in lung pathol-
ogy between those two syndromes, some asth-
matics demonstrate fixed airflow obstruction or a
Th1 inflammatory pattern typical for COPD, while
some COPD patients have partially reversible airflow
obstruction and a Th2 inflammatory pattern typi-
cal for asthma. Nevertheless, altered lung mucosal
immunity underlies both diseases.

That suggests that various triggering mechanisms and
diverse pathways resulting in altered mucosal protection
could lead toward similar pathology and clinical presenta-
tions. As there is currently no way to predict which circum-
stances or events would (or not) trigger an ICIC, the preven-
tion strategy should be quite general and comprehensive: to
support appropriate development of the mucosal compart-
ment and to maintain its barrier function and competency.
On the other hand, the therapy should primarily identify and
reduce/block the mucosal triggers that cause worsening of
the disease. Those may be different in each patient, which

means that therapeutic interventions will depend on the
immune status and circumstances specific for each patient.
Therefore, in order to both prevent and start treating ICIC,
immediate research focus should be on finding the means to
reinforce mucosal barrier function. Future research may lead
toward understanding the specific pathogenic mechanisms
and identification of specific therapeutic targets to control the
pathology.

Figure 3 expands on the mechanisms of ICIC pathogen-
esis proposed in Figure 2(b). It includes also the previously
mentioned direct exposures of the systemic compartment.
Also, added are the influence of age at inception of pathologic
processes and the role of gender. Generally, women are
more likely to develop ICIC, which could be related to their
typically Th2-dominated immune environment. Of note,
mucosal immune responses also have a strong humoral/Th2
immune component. Those elements suggest the role of B
cells in development of ICIC in a setting of reduced T cell reg-
ulatory potential. Noteworthily, the B cell repertoire (unlike
with T cells) continues to be replenished throughout life but
influenced and limited by the changes of self. Depletion of B
cells with rituximab and similar biologicals, which is in fact
a form of B cell repertoire resetting, has been reported as an
effective intervention for several autoimmune diseases.

7. Discussion

This study proposes the CDR as a mechanism that underlies
a comprehensive picture of the human immune system
function. Referencing and relying primarily on clinical and
experimental data, the study outlines a dynamic, continu-
ously changing, and self-regulating biologic system governed
by stochastic events and uncertainty of outcomes. When
set in motion, the CDRc explains a range of immuno-
logically distinct physiologic and pathologic phenomena:
compartmentalization, physiologic growth and maturation-
associated repertoire development, immunologic abnormal-
ities, and repertoire alterations associated with idiopathic
chronic inflammatory conditions and premature immunose-
nescence, as well as aging-associated immunologic changes
(i.e., chronologic immunosenescence). Finally, the CDRc
successfully tackles the unresolved issue of tolerance and
regulation of immune responses [50]. It incorporates fun-
damental principles of thermodynamics and the stochastic
nature of biologic systems’ function to describe dynamic
regulation and maintenance of tolerance. The basic principle
of CDR is relatively simple, has internal logic and consistency,
and incorporates much of the known in immunology.

Many of the pertinent elements of the CDRc are based
on our current understanding of immunity. In fact, the
CDRc utilizes functional plasticity of cells and proposes that
fluctuating constellation of signals allows any activated cell
to change its functional phenotype accordingly.The plasticity
of T cells (but also NK cells, B cells, mast cells, fibroblasts,
epithelial cells, etc.) by modifications of their stimulatory
environment has been demonstrated in numerous recent
studies [7–12]. Those experimental data were crucial in
explaining the dynamic nature of tolerance and regulation of
immune responses.
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The CDRc expands primarily from elements of the Dan-
ger Theory and continues to use the concept of self-nonself
[51]. In contrast to predominant views, conventional adaptive
immune responses are not considered the main mechanism
of immune protection. The CDRc instead emphasizes the
importance of innate mechanisms, while the true conven-
tional adaptive effectors are kept secludedwithin the systemic
compartment and, preferably, seldom engaged. The lack of
innate memory could be an argument against the reliance on
the innate. However, the dogma about innate immunity that,
as opposed to adaptive immunity, cannot provide memory
responses has been challenged. Recent reports on trained
immunity convincingly argue for the existence of innate
memory. It functions in plants, invertebrates, and vertebrates
and can provide both specific and cross-protection, as well
as engage in alloreactions [52, 53]. Indeed, innate recognition
of allogeneic nonself is reported as a base for alloreactivity
in MHC-matched murine transplant models [4]. That argues
also for an innate molecular imprint of self, a plausible
mechanism for “self-awareness” under the CDR conditions
and continuous changes of self.

The notion about self has been present in immunology for
decades. The self is considered an immunologically constant
and unique quality that remains unchanged throughout
individual’s life. However, the definition and what constitutes
self remain unresolved [54]. The CDRc proposes a different
perception of self. The self per CDRc is a state of molec-
ular congruency/compatibility that is derived from system’s

integrity/existence and keeps a system in homeostasis. Par-
ticular molecular states and patterns, which are subjected
to continuous resettings, constitute the system’s selfness. As
the self continuously changes, it cannot be precisely defined,
nor does the immune system have the ability to specifically
identify it—it can only sense a change and reset against it.

As emphasized before, the protection of system’s integrity
relies primarily on innatemechanisms. However, whatmakes
the integrity-sustaining resetting processes personal is the
MHC context. The system uses adaptive effectors to com-
pensate for disturbances whose characteristics and/or extent
reach a threshold for triggering an MHC-focused/guided
response. Specificity-driven adaptive response (as opposed
to less restricted innate reactions) has the ability to, mainly
through innate effectors, neutralize (eliminate or tolerate)
and repair the damage, that is, to actively regulate inflam-
matory processes in the context of integrity of the system.
MHC-guided responses are to limit the collateral damage
by being specific (and also self-focused, determined by self)
and to restrain/regulate inflammatory reaction as much as
the immune repertoire’s diversity affords it. Thus, specific
reactions to nonself/foreign are balanced and regulated as
relative to self. They affect both nonself/foreign and self
(damage it and/ormodify it). Consequently, self is included in
the system’s resetting processes and is (apart from its geneti-
cally determined core structure) continuously modified. As
long as the system can reset and establish a sustainable
steady state, a changed self will become a new self. In this
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context, an MHC-focused adaptive immunity constitutes
a sophisticated mechanism of regulation toward integrity
protection in highly organized biologic megasystems.

While the system recognizes the nonself/foreign as a
change/disturbance at molecular level, there is no inher-
ent and obligatory animosity (attacking and eliminating at
all cost) against nonself/foreign. As the prime purpose of
immune responses is to preserve the integrity of the system,
the system can acquire even pathologic steady states if that is
the thermodynamically optimal solution that will maintain
system’s integrity. Therefore, reactions to nonself/foreign
can eliminate it or, if thermodynamically preferable, those
processes could result in asymptomatic/subclinical or chronic
symptomatic states (parasite or virus carriage, ICIC, etc.).

As previously emphasized, the fundamentals of system’s
integrity are as follows: (a) appropriate surface protection
with sustainable equilibrium with the environment; (b) sys-
tem’s inner equilibrium. From those elements stem com-
partmentalization and consequences of failures in either
of those areas (Figures 2 and 3). As a consequence of
compartmentalization, the CDRc distinguishes between the
mucosal self and the systemic, genuine self. Genuine self is
hidden within the systemic compartment and exposed to
the conventional immune repertoire. When protected by a
barrier of the mucosal compartment, extrinsically induced
changes of the genuine self are minimal and fluctuations in
the systemic (conventional) immune repertoire are mostly
due to intrinsic/homeostatic resettings only. As shown in
Figure 2(a), that preserves the stability and longevity of the
system. In contrast, altered barrier function of the mucosal
compartment exposes the genuine self to changes due to
engagements of the conventional immunity, which eventu-
ally leads to repertoire attrition and reduces the immune
repertoire’s granularity and thus its regulatory function.
That may explain the observed association of the systemic
inflammatory conditions and autoimmune diseases with an
altered mucosal immunity. Although clinical presentation
and outcomes of those conditions may differ depending on
the degree and segments of immunity affected, the common
mechanism of pathogenesis suggests that directing research
toward finding a way to support the mucosal compartment’s
competency development and its barrier function may lead
toward effective prevention and therapy for a range of patho-
logic conditions. Similar approaches may prevent a disease-
induced immunosenescence, as well as delay the physiologic
aging and the aging-induced immunosenescence. In the
context of theCDRc, interventions and therapy approaches to
inhibit or eliminate particular elements of the inflammatory
cascade would be contraproductive.

The CDRc indicates that skipping the mucosal compart-
ment and introducing antigens to the systemic compart-
ment directly (such as immunization via parenteral route)
may result in harsh alterations of the systemic compart-
ment’s conventional repertoire and the molecular struc-
ture of genuine self. Because of the potentially detrimental
impact particularly during early childhood, a period of
organ development, growth, and maturation (appropriate
molecular interactions are of paramount importance in those
processes!), the changes in immunization strategies would

be necessary. The immunization strategy should favor a
nonaggressive antigen introduction via mucosal surfaces,
particularly for infectious agents that use mucosal route of
entrance. In addition, the timing of interventions to modify
the competency of the mucosal compartment may have to be
synchronizedwith child’s age/maturation state. Of note, there
is a potential to exploit the cross-reactivity and perhaps look
for “multifunctional” molecular patterns instead of multiple
microorganism-specific antigens, which may provide a wide
range of cross-protection.

There may be implications for transplant immunology
as well. The stochastic nature of a process determining the
continuously changing “selfness” of every single individual
explainswhy even syngeneic individuals are immunologically
different. In addition, autologous tissues obtained early (or
earlier) in life and preserved for potential use later in life may
not be as compatible as expected. Furthermore, malignancies
indeed stand a good chance of remaining unharmed by
immune reactions, as long as the system resets itself against
the rogue malignant cells (and vice versa) within acceptable
parameters. In fact, the changes in intercellular commu-
nication/signaling resulting in uncontrollable proliferation
(as a consequence of initial injury/irritation) could have
been part of resetting processes to adjust and establish
thermodynamically optimal state(s).

Studies designed by teams of experts from various fields
of natural sciences will be required to validate the CDRc.
The currently available methodologies, particularly recent
advances in the field of glycobiology, should provide at
least initially sufficient investigative tools. Data analyses
should include mathematical modeling approaches. Of cru-
cial importance would be to demonstrate physiologic (and
pathology-associated) patterns of changes of self. Therefore,
the hypothesis is that individual’s self is changing throughout
life due to the growth and maturation processes, phys-
iologic and pathologic events, and aging. Those changes
will be gender-distinctive. The changes will associate with
predictably different patterns of immune markers that will
correspond to the changing states of self.

Experimental approaches to validate the CDRc should
include prospective longitudinal studies of humans, with
sampling at the age-related and other immunologically dis-
tinct points. Similar butmore detailed studies in animalmod-
els and/or in model organisms can be used for mechanistic
studies as well. The areas of interest are as follows:

(1) Glycosylation and glycation (G/G) processes asso-
ciated with (a) physiologic development, growth,
maturation, hormonally distinct periods of life (ado-
lescence, pregnancy, and menopause), and aging;
(b) acute systemic reactions (sepsis, significant sys-
temic injury/wounding); (c) chronic inflammatory
conditions. Such studies will address the proposed
continuous physiologic and pathologic changes of
self.

(2) Longitudinal assessment of changes in the sys-
temic/serum immunoglobulin (Ig) response pat-
terns (Ig classes, IgG and IgA subclasses, and their
glycosylation characteristics) to a standardized set



Journal of Immunology Research 11

of T-dependent and T-independent antigens. Those
studies (concomitantwithG/G sampling)will address
the proposed changes in immune repertoire’s diver-
sity associated with the previously outlined physio-
logic and pathologic states.

(3) The relationship of innate and adaptive cellular and
humoral markers (changes in their molecular pat-
terns and characteristics) to the previously outlined
physiologic and pathologic states and other concomi-
tantly evaluated elements.

In conclusion, this study offers a testable theoretical
scaffold for translational research based on systems biology
approaches. It crystalizes a single CDR principle to outline
a relatively simple and somewhat dispassionate view of
function of the immune system: it is all about continuous
molecular rearrangements and resettings tomaintain system’s
integrity, without the drama of a battlefield and warfare
against the unknowns. Dysregulation of immune reactions,
which is often considered a cause of various idiopathies, may
not be applicable in its true sense: self-regulation is intrinsic
in a living system, as molecular interactions are always
thermodynamically optimal under any given circumstance.
Although it is clear that certain types of cells are specialized
immune cells, every single cell, a single entity itself, is
involved in maintenance of megaorganism’s integrity and
thus is part of the immune system.

8. Conclusions

This study, initiated to clarify the pathogenesis of chronic
inflammatory conditions, confronts the most pertinent ques-
tion in immunology: general picture of the immune system
function. The studies have crystalized the continuous dual
resetting of the immune repertoire (CDR) as a basic principle
of the immune system function.

The CDR process maintains continuous fluctuations in
the immune repertoire diversity, which plays a major role
in regulation of immune responses, tolerance, and immune
repertoire’s physiologic changes from early childhood to
senescence. The continuous repertoire resetting inevitably
leads to the repertoire attrition. That results in a form of
immune deficiency, with reduced repertoire’s granularity
and immune system’s regulatory capacity. Such repertoire
attrition is normally expected with advanced age (aging-
associated physiologic immunosenescence).However, patho-
logic events can trigger a premature form of such immune
deficiency, which can result in altered immune responses,
chronic inflammatory conditions, and autoimmune diseases.

Following the consequences of the CDR-induced reper-
toire attrition, proposed is a common mechanism of patho-
genesis of idiopathic chronic inflammatory conditions. Their
pathogenesis associates with altered mucosal immune com-
partment’s barrier function and/or inappropriate sequestra-
tion of the systemic immune compartment. Outcomes of
the CDR under those circumstances are consistent with the
recognized clinical heterogeneity and overlapping features of
chronic inflammatory conditions.

Several poorly understood issues in immunology are
addressed. The immunologic self is here defined as a constel-
lation ofmolecular patterns thatmaintain a biologic system in
equilibrium. It is unique to each individual and continuously
changes as a result of physiologic and pathologic events.
Furthermore, discussed is the importance of glycosylation
and glycation processes. Also, emphasized is the essential role
of innate mechanisms in immunity. In addition, addressed
is the complex regulatory role of conventional effectors and
their MHC-focused responses in maintenance of system’s
integrity in highly organized megaorganisms that require the
specificity-driven TCR and BCR repertoire.

Finally, proposed are experimental approaches to test and
validate the CDR concept of the immune system function.
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The overuse of glucocorticoidmay cause themetabolic disorders affecting the long termoutcome of liver transplantation.This study
aims to investigate the immune adjustment strategy by decreasing use of glucocorticoid after liver transplantation. The follow-up
study was carried out on liver function and lipid metabolism. This study included adult recipients of liver transplantation. There
were 3 groups according to their use of glucocorticoid: long term (>3 months, 𝑛 = 18), short term (<3 months, 𝑛 = 20), and control
group (no use of glucocorticoid, radical hepatic resection, 𝑛 = 22). The laboratory results of liver function (AST/ALT ratio) and
serum lipid were compared 6months after liver transplantation. AST/ALT ratio, themarker of liver function, showed no significant
difference between long and short term group (𝑃 > 0.05). The acute rejection had no significant difference between short and long
term groups, while TG,HDL, LDL, and glucose showed significant change in the long term group (𝑃 < 0.05). At 6months after liver
transplantation, the long termgroup showed highermetabolic disorders (𝑃 < 0.05).Theproper immune adjustment strategy should
bemade to avoid overuse of glucocorticoid. It can decrease hyperlipidemia and othermetabolic disorders after liver transplantation
without increasing the acute rejection or liver function damage.

1. Introduction

After liver transplantation, the overuse of glucocorticoid
will cause glucocorticoid-related complications, such as new-
onset diabetes, hypertension, osteoporosis, growth retarda-
tion, and hyperlipidemia [1]. With the application of new
potent immune suppress agents, acute rejection after liver
transplantation is not the main factor affecting the prog-
nosis [2]. After raising the Hangzhou criteria, outcomes
of liver transplant in our center continued to improve
in recent decade. The liver transplantation recipients in
1-, 3-, and 5-year overall survival rate achieved 90.41%,
78.04%, and 72.45% [3]. The allograft-related perisurgery
complications are decreasing. Prevention of hyperlipidemia
and other metabolic disorders can decrease cardiovascular
complications and improve the long term outcomes. Liver

transplant is considered a coronary heart disease high risk
based on theNational Cholesterol Education ProgramExpert
Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults [4]. The study aims to compare
the different use of glucocorticoid and the impact on liver
function and hyperlipidemia after liver transplantation.

2. Materials and Methods

2.1. Patients. End-stage liver cirrhosis patients who had liver
transplantationwere followedup. Liver disease pathologywas
confirmed by laboratory examinations and liver biopsies.The
primary disease, surgery procedure, gender, and age in dif-
ferent groups were matched. The study was approved by the
EthicsCommittee of the FirstHospital of ZhejiangUniversity.
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Table 1: The baseline and characteristics of patients.

Control without glucocorticoid Short term use of glucocorticoid Long term use of glucocorticoid
Number of patients 22 20 18
Time of glucocorticoid 0 <3 months >3 months
Gender (male/female) 10/12 11/10 10/8
Recipient age 52 ± 8.3 53 ± 7.4 48 ± 5.1
MELD score 16.3 ± 4.1 24.9 ± 7.3 22.9 ± 6.7
Surgery Hepatic resection Orthotopic liver transplantation Orthotopic liver transplantation
CSA No Yes Yes
BMI 24 ± 3.4 26 ± 1.4 28 ± 1.1
Basic diseases Angioma Liver cirrhosis Liver cirrhosis

The details were present in Table 1. The adrenocorticotropic
hormone (ACTH) has been tested and Cushing’s syndrome
has been excluded.

We follow up the adult liver transplantation recipients
with the matched disease and surgeries. There were 3 groups
according to their use of glucocorticoid: long term (>3
months, 𝑛 = 18), short term (<3months, 𝑛 = 20), and control
group (no use of glucocorticoid, radical hepatic resection,
and 𝑛 = 22). The laboratory results of liver function, serum
lipid, and metabolic disorder occurrence were compared at 6
months after LT.

2.2. Immunosuppression Strategy. All transplantation recipi-
ents received immunosuppressants. The immunosuppressive
medications (cyclosporine/corticosteroid) were in early stage
after liver transplantation. We tried to cut off the time of
corticosteroids within 3 months. 1000mg prednisolone on
the first day and 20mg tapered to zero within the first 3
months.

2.3. Follow-Up Study. Adult recipients of liver transplan-
tation were followed up according to the time of taking
glucocorticoid: long term use of glucocorticoid (>3 month,
𝑛 = 18), short term use of glucocorticoid (<3 month, 𝑛 = 20),
and control group (no use of glucocorticoid, radical hepatic
resection, and 𝑛 = 22).

2.4. Laboratory Tests. Laboratory results of liver function
and metabolic function 6 months after LT were compared.
Blood samples following 12 h fasting and 2 h after dinner
were drawn from vein for adrenocorticotropic hormone
(ACTH), cortisol, glucose, and serum lipids (total cholesterol,
LDL, HDL, and triglyceride). ACTH was tested by electro-
chemiluminescence Elecsys ACTH immunoassay, ECLIIA,
(Roche Diagnostics, Mannheim, Germany) on E170 Model.
Cortisol was tested by a chemiluminescence assay (Bayer,
Shanghai, China) on the ACS180 SEModel.The biochemistry
exams were done by automated chemistry analyzer (Hitachi,
Tokyo, Japan) on Hitachi 7600-110 Model. The liver function
and lipids were tested by BECKMAN COULTER analyzer
(Beckman Coulter Diagnostics, CA, USA) on AU5811 Model.

We measured the new onset diabetes according to the
American Diabetes Association/World Health Organization
guidelines; new onset DMwas defined as patient used to have
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Figure 1: The AST/ALT ratio in patients taking short term, long
term, and no glucocorticoid. Levels of AST/ALT ratio were signif-
icantly higher (𝑃 < 0.05) in patients who took glucocorticoid no
matter long term or short term compared with control. There were
no significant difference of AST between short or long term groups.
Data are expressed in AST/ALT which is a marker to reflect liver
function damage.

a normal fasting blood glucose, but after liver transplantation,
he/she has a fasting blood glucose of ≥7.00mmol/L (1.26 g/L)
confirmed on at least 2 occasions or current treatment with
an oral antidiabetic drug or insulin. The pathological slides
from the biopsy were parallel to the liver function results.

2.5. Statistical Analysis. Data were expressed as mean ± SD.
For statistical comparison of values, Student’s 𝑡-test was used
by software SPSS 17.0. 𝑃 values less than 0.05 were deemed to
indicate statistical significance.

3. Results

3.1. AST/ALT Ratio Significantly Changed in Patients Who
Took Glucocorticoid. The 3 groups of patients who took glu-
cocorticoid at different times after liver surgerywere shown in
Figure 1.There was no acute rejection in recipients, indicating
that the use of glucocorticoid helped the transplanted liver to
work properly and, as a results, patients survived. AST/ALT
ratio had no significant difference between short or long term
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Table 2: The complications in patients with use of glucocorticoid after liver transplantation.

Infection Wound nonhealing New onset diabetes Hypertension Acute rejection
Short term 3 2 3 2 2
Long term 10 7 11 9 3
𝜒2 5.238479 6.788542 5.553217 5.553217 0.015993
𝑃 0.022093 0.009174 0.018447 0.018447 0.899364

Table 3: The baseline and characteristics of patients.

Control without
glucocorticoid

Short term use of
glucocorticoid

Long term use of
glucocorticoid

Number of patients 22 20 18
Time of glucocorticoid 0 <3 months >3 months
Glucose fasting (mmol/L) 4.9 ± 1.3 5.1 ± 0.7 5.3 ± 1.1
Glucose 2 h after dinner (mmol/L) 6.9 ± 0.7 7.1 ± 0.7 9.3 ± 2.6∗

ACTH 8 am (pmol/L) 6.5 ± 0.4 7.2 ± 0.7 7.9 ± 0.3
HDL (high density lipoprotein, mmol/L) 1.49 ± 0.31 1.29 ± 0.24 0.99 ± 0.21∗

LDL (low density lipoprotein, mmol/L) 2.29 ± 0.81 2.71 ± 0.53 3.09 ± 0.74∗

TC (total cholesterol, mmol/L) 5.29 ± 0.37 5.61 ± 0.21 5.78 ± 0.52
∗
𝑃 < 0.05 versus control group.
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Use of glucocorticoid
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Figure 2: The TG levels in patients taking short term, long term,
and no glucocorticoid. The quantitative evaluation of TG was
analyzed and expressed in mol/L. TG significantly increased in
patients who took different time of glucocorticoid compared with
the control group. When comparing short term and long term use
of glucocorticoid, short term group significantly decreased versus
long term group (𝑃 < 0.05).

groups, which indicates that the short use of glucocorticoid
less than 3 months can achieve the same immune effect as
long term use of glucocorticoid longer than 3 months.

3.2. Cutting off the Overuse of Glucocorticoid Can Decrease
TG. Thequantitative evaluation of serum lipids was analyzed
(Figure 2). TG significantly increased in patients who took
different time of glucocorticoid compared with the control
group (𝑃 < 0.05), indicating that the use of glucocorticoid
can affect the lipid metabolism and lead to hyperlipidemia.

When comparing short term and long term use of glucocorti-
coid, short term group significantly had decreased TG versus
long term group (𝑃 < 0.05), indicating that cutting off the
overuse of glucocorticoid can effectively decrease TG.

3.3. The Acute Rejection Occurrence. With development of
surgery skill and organ protection technology, acute rejection
becomes less common. All episodes of acute rejection in this
study occurred in the first 6 weeks in recipients with a donor
mismatches (Table 2). The prevalence of acute rejection was
10% in short term group versus 17% in long term group (𝑃 =
0.899364). Clinical symptoms were not typical. Laboratory
tests on liver function were, for example, elevations AST
(Figure 1). The diagnosis of acute rejection was confirmed
by needle biopsy. The histopathological findings in reports
from Department of Pathology showed that acute rejection
includes predominantly mononuclear portal inflammation;
subendothelial inflammation of portal and hepatic veins; and
bile duct inflammation and damage.The short and long term
groups had no significant difference in liver damage such
as duct damages or unequivocal endotheliitis except some
inflammatory infiltration in long term group. There were no
visible steatosis cells in any groups (Figure 3).

3.4. The Metabolic Disorder Occurrence. Features of the
metabolic disorders were found in patients 6 months after
transplantation (Tables 2 and 3). New onset diabetes rose
from 15% in short term group to 61% in long term group
(𝑃 = 0.009174, Table 2); hypertension increased from 10% in
short term group to 50% in long term group (𝑃 = 0.018447,
Table 2). The long term group had significantly reduced
HDL and increased LDL and 2 h after dinner blood glucose
(Table 3).
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Control Long termShort term

Figure 3: The histopathological results. The biopsy from patients in short term, long term, and control groups was shown. The short term
indicates no significant difference from the control group while the long term group had sporadic inflammatory cells infiltration (the arrow
indicates the lymphocytes). There was no obvious steatosis in any groups.

3.5. The Occurrence of Glucocorticoid-Related Side Effects.
Occurrence of glucocorticoid-related side effects such as
infection and poor wound healing was found in patients
followed up >6 months after transplantation (Table 2). The
prevalence of infection rises from 15% in short term group to
56% in long term group (𝑃 = 0.022093). Poor wound healing
increased from 10% in short term group to 39% in long term
group (𝑃 = 0.087380). The reinfection with hepatitis B and
the infection with CMV have been excluded.

4. Discussion

Lipid metabolic disorders are becoming more common after
liver transplantation which affect the long term morbidity
andmortality as well as life quality. Some patients do have the
metabolic preconditions such as overweight, diabetes, and
cholestatic liver disease.Thenewonset ofmetabolic disorders
is often caused by the use of immunosuppressantmedications
such as cyclosporine, tacrolimus, and glucocorticoid which
attack the insulin signaling pathway by changing adipose
enzymes [5].

We monitor patients’ liver function and lipid levels 6
months after transplant. The results indicate that avoiding
overuse of glucocorticoid can significantly decrease the risk
of hyperlipidemia in liver transplant recipients.

It has been well known that glucocorticoid inhibits
immune function. The metabolic side effects have been
noticed recently such as diabetes, hypertension, and hyper-
lipidemia [6].

Because acute rejection after liver transplantation gener-
ally occurred 2 weeks after liver transplantation, we suggest
early glucocorticoid withdrawal scheme to ensure a lower
rejection and minimize the amount of glucocorticoid. Our
clinical data suggest that theminimized use of glucocorticoid
did not increase the incidence of rejection but decreased
postoperative infection and poor wound healing. Quite dif-
ferent from some liver transplantation centers whose primary
liver diseases of liver transplantation are alcoholic cirrhosis,
HCV cirrhosis, and autoimmune liver disease, our center
has more than 90% of liver transplant recipients for HBV-
related diseases, with about 40% of hepatocellular carcinoma.
Overuse of glucocorticoid after liver transplantation formore

than 1 year also causes the cancer and HBV recurrence
[7, 8].

The blood glucose changes caused by the long term use
of steroid are different from type 1 and type 2 diabetes in
terms of etiology, clinical features, and treatment strategies.
One unique finding is that the glucocorticoid-induced blood
glucose changes on fasting and randomly were different.
Because glucocorticoids were administered at 8:00 am, these
patients’ fasting glucose was not affected. But the 2 h blood
glucose after dinner significantly increased compared to
control group.

Steroids have been used for the purpose of prevent-
ing rejection. However, steroid-related metabolic disorders,
such as hypertension, diabetes mellitus, hyperlipidemia, and
obesity, are causing concerns for its long term use. Hyper-
lipidemia significantly increases cardiovascular events. In
addition, the hyperlipidemia caused atherosclerosis, which
can reduce liver perfusion, resulting in deterioration of liver
function. Hyperlipidemia also participates in the chronic
graft rejection similar to the proliferate vascular disease.

Our result demonstrated that a short term use of steroid
(<3 months) was safe in patients undergoing LT for HBV-
related HCC. Liver function recovered significantly better
than those of long term use of steroid (>3 months).

The patients who had liver transplantation for their
autoimmune hepatitis do have difficulties stopping steroid
because the high chance of immune hepatitis recurrence.
There are a few patients who need to use steroid because
of rejection. When the acute rejection occurs, high dose
steroid is still the first linemedicine. Other than the occasions
mentioned above, the majority of adult recipients can stop
steroid safely within 3 months. Previous study [9] concluded
that steroid tapering to 5mg/day does not lead to graft loss
andmay decrease the incidence and severity of late metabolic
complications. When there is no immune hepatitis nor acute
rejection, the steroid can be discontinued 14 d after liver
transplantation when immunosuppressive therapy based on
FKS06+ MMF/CsA was still maintained [10, 11].

5. Conclusion

Glucocorticoid after liver transplantation is one of the
most commonly used immunosuppressants, playing a very
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important role in the prevention and treatment of acute
rejection. However, long term use of glucocorticoid hasmany
side effects. Early withdraw within 3 months can decrease the
risk of metabolic disorders.
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The Beijing genotype Mycobacterium tuberculosis (MTB), notorious for its virulence and predisposition to relapse, could be
identified by spoligotyping based on genetic heterogeneity. The plasma samples from 20 cases of Beijing and 16 cases of non-
BeijingMTB infected individuals and 24 healthy controls (HCs) were collected, and antibodies against 11 antigens (Rv0679c142Asn,
Rv0679c142Lys, Ag85B, Ag85A, ARC, TDM-M, TDM-K,HBHA,MDP-1, LAM, andTBGL)weremeasured by ELISA. Compared to
the HCs, theMTB infected subjects showed higher titers of anti-Ag85B IgG (positivity 58.2%) and anti-ACR IgG (positivity 48.2%).
Of note, anti-ACR IgG showed higher titer in Beijing MTB infected tuberculosis (TB) patients than in HC (Kruskal–Wallis test,
𝑝 < 0.05), while the levels of anti-Ag85B, anti-TBGL, anti-TDM-K, and anti-TDM-M IgG were higher in non-Beijing TB patients
than in HC. Moreover, anti-Ag85B IgG showed higher response in non-Beijing TB patients than in Beijing TB patients (𝑝 < 0.05;
sensitivity, 76.9% versus 44.4%).The sensitivity and specificity analysis showed that 78.8%Beijing infected individuals were negative
in anti-TBGL-IgG or/and anti-Ag85B-IgG, while 75.0% of those were positive in anti-TBGL-IgA or/and anti-ACR-IgG tests. These
results indicate the possibility of developing antibody-based test to identify Beijing MTB.

1. Introduction

In 2013, tuberculosis (TB) infected 9 million individuals and
caused 1.5 million deaths, making it one of the most critical
infectious diseases worldwide [1]. Beijing genotype MTB has
been most prevalent in East Asia [2], because of its virulence
and resistance to chemical drugs and BCG vaccination [3].

Unfavorable treatment outcomes, including treatment failure
and relapse, have also been found to be associated with
the Beijing genotype MTB [4, 5]. Genotyping methods,
such as spoligotyping and variable number tandem repeats
typing (VNTR), have been commonly used to identify MTB
genotypes, on the basis of polymerase chain reaction (PCR)
[6, 7]. However, the sensitivity of these tests pertains to
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acid-fast bacillus (AFB) smear results as low-AFB-positive
samples (≤1+) showed limited sensitivity of <50% [8], and
DNA-negative samples did not yield spoligopatterns [9].This
may be complemented by sputum culture, which may take
1–8 weeks for results at best [7]. Therefore, point-of-care
testing (POCT) methods such as ELISA may help in quick
differentiation of cases of Beijing and non-Beijing genotype
MTB.

Rv0679c sequence is well conserved in MTB, M. bovis,
and M. bovis BCG. The Rv0679c protein is a possible
membrane lipoprotein located at the bacterial outer surface
that may be involved in the entry of MTB into host cells
[10, 11]. Beijing genotype MTB carries a specific mutation
on the Rv0679c gene, causing amino acid replacement at
codon 142 from asparagine to lysine (Rv0679c142Lys) in
contrast to the non-Beijing genotype MTB (Rv0679c142Asn)
without this mutation [12]. Both TB Antigen 85A (Ag85A)
and Antigen 85B (Ag85B) are involved in mycobacterial cell
wall assembly, possessing a mycolyl-transferase activity that
plays a crucial role in the biogenesis of trehalose dimycolate
(TDM) [13]. Ag85A may mainly facilitate MTB to survive in
minimal nutritional medium [13], whereas Ag85B is reported
as a potent immunoprotective antigen and a leading drug
target [14, 15]. Of note, Ag85B expression was reported to be
lower in the Beijing/W lineage strains compared to the non-
Beijing/W lineage strains [16, 17]. The 16-kDa 𝛼-crystalline
(ACR) protein of MTB, also known as HspX or Hsp 16.3,
is required for MTB growth in macrophages [18] and is
highly expressed in the presence of NO and low O2 con-
centration and in the stationary phase [19, 20], playing a
role in the maintenance of long-term viability during latent,
asymptomatic infections [18], which was found to be highly
expressed in the Beijing group [16]. The heparin-binding
hemagglutinin adhesin (HBHA) is indispensable for extra-
pulmonary dissemination [21], while the Beijing genotype
MTB is more likely to develop extrapulmonary TB [22]. The
surplus expression of mycobacterial DNA-binding protein 1
(MDP-1) in the slow-growing phase is a potential marker for
latent TB infection (LTBI) for both non-Beijing and Beijing
MTB [23]. TDM derivatives, including trehalose methoxy-
dimycolate (TDM-M) and trehalose keto-dimycolate (TDM-
K), from MTB H37Rv constitute the major antigens of
TBGL [24]. Anti-TBGL IgG and anti-lipoarabinomannan
(LAM) antibodies were tested in the clinic as biomarkers
for active TB infections (ATB) [25]. In our previous study,
high plasma levels of anti-ACR, anti-LAM, anti-trehalose
dimycolate (anti-TDM), and anti-TBGL IgG were found in
patients with ATB, compared to those in the LTBI and
control subjects [26]. Here we investigated the possibility
of serological identification of Beijing/non-Beijing genotype
MTB by using an in-house ELISA method.

2. Materials and Methods

2.1. Study Subjects. This study was approved by the Ethics
Committee of Tohoku University and Fukujuji Hospital,
number 2014-1-122. Signed informed consent was obtained
from all study participants. All ATB subjects were diag-
nosed following the WHO guidelines on TB at Fukujuji

Hospital, Japan. For TB patient samples, only culture-positive
samples were included. Blood samples were collected and
stored before initiating anti-TB therapy, to avoid the effects
of decreasing antibody titer during therapy [27]. Plasma
samples were stored at −30∘C immediately after extraction
without experiencing the repeated freeze-thaw cycle prior to
the test. Twenty-six HCs were evaluated for LTBI by the T-
SPOT test (Oxford Immunotec, Inc., MA), in which 24 of
them (92.3%) were tested as negative; they were recruited
in this study. In total, the plasma samples of 36 TB patients
and 24 HCs were tested under a double-blind study in which
the results of spoligotyping test accomplished by Dr. Chie
Nakajima and the results of ELISA test accomplished by
Dr. Jingge Zhao were handed to the corresponding author
Dr. Toshio Hattori who designed this study and who would
perform the analysis.

2.2. MTB Diagnosis, Drug Susceptibility, Laboratory Test, and
Chest Radiography. Acid-fast bacilli (AFB) smear staining
and culture tests were performed to confirm MTB infection.
Drug susceptibility test (DST) for isoniazid (INH), strep-
tomycin (SM), rifampicin (RMP), and ethambutol (EMB)
was conducted based on WHO-approved methods [28].
Laboratory data, including CRP, blood IgG, and IgA, were
measured at Fukujuji Hospital. Chest radiographic data were
read and summarized by three clinicians who had no access
to other test results (Table 1).

2.3. Spoligotyping. The genotype of MTB clinical isolates
was determined as described previously [29]. Briefly, the
direct repeat (DR) region was amplified with a primer
pair, and the PCR products were hybridized to a set of 43
spacer-specific oligonucleotide probes, whichwere covalently
bound to the membrane.The spoligointernational type (SIT)
was determined by comparing the spoligotypes against the
international spoligotyping database (SpolDB4) [30].

2.4. Antigens. Gene cloning, expression, and purifica-
tion method for Rv0679c was described previously [11].
Rv0679c142Asn and Rv0679c142Lys genes were cloned with
the genomic DNA from non-Beijing and Beijing genotype
MTB, respectively. The genes encoding Ag85A, Ag85B, ACR,
HBHA, andMDP-1 were amplified by PCR from the genomic
DNA of MTB H37Rv, and the primers were designed to
incorporate restriction sites for cloning. The amplified DNA
sequences were cloned into the pET-42 (+) vector (Novagen,
South Africa), and the various vectors were expressed
using Escherichia coli BL21 (DE3) (Novagen, South Africa).
The recombinant proteins were purified via immobilized
metal ion affinity chromatography using a nickel-sepharose
high-performance column, according to standard protocols.
The purity of the protein was analyzed by SDS-PAGE. The
purified Lipoarabinomannan (LAM) (Nacalai Tesque, Kyoto,
Japan) was isolated from MTB AoyamaB [31]. The purified
trehalosemethoxy-dimycolate (TDM-M) and trehalose keto-
dimycolate (TDM-K) were semisynthesized by chemically
introducing methoxy-mycolic acid and keto-mycolic acid,
respectively, to the 6,6 position on trehalose.
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Table 1: Clinical characteristics.

Non-Beijing Beijing p value
𝑛 = 16 𝑛 = 20

Demographics
Males, n (%) 14 (87.5%) 14 (70.0%) n.s.
Age [y, mean (%)] 50.7 60.2 n.s.

Mycobacterial identification
AFB-positive strains, n (%) 13 (81.2%) 17 (85.0%) n.s.
Time to growth in MGIT (weeks) 7.43 8.20 n.s.

Drug resistance profile
Isoniazid-resistant strain 0 3 (15%) n.s.
MDR strain 2 (12.5%) 0 n.s.

Laboratory findings
CRP (mg/mL) 6.55 ± 4.38 5.84 ± 4.38 n.s.
Blood IgG (mg/mL) 17.67 16.12 n.s.
Blood IgA (mg/mL) 3.83 3.99 n.s.

Chest radiograph findings
Cavity, positive (%) 4 (26.7%) 9 (45.0%) n.s.
Pleural effusion, positive (%) 3 (20.0%) 5 (25.0%) n.s.

STD, standard deviation; MDR, multidrug resistance, as resistant to rifampin and isoniazid in this study; CRP, C-reactive protein.

2.5. ELISA. To detect the antibodies against dimorphic sur-
face protein Rv0679c in MTB, Nunc MaxiSorp plates (Ther-
mo Fisher Scientific, Inc., Waltham, MA) were coated with
100 𝜇L of 0.2 𝜇g/mL purified recombinant Rv0679c142Asn
or Rv0670c142Lys. Coated microplates were then allowed to
stand overnight at 4∘C, which were then blocked with 3%
(w/v) bovine serum albumin (BSA) in phosphate-buffered
saline (PBS; pH 7.4) for 4 h. Plasma samples were diluted by
100 times in 1% (w/v) BSA/PBS and then were added along
with positive controls to set of triplicate wells. The positive
controls were made of supernatant of mouse hybridoma cell
culture that contained monoclonal antibody (mAb) 5D4-C2,
which was diluted in 1/50-, 1/200-, and 1/800-fold dilution
in 1% BSA/PBS [11]. The plates were sealed and incubated
for 2 h at room temperature. After being washed 4 times
with PBS-0.05% Tween 20 (PBST), 100 𝜇L of 1 : 10,000 times
diluted HRP-conjugated goat anti-human IgG heavy chain
polyclonal antibody (LifeSpan BioSciences, Inc., Seattle, WA)
and 100 𝜇L of 1 : 10,000 times diluted HRP-conjugated goat
anti-mouse IgG antibody (Santa Cruz Biotechnology, Inc.,
Dallas, TX) in 1% BSA/PBS were used as the second anti-
body for plasma samples and the mAb positive control,
respectively. The sealed plates were then incubated for 2 h
at room temperature. Then, the plates were washed 4 times
and developed readable signal by 100𝜇L of tetramethylben-
zidine substrate (Dojindo, Kumamoto, Japan). To stop the
reaction, 100 𝜇L of 0.5M sulfuric acid was added to each
well, and the absorbance was read at 450 nm. For other
antigens, after 100 𝜇L of each of 4 𝜇g/mL HBHA, 14 𝜇g/mL
Ag85A, 6 𝜇g/mL Ag85B, 1 𝜇g/mL ACR, 8𝜇g/mL MDP-1,
3 𝜇g/mL TDM-M, 3 𝜇g/mL TDM-K, and 0.5 𝜇g/mL LAM
were coated, similar methods were conducted to detect their
specific corresponding IgG [25, 26]. Plasma TBGL IgG and

TBGL IgA levels were measured using the Determiner TBGL
Antibody ELISA Kit (Kyowa Medex Co., Ltd., Tokyo, Japan)
[32].

2.6. Statistical Analysis. TB patients were grouped into Bei-
jing and non-Beijing groups according to the results of
spoligotyping. GraphPad Prism 6.0 (GraphPad Software,
San Diego, CA) was used to analyze data and generate
graphs. Comparison of clinical findings was achieved by
nonparametric 𝑡-test andChi-square test. Kruskal–Wallis test
was used to evaluate differences in cases involving Beijing,
non-Beijing, and HC groups. Dunn’s post hoc tests were used
to evaluate the differences between each pair following the
Kruskal–Wallis test. Correlation analysis was accomplished
by using Spearman correlation. The results were considered
significant at 𝑝 < 0.05. The cutoff for anti-TBGL antibodies
was set to 2 on the basis of previous studies [32]. The cutoffs
for other antibodies were achieved by Youden’s index by
MedCalc (MedCalc Software bvba, Belgium).

3. Results

3.1. Genotypes of MTB as Identified by Spoligotyping. Spolig-
otyping data elucidated the phenotype of 36 clinical MTB
strains, among which the Beijing genotype MTB accounted
for 20 cases (55.6%), while the non-Beijing genotype MTB
accounted for 16 cases (44.4%) (Table 1). Multiple drug
resistance (MDR) MTB shows resistance to RMP and INH
in T1 strain from non-Beijing MTB group. None of strains
from Beijing/Non-Beijing group were resistant to SM and
EMB. Although the non-Beijing genotype group consisted of
6 MTB subtypes, there was no significant difference in the
response to each antigen in terms of subtypes (Table 2).
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Table 2: Non-Beijing genotype subgroups.

Subtypes of non-Beijing MTB
Genotype EAI2 Manila LAM9 New type T1 T2 T3-OSA

𝑛 = 2 𝑛 = 1 𝑛 = 5 𝑛 = 5 𝑛 = 1 𝑛 = 2

Number of MDR strains (%) 0 0 0 2 (40%) 0 0
Anti-LAM IgGa 1.34 (0.33–2.35) 1.01 0.84 (0.09–2.5) 1.37 (0.33–2.29) 0.310 1.89 (1.76–2.03)
Anti-TBGL IgGa 2.71 (2.11–3.30) 12.44 0.57 (0.07–11.9) 34.1 (0.12–62.6) 1.11 38.8 (4.9–72.6)
Anti-TBGL IgAa 7.28 (0.37–14.2) 0.45 0.54 (0.44–39.2) 0.83 (0.38–8.38) 2.13 4.7 (1.72–77.0)
Anti-Ag85Ba 1.31 (1.01–1.61) 0.37 1.17 (0.72–3.16) 1.61 (0.94–2.32) 3.54 2.07
Anti-ACRa 0.15 (0.12–0.17) 0.15 0.15 (0.09–0.16) 0.21 (0.06–1.47) 3.35 3.61
aMedian (range), EAI 2Manila Clade EAI2 from theManila family strain; LAM9, LatinAmerican-Mediterranean; T1, specific T1 genotype clone (SIT number
266); T2, T2Mycobacterium tuberculosis genotype.

3.2. Rv0679c ELISA. The ELISA test was optimized with
regard to antigen concentration by using the monoclonal
antibody 5D4-C2, which binds to both Asn142 and Lys142
without significant difference (Figure 1(a)). The ELISA assay
for anti-Rv0679c142Asn IgG and anti-Rv0679c142Lys IgG
showed that the majority in both non-Beijing and Beijing
groups failed to react to each type of Rv0679c (Figure 1(b)),
except for 2 samples in the non-Beijing group that showed
higher reactivity to Rv0679c142Asn than Rv0679c142Lys and
the 2 samples in the Beijing group that showed higher reac-
tivity to Rv0679c142Lys than Rv0679c142Asn (Figure 1(c)).

3.3. IgG Antibodies against Ag85B, Ag85A, ACR, HBHA,
TDM-M, TDM-K, MDP-1, and LAM. Of these 8 IgG anti-
bodies, high titers of anti-Ag85 IgGwere observed in the non-
Beijing group compared to the Beijing group (Figure 2(a)).
The comparison of IgG responses among non-Beijing, Bei-
jing, and HC groups showed that the higher levels of anti-
Ag85B IgG, anti-TDM-M IgG, and anti-TDM-K IgG were
found in the non-Beijing group compared to the HC
group (Figures 2(a), 2(e), and 2(f)). The anti-ACR IgG was
higher in the Beijing group compared to the HC group
(Figure 2(c)), while higher titers of anti-LAM IgGwere found
in both non-Beijing and Beijing groups compared to the
HC group (Figure 2(h)). However, no significant difference
was observed in the anti-Ag85A (Figure 2(b)), anti-HBHA
(Figure 2(d)), and anti-MDP-1 (Figure 2(g)) IgG responses
among the 3 groups.

3.4. Anti-TBGL Antibodies. The level of anti-TBGL IgG,
rather than anti-TBGL IgA, was found to be higher in TB
patients presenting with cavities (Figures 3(a) and 3(b)) as
described elsewhere [32].Despite the larger number of cavity-
positive subjects in the Beijing group compared to the non-
Beijing group (45.0% versus 26.7%, nonsignificant, Table 1),
no difference was noted in the anti-TBGL IgG response
between the Beijing and non-Beijing groups. Notably, anti-
TBGL IgG showed higher titers in the non-Beijing and HC
groups, but it did not differ in the Beijing group compared to
the HC group (Figure 3(c)). On the other hand, anti-TBGL
IgA was significantly higher in the Beijing group than in the
HC group (Figure 3(d)). It is also noteworthy that all HCs
were negative for anti-TBGL IgG.

3.5. Correlation Analysis. Significant correlations were ob-
served between antibodies against lipid antigens and IgG
against lipid-biosynthesis-related protein (Table 3). In detail,
anti-Ag85B IgG titers correlated with antibodies against lipid
TB antigens, including TDM-M/K, TBGL, and LAM. In
contrast, anti-Ag85A IgG titers correlated with only anti-
TBGL IgA andwith anti-TDM-M.Anti-LAM IgGwere found
to be correlating with anti-TDM-M/K IgG and anti-TBGL
IgA/IgG.

3.6. Sensitivity and Specificity. Receiver operating character-
istic (ROC) curve analysis was used to compare the sensitivity
and specificity of each TB antibody test. The cutoff was
determined based on all TB subjects and HCs. An antibody
test that met the following conditions, specificity > 60%
and sensitivity > 50% either in the non-Beijing or in the
Beijing group, at 𝑝 < 0.05, was tentatively categorized as a
prospective marker possessing discriminatory power, which
includes anti-Ag85B IgG, anti-ACR IgG, anti-LAM IgG, and
anti-TBGL IgG (Table 4). Of note, anti-Ag85B IgG showed
higher response in the non-Beijing than in the Beijing group
(76.9% versus 44.4%, Table 4), as opposed to anti-ACR IgG
that showed higher response in the Beijing than in the non-
Beijing group (61.1% versus 30.8%); both tests showed equal
specificity up to 78.6%. High specificity was observed for
anti-TBGL IgG and anti-LAM IgG, up to 100% and 83.3%,
respectively. Combining anti-TBGL IgG and anti-LAM IgG
increased the sensitivity up to 80% for the non-Beijing and
73.7% for the Beijing groups. Because anti-TBGL IgG were
significantly higher in non-Beijing than in HC group, as well
as higher anti-TBGL IgA in Beijing than in HC group, a test
using the intersection of anti-TBGL IgG and anti-Ag85B IgG
can yield higher accuracy to exclude the Beijing group within
ATB (specificity, 77.8%), while the union of anti-TBGL IgA
and anti-ACR IgG can yield higher accuracy to detect the
Beijing group within ATB (sensitivity, 75.0%).

4. Discussion

In this study, high anti-ARC IgG and anti-TBGL IgA in
Beijing TB infected patients, as well as high anti-Ag85B IgG
and anti-TBGL IgG inNon-Beijing patients, could offer a sen-
sitivity of 75.0% and a specificity of 77.8% for detecting Beijing
MTB infection in diagnosed ATB. This can compensate the
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Figure 1: Antibody responses to Rv0679c142Asn and Rv0679c142Lys. (a) Anti-Rv0679c response observed at different dilutions of
monoantibody 5D4C2 (0-, 1/50-, 1/200-, and 1/800-fold). (b) Anti-Asn142/Lys 142 IgG between the ATB and HC. Medians are indicated
as lines. (c) Plasma antibody reaction to Rv0679c; 2 dots connected by a single line indicate a pair of reactions to Rv0679cAsn142 or Lys142
in one sample. The cutoff was set as twice the median of HC. n.s., not significant.

shortcoming of molecular diagnosis which needs bacteria
derived DNA.

A mutated gene encoding the Lys142 variant of the
Rv0679c protein has been found in the clinical isolates
of the Beijing genotype family members [12]. The change
caused by the Asn142Lys substitution may result in a reduced
immune binding in response to a change of pathogenicity
[33]. In this study, we observed a few specific recogni-
tions of Rv0679c142Asn and Rv06790cLys142 antigens in
the non-Beijing and Beijing groups, respectively, indicating
discriminatory power upon IgG reactions against the distinct
protein dimorphic between clades (Figure 1(c)). However,

the reactions to MTB surface protein Rv0679c were not
observed in the majority of samples (Figure 1(b)), agreeing
with previous studies that found serological responses to
MTB surface protein are relatively lower compared to those
to cell wall component (LAM, e.g.,) or secreted proteins
[34]. Active TB infected (ATB) patients may lack high titer-
high avidity protective antibodies against the surface of MTB
[10, 34].

Previous proteomics studies found that the expression
of Ag85B appeared lower in Beijing genotype MTB in vitro
[16, 17]; therefore, lower titers of anti-Ag85B IgG in the
Beijing group than in the non-Beijing group (Figure 2(a))
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Figure 2: Continued.
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Figure 2: IgG antibody responses to Ag85B, Ag85A, ACR, HBHA, TDM-M, TDM-K,MDP-1, and LAM. (a) Anti-Ag85B IgG; (b) anti-Ag85A
IgG; (c) anti-ACR IgG; (d) anti-HBHA IgG; (e) anti-TDM-M IgG; (f) anti-TDM-K IgG; (g) anti-MDP; (h) anti-LAM IgG responses. 𝑝 value
< 0.05 (Kruskal–Wallis test) indicated significant difference in the antibody response of the indicated groups. n.s., no significant. Medians are
indicated as bars.

Table 4: Discriminatory power analysis.

TB antibodies Cutoff a Sensitivity (%) Specificity (%) p value
TB subjects Non-Beijing Beijing HC

Anti-Rv0679c142Asn IgG 0.09 83.1 93.3 75.0 45.8 0.0301
Anti-Rv0679c142Lys IgG 0.10 65.6 60.0 70.0 29.2 n.s.
Anti-Ag85B IgG 0.89 58.2 76.9 44.4 78.6 0.035
Anti-Ag85A IgG 0.76 42.0 46.2 38.9 92.9 0.0151
Anti-ACR IgG 0.21 48.2 30.8 61.1 78.6 0.0024
Anti-HBHA IgG 0.82 25.8 23.1 27.8 92.9 n.s.
Anti-TDM-M IgG 0.50 41.9 38.5 44.4 85.7 0.0025
Anti-TDM-K IgG 0.53 38.7 38.5 38.9 85.7 0.0031
Anti-MDPI IgG 0.40 67.8 69.2 66.7 14.3 n.s.
Anti-LAM IgG 0.76 67.7 66.7 68.4 83.3 <0.0001
Anti-TBGL IgG (U/mL) 2.00b 55.6 62.5 50.0 100.0 0.0006
Anti-TBGL IgA (U/mL) 1.00 42.9 40.0 45.0 80.1 0.0008
Anti-TBGL IgG (U/mL) or anti-LAM IgG — 76.5 80.0 73.7 83.3 —
Anti-TBGL IgG (U/mL) and anti-Ag85B IgG — 35.6 53.8 22.2 100.0 —
Anti-ACR IgG or anti-TBGL IgA (U/mL) — 59.4 40.0 75.0 64.3 —
The sensitivity of the test to discriminate between non-Beijing and Beijing genotype TB was calculated in the context of the cutoff values obtained for all TB
subjects. A p value less than 0.05 indicates significant discriminatory power.
aOptimal cutoff was determined based on the ROC curve obtained for TB patients and healthy controls according to Youden’s index.
bReferring to the recommended cutoff, in accordance with the instructions of the anti-TBGL IgG kit.

may indicate lower burden of Ag85B during Beijing MTB
infection [35]. Out of expectation, as Ag85B leads to the
synthesis of TDM, we observed higher IgG against TDM-
M, TDM-K, and TBGL in the non-Beijing group compared
to the HC group (Figures 2 and 3), in addition to the
significant correlation between anti-Ag85B IgG and anti-
TDMs IgG (anti-TDM-M IgG, 𝑝 < 0.05; anti-TDM-K and
anti-TBGL IgG, 𝑝 < 0.005; Spearman correlation). For

the first time, we reported higher tier of anti-Ag85B IgG in
the non-Beijing group (OD median 1.605; positivity 76.9%)
compared those in the Beijing group (OD median 0.854;
positivity 44.4%). Since the stronger induction of anti-Ag85B
IgG resulted in better protective effects in ATB [36], higher
burden of Ag85B and the corresponding higher levels of anti-
Ag85B IgGmay confer to more protective immune responses
during non-Beijing MTB infection rather than did Beijing
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Figure 3: Association of anti-TBGL IgA and IgG responses and the presence of cavities and MTB genotype. 𝑝 value < 0.05 indicated
statistically significant difference. The cutoff of anti-TBGL IgG response is indicated in the instruction manual provided with the anti-TBGL
IgG kit; (a), (b) cavities observed on chest radiographs; (c), (d) responses in non-Beijing and Beijing strain-infected individuals and HCs.
Medians are indicated as bars.

MTB. Unlike Ag85B, Ag85A plays a role in support of the
growth of MTB under nutritional stress, which is crucial for
the persistence of MTB in macrophage cells. Lacking the
antibody responses against Ag85A during active TB infection
may be in association with the immune escape due to the fact
of MTB intracellular infection [13], in contrast to elevated
anti-Ag85A IgG that were found in individuals recovered
from TB [37].

Higher IgG response against ACR was observed in the
Beijing group compared to theHCgroup (Figure 2(c)), which
is consistent with the finding of higher expression of ACR
protein in the Beijing strains in vitro [16]. However, no
significant difference was noted in the anti-ACR IgG titer
between the Beijing and non-Beijing groups. Meanwhile,
as the marker of extrapulmonary TB [38], anti-HBHA IgG
were not found to be different among the three groups
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(Figure 2(d)), which can be explained by the risk factors for
extrapulmonary TB infection that are related more to host
than to MTB strain lineage characteristics [39].

Anti-LAM IgG responses were observed in patients with
smear-positive, culture-positive sputum [40, 41]. In spite of a
significant correlation between anti-TBGL IgGand anti-LAM
IgG, higher anti-TBGL IgG titers were observed in the non-
Beijing group than in the HC group (𝑝 < 0.001). Meanwhile,
significantly elevated anti-LAM IgG titers were observed in
both the non-Beijing and Beijing group compared to the
HC group, which was also reported in another study [35].
On the other hand, the anti-TBGL IgA titer in the Beijing
group, instead of the non-Beijing group, appeared higher
than those in the HC group. Of note, detecting anti-TBGL
IgG is still practiced in TB diagnosis. TBGL mainly consists
of TDM; therefore, the low anti-TBGL IgG levels in the
Beijing genotype MTB group may be attributed to the small
quantity of TDM that is associated with the low Ag85B
expression in the Beijing group (Table 3). In our previous
study in Indonesia where non-Beijing type MTB is prevalent
up to 66.6% [42], 66.8% sensitivity of anti-TBGL IgG in
detection of ATB was observed [26], which is higher than
55.6% sensitivity of that in this study where Beijing type TB
infection made up a large proportion, suggesting anti-TBGL
IgG titer be impacted by the infecting genotype of MTB.
Moreover, in this study we found that all T-SPOT negative
HC to be anti-TBGL IgG negative, while high anti-TBGL
IgG were found in health care workers at the high risk of
LTBI, indicating an association between anti-TBGL IgG and
LTBI status [43]. In spite of the fact that limited samples are
involved in this study, since anti-TBGL IgG is being used
clinically irrespective of the MTB genotype the awareness is
in need.

In a previous study, it has been observed that all the 7
individuals from the Haarlem MTB lineage-infected group
showed positive reactions against TB Rv0407 antigen
while only 2 out of 9 individuals from Latin-American-
Mediterranean MTB lineage-infected group showed such
positive reaction [44]. Meanwhile, in another study, anti-
Esat6 IgG, anti-CFP10 IgG, and anti-LAM IgG responses
were reported to be similar between Beijing and non-Beijing
strain infection [35]. In conjunction with our result that
anti-Ag85B IgG titers are higher in non-Beijing infection,
these results suggest that the cornerstone for the genotype
diagnosis method based on serologic responses should be
built upon sophisticated screening for genotype-specific
antigens. Therefore, a large number of TB antigens together
with more plasma samples should be involved in future
study.

5. Conclusions

In this study, we focused on serological antibody reactions
against 11 antigens in terms of Beijing or non-Beijing geno-
type MTB infections by using a double-blind measure. IgG
antibodies against Ag85B and TDM derivatives, including
TDM-M, TDM-K, and TBGL, were found to be higher
in non-Beijing genotype MTB infections compared to HC
group, while anti-ACR IgG and anti-TBGL IgA were found

to be higher in the Beijing compared to HC group. Despite
the fact that out of 11 antigen-antibody tests only anti-Ag85B
IgG showed higher response in non-Beijing TB patients than
in Beijing TB patients (𝑝 < 0.05), the combination of anti-
Ag85B IgG, anti-ACR IgG, and anti-TBGL antibodies tests
could yield 75.0% sensitivity and 78.8% specificity for detect-
ing Beijing MTB infection in ATB individual. Therefore,
discrepancy in the antibody responses in the Beijing and non-
Beijing groups could aid the identification of Beijing genotype
MTB-specific infections.
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Toll-like receptor 3 (TLR3) plays a key role in innate immunity by recognizing pathogenic, double-stranded RNAs.Thus, activation
of TLR3 is a major factor in antiviral defense and tumor eradication. Although downregulation of TLR3 gene expression has been
mainly reported in patients infected with hepatitis C virus (HCV), the influence of TLR3 genotype on the risk of HCV infection,
HCV-related cirrhosis, and/or hepatocellular carcinoma (HCC) remains to be determined. Single-nucleotide polymorphisms
(SNPs) within the TLR3 gene and their associations with HCV-related disease risk were investigated in a Saudi Arabian population
in this study. Eight TLR3 SNPs were analyzed in 563 patients with HCV, which consisted of 437 patients with chronic HCV
infections, 88 with HCV-induced liver cirrhosis, and 38 with HCC. A total of 599 healthy control subjects were recruited to the
study. Among the eight TLR3 SNPs studied, the rs78726532 SNP was strongly associated with HCV infection when compared to
that in healthy control subjects. The rs5743314 was also strongly associated with HCV-related liver disease progression (cirrhosis
and HCC). In summary, these results indicate that distinct genetic variants of TLR3 SNPs are associated with HCV infection and
HCV-mediated liver disease progression in the Saudi Arabian population.

1. Introduction

Hepatitis C virus (HCV) is an enveloped virus containing
a positive-sense, single-stranded RNA genome that infects
hepatocytes specifically through a noncytopathic process. It
is a member of the genus Hepacivirus and belongs to the
Flaviviridae family. HCV is a blood-borne pathogen and
results in a significant public health problem, affecting appro-

ximately 180 million people globally [1, 2]. Owing to its
ability to escape the host’s defense mechanisms, HCV infec-
tion is considered persistent. Nearly 80% of all infected
individuals develop chronic infection that persists for many
years. Chronically infected individuals develop liver compli-
cations that include fibrosis and cirrhosis. Once cirrhosis has
occurred, 3–5% of these individuals will develop hepatocel-
lular carcinoma (HCC) [2, 3].
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HCV-related diseases are treated with interferon-alpha
(IFN-𝛼) and ribavirin (RBV), antiviral agents that are used as
the standard of care for patients with chronic HCV infection.
However, this treatment regimen is effective in only 50–
60% of patients with HCV [4]. Recently, there has been a
major advancement in the treatment and management of
HCV through the development of direct-acting anti-HCV
drugs in addition to drug-induced activation of the host’s cell-
mediated immunity. Toll-like receptors (TLRs), a family of
evolutionary conserved receptors that recognizes pathogens,
have emerged as key regulators of both innate and adap-
tive immune responses. Lately, activation of immune cells
through TLR agonists, which triggers interferon production,
is being developed for therapy against HCV infection [5].

TLRs are a group of molecules that are essential for the
innate immune response against infecting pathogens [6].
The effect of TLRs is mediated by sensing of molecules
called pathogen-associated microbial patterns (PAMPs) [7].
In humans, there are 10 TLRs, which are expressed in
different organs of the immune system [6]. In particular,
TLR3 is encoded by a gene located on 4q35.1 and spans five
exons. It is expressed intracellularly and recognizes double-
stranded RNA (dsRNA) by responding with subsequent
increases in interferon-𝛼 transcription, and its cellular effect
ismediated through the recruitment of downstream signaling
molecules such as retinoic acid-inducible gene 1 (RIG-I),
melanoma differentiation-associated protein 5 (MDA5), and
NACHTLRR-PYD-containing protein-3 (NALP3) [8]. Lately,
TLR3-mediated antitumor activities inhibiting HCC devel-
opment and progression have also been described [9–11].

Several studies have shown that genetic variations in
the TLR3 gene are associated with susceptibility and/or
resistance to numerous infectious and immune diseases [12],
including acquired immune deficiency syndrome (AIDS)
[13, 14], hepatitis B viral (HBV) infection [15], liver diseases
in HCV-infected patients [16], predisposition to tick-borne
encephalitis [17], human herpes simplex virus type 2 (HHV-
2) infection [18], cutaneous candidiasis [19], autoimmunity
[19], and type 1 diabetes mellitus [20].

In this study, we aimed to investigate the influence
of TLR3 single-nucleotide polymorphisms (SNPs) on the
susceptibility to HCV infection and HCV-related cirrhosis
with or without HCC in a Saudi Arabian population.

2. Patients and Methods

2.1. Patients. The study protocol conformed to the 1975
Declaration of Helsinki and was approved by the Institutional
Review Boards of King Khalid University Hospital (KKUH),
Prince Sultan Military Medical City (PSMMC), and King
Faisal Specialist Hospital and Research Center (KFSHRC).
This study included 563 patients with HCV and 599 healthy
control subjects. Participants in this study were recruited
from the three tertiary care hospitals mentioned above in
Riyadh, Saudi Arabia. The patients were divided into three
groups: group 1 consisted of patients with chronic HCV (𝑛 =
437), group 2 consisted of patients with liver cirrhosis (LC)
(𝑛 = 88), and group 3 consisted of patients with HCC
(𝑛 = 38). Chronic HCV was diagnosed by the detection of

anti-HCV antibodies and persistent presence of serum HCV
RNA for more than 6 months, without any signs of liver
complications. LC was diagnosed clinically by the detection
of ascites, esophageal varices, and imaging findings on ultra-
sonography, transient elastography, computed tomography
(CT), and magnetic resonance imaging (MRI) [21, 22]. HCC
was confirmed on the basis of a pathological examination
and/or elevation of blood alpha-fetoprotein (>400 ng/mL) in
conjunction with CT, MRI, or ultrasonography scans.

Blood samples from healthy control individuals were
obtained from blood donors in the participating hospitals
and were HBs antigen (HBsAg) and HBe antigen (HBeAg)
negative, while also lacking any serological markers for
HCV, HBV, and HIV. Informed consent was obtained from
all participants prior to enrollment in the study, and their
demographic and clinical data were also recorded.

2.2. DNA Extraction and TLR3 SNP Genotyping. DNA was
purified from blood using Gentra Puregene Blood kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s
instructions. All samples were genotyped for the eight TLR3
SNPs via a PCR-based genotyping assay with two sets of
specific primers designed using Primer3 v.0.4.0 (http://
frodo.wi.mit.edu/primer3/) for TLR3 amplification: set 1
consisted of 5-GCTGGAAAATCTCCAAGAGC-3 and 5-
AGAGACCAAGCCAGCTAACC-3; and set 2 consisted
of 5-GCGCTAAAAAGTGAAGAACTGG-3 and 5-GGG-
CTCTTGACCATCGTACT-3 . PCR reactions were per-
formed on the Veriti 96-well thermal cycler (Applied Biosys-
tems, California, USA) under the following conditions: 5min
initial denaturation at 95∘C, followed by 40 cycles of 95∘C
for 1min, 58∘C for 45 s, 72∘C for 1min, and a 5min final
extension at 72∘C.The amplified PCR products were analyzed
by direct sequencing using theBigDye�Terminator v3.1 Cycle
Sequencing Kit according to the manufacturer’s instructions
(BigDye Terminator v3.1 Cycle Sequencing Kit, Applera,
Connecticut, USA). Sequencing products were purified using
DyeEx spin column and were analyzed on the ABI 3700DNA
Analyzer (Applied Biosystems, California, USA).

2.3. Statistical Analysis. Thegenotypic and allelic distribution
of TLR3 SNPs between the patients and healthy control
groups were evaluated by Pearson’s 𝜒2 test. The association
between the SNPs and the disease groups was calculated
under dominant and recessive genetic models and was
expressed in terms of an odds ratio (OR) and their 95%
confidence intervals (CI). A 𝑝 value of less than 0.05 was
considered statistically significant. Statistical analysis was
performed using SPSS version 20.0 (SPSS Inc., Chicago, IL,
USA). The SNPs were tested for Hardy–Weinberg equilib-
rium (HWE) and a 𝑝 value of 0.01 was set for the analysis.

3. Results

3.1. Genotype and Allele Frequency Distributions of the TLR3
Polymorphisms Associated with HCV Infection. Polymor-
phisms of TLR3 gene were previously described as genetic
factors associated with the susceptibility to HBV infection in
a Saudi Arabian population [15]. Here, we analyzed the allelic

http://bioinfo.ut.ee/primer3-0.4.0/primer3/
http://bioinfo.ut.ee/primer3-0.4.0/primer3/
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Table 1: Baseline and clinical characteristics of HCV-infected patients and healthy control subjects.

Variable Chronic HCV (𝑛 = 437) Liver cirrhosis (𝑛 = 88) HCC (𝑛 = 38) Healthy control (599) 𝑝a value
Age (yrs.) 43.23 ± 22.25 53.20 ± 19.79 63.23 ± 10.70 30.79 ± 8.90 <0.0001
Sex

Male count (%) 214 (49%) 44 (50%) 18 (47.4%) 577 (96.3%)
<0.0001

Female count (%) 223 (51%) 44 (50%) 20 (52.6%) 22 (3.7%)
BMI∗ 29.2 (25.67–33.39) 30.06 (26.22–33.06) 25.99 (21.89–31.39) 0.804
Platelet (per 109/L)∗ 230 (178.75–282.25) 163.5 (108.50–205.50) 104.00 (51.50–139.00) <0.0001
ALT∗∗ 87.58 ± 119.76 93.18 ± 68.88 114.33 ± 31.78 0.738
AST∗∗ 55.36 ± 41.87 77.28 ± 47.20 91.33 ± 24.58 <0.0001
ALP∗∗ 113.37 ± 78.91 133.66 ± 90.04 147.00 ± 96.70 0.072
HCV viral Load (log 10)∗ 6.04 (5.42–6.53) 6.08 (5.57–6.45) 5.98 (2.79–7.24) 0.552
∗Values are expressed as median interquartile range (25th–75th). ∗∗Values are expressed as mean ± SD.
𝑝
a: nonparametric test and one-way ANOVA for continuous data and Chi square test for categorical data.

ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase.

Table 2: Heterozygosity, HWE, and minor allele frequency of the TLR3 SNPs.

Name Position ObsHET PredHET HWpval MAF Alleles
rs5743311 187000164 0.036 0.035 1 0.018 G:A
rs5743312 187000256 0.255 0.267 0.3738 0.159 C:T
rs1879026 187000321 0.295 0.288 0.7829 0.175 G:T
rs111611328 187000364 0.006 0.01 0.021 0.005 G:C
rs5743313 187000367 0.417 0.394 0.2523 0.269 C:T
rs5743314 187000375 0.408 0.39 0.3682 0.265 G:C
rs5743315 187000416 0.211 0.198 0.2656 0.112 C:A
rs78726532 187000464 0.215 0.202 0.2266 0.114 A:G

frequency distribution of eight TLR3 SNPs in patients with
HCV (𝑛 = 563) in comparison with that in healthy control
subjects (𝑛 = 599). The baseline and clinical characteristics
of the study subjects, HCV-infected patients, and healthy
control subjects are presented in Table 1. Older age and
gender were significantly linked to a higher risk for chronic
HCV infection. Predictive indicators of the progression of
liver disease such as body mass index (BMI), platelet count,
andHCVviral load (ALT,ASP, andALP)were also assessed in
patients with HCV. End-stage liver disease was significantly
correlated with a reduction in platelet count and increase in
AST levels, whereas no significant differences were observed
among other groups.

Genotype frequencies and distributions of each TLR3
SNPs were in accordance with HWE in both the control and
HCV-infected groups (Table 2).

We also confirmed the relevance of the TLR3 SNPs as
markers for chronic HCV infection in patients compared
to that in the noninfected healthy control subjects. The
genotype distribution and allele frequency for TLR3 poly-
morphisms between patients with HCV and the control
group are summarized in Table 3. Our results showed that
the GG genotype of TLR3 rs78726532was associated with the
susceptibility to HCV infection when compared with healthy

controls (OR = 0.264, 95% CI = 0.074–0.942, and 𝑝 value =
0.027). No significant difference in the genotype and allele
distributions of rs5743311, rs5743312, and rs1879026; rs5743313
and rs5743314; and rs5743315 and rs111611328 TLR3 SNPs was
observed in patients with HCV when compared with that in
healthy controls.

3.2. Genotype and Allele Frequency Distributions of the TLR3
Polymorphisms Associated with HCV-Related Liver Diseases.
Genotype and allele distributions were also determined in
patients withHCV that were developing cirrhosis, a late-stage
liver diseasemarked by inflammation. Among the eight TLR3
polymorphisms, only two SNPs (rs5743313 and rs5743314)
showed a significant association with the risk for cirrhosis
in patients with HCV when compared with patients with
chronic HCV infections (Table 4). The rs5743313 SNP was
dominantly associated with liver cirrhosis (OR = 1.605, CI =
1.009–2.554, and 𝑝 value = 0.045). In addition, the rs5743314
GC genotype was significantly correlated with the risk for cir-
rhosis (OR= 1.702, 95%CI= 1.050–2.759, and𝑝value = 0.029)
when compared with HCVpatients (Table 4).The percentage
of the rs5743314 C allele among the patients diagnosed
with liver cirrhosis (34.6%) was higher than that of patients
with chronic HCV (OR = 1.468, 95% CI = 1.040–2.072,



4 Journal of Immunology Research

Table 3: Genotypic distribution of TLR3 gene polymorphisms when all HCV-infected patients were compared to healthy control group.

SNPs Genotype/allele distribution Healthy controls HCV patients OR (95% CI) 𝜒2 𝑝 value
𝑛 = 599 𝑛 = 563

rs5743311

AA 1 (0.17%) 0 (0%) 0.360 (0.015–8.846) 0.93 0.336
AG 10 (1.67%) 18 (3.2%) 1.942 (0.889–4.244) 2.87 0.091
GG 588 (98.16%) 545 (96.8%) Ref
A 12 (1%) 18 (1.6%) 1.606 (0.770–3.348) 1.62 0.203
G 1186 (99%) 1108 (98.4%)

AA+AG.VS.GG 1.765 (0.826–3.772) 2.21 0.137
AA.VS.AG+GG 2.825 (0.115–69.479) 0.94 0.332

rs5743312

TT 18 (3.01%) 16 (2.84%) 0.959 (0.482–1.905) 0.01 0.903
CT 141 (23.54%) 139 (24.69%) 1.063 (0.811–1.393) 0.2 0.657
CC 440 (73.46%) 408 (72.47%) Ref
T 177 (14.77%) 171 (15.19%) 1.033 (0.822–1.297) 0.08 0.781
C 1021 (85.23%) 955 (84.81%)

TT+CT.VS.CC 1.051 (0.811–1.362) 0.14 0.705
TT.VS.CT+CC 1.059 (0.535–2.098) 0.03 0.869

rs1879026

TT 23 (3.84%) 15 (2.66%) 0.701 (0.361–1.363) 1.11 0.292
GT 160 (26.71%) 161 (28.6%) 1.082 (0.835–1.401) 0.35 0.552
GG 416 (69.45%) 387 (68.74%) Ref
T 206 (17.2%) 191 (16.96%) 0.984 (0.792–1.221) 0.02 0.882
G 992 (82.8%) 935 (83.04%)

TT+GT.VS.GG 1.034 (0.806–1.326) 0.07 0.793
TT.VS.GT+GG 1.459 (0.753–2.825) 1.27 0.2602

rs5743313

TT 42 (7.01%) 37 (6.57%) 0.952 (0.595–1.524) 0.04 0.838
CT 250 (41.74%) 242 (42.98%) 1.046 (0.824–1.329) 0.14 0.71
CC 307 (51.25%) 284 (50.44%) Ref
T 334 (27.88%) 316 (28.06%) 1.009 (0.842–1.210) 0.01 0.921
C 864 (72.12%) 810 (71.94%)

TT+CT.VS.CC 1.033 (0.821–1.300) 0.08 0.783
TT.VS.CT+CC 1.072 (0.678–1.694) 0.09 0.766

rs5743314

CC 44 (7.35%) 37 (6.57%) 0.897 (0.563–1.429) 0.21 0.646
GC 249 (41.57%) 239 (42.45%) 1.023 (0.805–1.301) 0.04 0.8501
GG 306 (51.09%) 287 (50.98%) Ref
C 337 (28.13%) 313 (27.8%) 0.984 (0.821–1.179) 0.03 0.858
G 861 (71.87%) 813 (72.2%)

CC+GC.VS.GG 1.004 (0.798–1.264) 0 0.971
CC.VS.GC+GG 1.127 (0.716–1.773) 0.27 0.605

rs5743315

AA 9 (1.5%) 3 (0.53%) 0.352 (0.095–1.309) 2.65 0.104
AC 123 (20.53%) 118 (20.96%) 1.014 (0.763–1.347) 0.01 0.926
CC 467 (77.96%) 442 (78.51%) Ref
A 141 (11.77%) 124 (11.01%) 0.928 (0.718–1.199) 0.33 0.566
C 1057 (88.23%) 1002 (88.99%)

AA+AC.VS.CC 0.969 (0.733–1.280) 0.05 0.822
AA.VS.AC+CC 2.847 (0.767–10.572) 2.67 0.102
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Table 3: Continued.

SNPs Genotype/allele distribution Healthy controls HCV patients OR (95% CI) 𝜒2 𝑝 value
𝑛 = 599 𝑛 = 563

rs111611328

CC 3 (0.5%) 1 (0.18%) 0.353 (0.037–3.404) 0.89 0.346
GC 6 (1%) 5 (0.89%) 0.883 (0.268–2.909) 0.04 0.837
GG 590 (98.5%) 557 (98.93%) Ref
C 12 (1%) 7 (0.62%) 0.618 (0.243–1.576) 1.03 0.309
G 1186 (99%) 1119 (99.38%)

CC+GC.VS.GG 0.706 (0.250–1.997) 0.43 0.509
CC.VS.GC+GG 2.829 (0.293–27.275) 0.88 0.347

rs78726532

GG 12 (2%) 3 (0.53%) 0.264 (0.074–0.942) 4.84 0.027
AG 120 (20.03%) 118 (20.96%) 1.039 (0.781–1.382) 0.07 0.793
AA 467 (77.96%) 442 (78.51%) Ref
G 144 (12.02%) 124 (11.01%) 0.906 (0.702–1.169) 0.58 0.447
A 1054 (87.98%) 1002 (88.99%)

GG+AG.VS.AA 0.969 (0.733–1.280) 0.05 0.822
GG.VS.AG+AA 3.816 (1.071–13.594) 4.92 0.026

Note: risk alleles are marked in bold letters.

and 𝑝 value = 0.03), and the C allele was found to be domi-
nantly associated (OR = 1.730, 95% CI = 1.085–2.757, and 𝑝
value = 0.0204), suggesting that the C allele may contribute to
HCV progression. No significant difference in the genotype
and allele distributions of the other SNPs was observed
between patients with HCV-related liver cirrhosis and those
with chronic HCV (Table 4).

To assess the influence of TLR3 polymorphisms on
the risk of progression of end-stage liver diseases (liver
cirrhosis and HCC), the genotype and allelic distributions
were analyzed between patients with chronic HCV and
patients diagnosed with liver cirrhosis and developing HCC.
The TLR3 SNP rs5743314 that was previously described to
be associated with risk for cirrhosis was also found to be
associated with the risk for chronic HCV-related end-stage
liver disease progression (rs5743314 GC genotype: OR =
1.545, 95% CI = 1.022–2.334, and 𝑝 value = 0.0383), also
the dominant model of rs5743314 associated with HCV liver
disease progression (OR = 1.523, 95% CI = 1.021–2.271, and 𝑝
value = 0.0385) (Table 5).TheCT genotype and the dominant
model TT+CT versus CC of rs5743313 were only slightly
statistically significantly associated with liver cirrhosis and
HCC (𝑝 value = 0.054 and 0.053, resp.). Similarly, the C
allele and the recessive model CC.VS.GC+GG of rs111611328
were slightly statistically associated when compared to those
in patients with chronic HCV with cirrhotic and HCC
individuals (OR = 4.683, 95% CI = 1.041–21.062, and 𝑝
value = 0.088; OR = 0.096, 95% CI = 0.004–2.362, and 𝑝
value = 0.062; resp.) (Table 5). No significant difference in
the genotype and allele distributions of the other SNPs was
observed between patients with chronic HCV and those with
HCV diagnosed with liver cirrhosis and HCC.

3.3. Haplotype Analyses. The haplotype combinations for
three TLR3 SNPs (rs1879026, rs5743313, and rs5743314) and

their genotypic distribution within the two comparative stud-
ies (patients with HCV diagnosed with cirrhosis compared
to patients with chronic HCV) were established to determine
the linkage disequilibrium (LD) pattern and the frequency of
the haplotypes. The frequency of the haplotype GTC (freq. =
0.27), which includes the risk allele C for rs5743314, was
statistically associated with the risk of progression to end-
stage HCV-related liver diseases (𝑝 value = 0.0248), despite
the absence of any correlation with the two other TLR3 SNPs
(rs1879026 and rs5743313) with risk for HCV infection or
end-stage liver disease (Table 6). Similarly, haplotype analysis
was performed between patients with chronic HCV and
patients diagnosed with liver cirrhosis and HCC, revealing
that one out of three haplotypes was close to becoming
significant, which includes the three TLR3 SNPs rs1879026-
G, rs5743313-T, and rs5743314-C, with a 𝑝 value = 0.0632
(Table 7, Figure 1).

4. Discussion

Over the past 25 years, HCV has been a major causative
factor in parenteral-acquired hepatitis and has received con-
siderable attention owing to its ability to evade the host’s
defense mechanisms and a lack of a protective vaccine [23].
HCV persistence leads to chronic and progressive end-stage
liver diseases, including HCC, which often necessitates liver
transplantations for the patient, thus making HCV infections
an important disease burden. Therefore, there is an urgent
need for predictive genetic tools such as those based on SNP
profiling (referred as personalized medicine), to characterize
patients with susceptibility to HCV infection and HCV-
mediated liver diseases. This will allow for better predictions
in HCV infection progression rates and improvements in
the outcome of standard therapies involving pegylated IFN-
𝛼 combined with ribavirin [24]. TLR3, a sensor of the host
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Table 4: Genotypic distribution of TLR3 gene polymorphisms when chronic HCV patients were compared to patients diagnosed with liver
cirrhosis.

SNPs Genotype/allele distribution Chronic HCV Liver cirrhosis OR (95% C.I.) 𝜒2 𝑝 value
𝑛 = 437 𝑛 = 88

rs5743311

AA 0 (0%) 0 (0%) 4.829 (0.095–244.994) NaN 1.00
AG 15 (3.43%) 1 (1.14%) 0.323 (0.042–2.480) 1.31 0.253
GG 422 (96.57%) 87 (98.86%) Ref
A 15 (1.72%) 1 (0.57%) 0.327 (0.043–2.494) 1.29 0.515
G 859 (98.28%) 175 (99.43%)

AA+AG.VS.GG 0.323 (0.042–2.480) 1.31 0.253
AA.VS.AG+GG 0.202 (0.004–10.263) NaN 1.00

rs5743312

TT 15 (3.43%) 1 (1.14%) 0.301 (0.039–2.321) 1.49 0.223
CT 110 (25.17%) 18 (20.45%) 0.740 (0.422–1.299) 1.11 0.292
CC 312 (71.4%) 69 (78.41%) Ref
T 140 (16.02%) 20 (11.36%) 0.672 (0.408–1.108) 2.46 0.117
C 734 (83.98%) 156 (88.64%)

TT+CT.VS.CC 0.687 (0.397–1.190) 1.81 0.178
TT.VS.CT+CC 3.092 (0.403–23.720) 1.31 0.253

rs1879026

TT 13 (2.97%) 2 (2.27%) 0.698 (0.154–3.169) 0.22 0.639
GT 129 (29.52%) 21 (23.86%) 0.739 (0.433–1.260) 1.24 0.265
GG 295 (67.51%) 65 (73.86%) Ref
T 155 (17.73%) 25 (14.2%) 0.768 (0.486–1.213) 1.29 0.257
G 719 (82.27%) 151 (85.8%)

TT+GT.VS.GG 0.735 (0.439–1.231) 1.37 0.241
TT.VS.GT+GG 1.318 (0.292–5.948) 0.13 0.718

rs5743313

TT 28 (6.41%) 8 (9.09%) 1.825 (0.772–4.317) 1.92 0.165
CT 179 (40.96%) 44 (50%) 1.570 (0.970–2.543) 3.40 0.065
CC 230 (52.63%) 36 (40.91%) Ref
T 235 (26.89%) 60 (34.09%) 1.406 (0.995–1.987) 3.76 0.052
C 639 (73.11%) 116 (65.91%)

TT+CT.VS.CC 1.605 (1.009–2.554) 4.03 0.045
TT.VS.CT+CC 0.685 (0.301–1.557) 0.83 0.363

rs5743314

CC 28 (6.41%) 8 (9.09%) 1.902 (0.803–4.505) 2.19 0.138
GC 176 (40.27%) 45 (51.14%) 1.702 (1.050–2.759) 4.72 0.029
GG 233 (53.32%) 35 (39.77%) Ref
C 232 (26.54%) 61 (34.66%) 1.468 (1.040–2.072) 4.79 0.03
G 642 (73.46%) 115 (65.34%)

CC+GC.VS.GG 1.730 (1.085–2.757) 5.38 0.0204
CC.VS.GC+GG 0.685 (0.301–1.557) 0.83 0.363

rs5743315

AA 3 (0.69%) 0 (0%) 0.694 (0.035–13.585) 0.61 0.434
AC 92 (21.05%) 18 (20.45%) 0.956 (0.542–1.685) 0.02 0.876
CC 342 (78.26%) 70 (79.55%) Ref
A 98 (11.21%) 18 (10.23%) 0.902 (0.530–1.534) 0.14 0.703
C 776 (88.79%) 158 (89.77%)

AA+AC.VS.CC 0.926 (0.526–1.630) 0.07 0.789
AA.VS.AC+CC 1.426 (0.073–27.846) 0.61 0.436
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Table 4: Continued.

SNPs Genotype/allele distribution Chronic HCV Liver cirrhosis OR (95% C.I.) 𝜒2 𝑝 value
𝑛 = 437 𝑛 = 88

rs111611328

CC 0 (0%) 0 (0%) 5.023 (0.099–254.873) NaN 1.00
GC 3 (0.69%) 2 (2.27%) 3.364 (0.554–20.436) 1.95 0.162
GG 434 (99.31%) 86 (97.73%) Ref
C 3 (0.34%) 2 (1.14%) 3.337 (0.554–20.120) 1.94 0.468
G 871 (99.66%) 174 (98.86%)

CC+GC.VS.GG 3.364 (0.554–20.436) 1.95 0.126
CC.VS.GC+GG 0.202 (0.004–10.263) NaN 1.00

rs78726532

GG 3 (0.69%) 0 (0%) 0.671 (0.034–13.130) 0.63 0.426
AG 94 (21.51%) 16 (18.18%) 0.804 (1.447–1.447) 0.53 0.466
AA 340 (77.8%) 72 (81.82%) Ref
G 100 (11.44%) 16 (9.09%) 0.774 (0.445–1.348) 0.82 0.364
A 774 (88.56%) 160 (90.91%)

GG+AG.VS.AA 0.779 (0.433–1.401) 0.7 0.403
GG.VS.AG+AA 1.426 (0.073–27.846) 0.61 0.436
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Figure 1: LD plot of SNPs in the TLR3 gene region. The plot was
generated by Haploview 4.2. Numbers in squares show LD between
the SNPs.

immune system activated by viral dsRNA and responsible for
the production of IFN, has been demonstrated to play an
essential role during HCV infection and clearance, as well
as in the severity of liver diseases. Thus, SNP genotyping
of the TLR3 gene might be a good candidate approach
to predicting the progression of HCV infections. Here, we
investigated the influence of genetic variants within TLR3
and determined the degree of association withHCV infection
and HCV-related liver damage that results in cirrhosis and
HCC. Among the eight TLR3 SNPs genotyped, rs78726532
was strongly associated with HCV infection when compared
to healthy control subjects. A protective role of the rs78726532
GG genotype for HCV infection was also observed. Three

other TLR3 SNPs (rs5743313, rs5743314, and rs111611328) were
also associated with HCV-related end-stage liver disease
progression (liver cirrhosis and HCC).

Initially, low levels ofTLR3 gene expression were detected
in various liver cells, including nonparenchymal cells (i.e.,
Kupffer cells, sinusoidal endothelial cells, dendritic cells, stel-
late cells, and biliary epithelial cells) and hepatic lymphocytes
[25–28]. TLR3 is mainly located on the endosome-lysosome
membrane but can also be expressed on the plasma mem-
brane of some cells. The host’s immune defense is initiated
with the presence of a byproduct of the replicative cycle
of many single-stranded RNA viruses that could interact
with the dsRNA-sensing receptor, TLR3. TLR3 activation
results in the stimulation of interferon-regulatory factor-
(IRF-3-) dependent type I IFN responses, NF-kB-dependent
proinflammatory cytokine production, and stimulation of
IFN genes (ISGs) that suppress HCV replication [29]. During
early stages of HCV infection, TLR3 expression is upreg-
ulated by IFN, indicating a positive feedback regulation.
Thus, TLR3 signaling may have pleiotropic functions and is
involved in inflammation leading to HCV clearance during
the course of acute liver injury. Herein, a protective role of
the TLR3 rs78726532 GG genotype for HCV infection was
observed, indicating a robust expression and function of the
TLR3 receptor, which is an important determinant for viral
clearance [30]. In a previous study assessing the function
of TLR3 in macrophages of patients with chronic HCV, the
intronic TLR3 rs1316816 SNP was found to be associated
with high TLR3 expression and HCV clearance [31]. In our
study, monitoring the level of expression of TLR3 in patients
harboring the TLR3 rs78726532 SNP would be of interest.

Among the eight TLR3 SNPs genotyped, rs78726532 was
strongly associated with HCV infection when compared to
that in their healthy counterparts. Multiple SNPs positioned
in the TLR3 gene targeted to assess the risk of HCV infection
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Table 5: Genotypic distribution of TLR3 gene polymorphisms when chronic HCV patients were compared to patients diagnosed with liver
cirrhosis and HCC.

SNPs Genotype/allele distribution Chronic HCV Cirrhosis + HCC OR (95% C.I.) 𝜒2 𝑝 value
𝑛 = 437 𝑛 = 126

rs5743311

AA 0 (0%) 0 (0%) 3.421 (0.068–173.296) NaN 1.00
AG 15 (3.43%) 3 (2.38%) 0.686 (0.195–2.409) 0.35 0.554
GG 422 (96.57%) 123 (97.62%) Ref
A 15 (1.72%) 3 (1.19%) 0.690 (0.198–2.402) 0.34 0.779
G 859 (98.28%) 249 (98.81%)

AA+AG.VS.GG 0.686 (0.195–2.409) 0.35 0.554
AA.VS.AG+GG 0.289 (0.006–14.645) NaN 1.00

rs5743312

TT 15 (3.43%) 1 (0.79%) 0.217 (0.028–1.662) 2.61 0.106
CT 110 (25.17%) 29 (23.02%) 0.857 (0.536–1.369) 0.42 0.517
CC 312 (71.4%) 96 (76.19%) Ref
T 140 (16.02%) 31 (12.3%) 0.735 (0.485–1.116) 2.1 0.147
C 734 (83.98%) 221 (87.7%)

TT+CT.VS.CC 0.780 (0.493–1.235) 1.13 0.288
TT.VS.CT+CC 4.43 (0.581–33.968) 2.47 0.116

rs1879026

TT 13 (2.97%) 2 (1.59%) 0.493 (0.109–2.226) 0.88 0.348
GT 129 (29.52%) 32 (25.4%) 0.795 (0.506–1.250) 0.99 0.321
GG 295 (67.51%) 92 (73.02%) Ref
T 155 (17.73%) 36 (14.29%) 0.773 (0.522–1.146) 1.65 0.198
G 719 (82.27%) 216 (85.71%)

TT+GT.VS.GG 0.768 (0.494–1.194) 1.38 0.239
TT.VS.GT+GG 1.901 (0.423–8.537) 0.73 0.394

rs5743313

TT 28 (6.41%) 9 (7.14%) 1.369 (0.611–3.069) 0.59 0.444
CT 179 (40.96%) 63 (50%) 1.499 (0.992–2.265) 3.72 0.054
CC 230 (52.63%) 54 (42.86%) Ref
T 235 (26.89%) 81 (32.14%) 1.288 (0.951–1.745) 2.68 0.102
C 639 (73.11%) 171 (67.86%)

TT+CT.VS.CC 1.481 (0.993–2.209) 3.74 0.053
TT.VS.CT+CC 0.890 (0.409–1.939) 0.09 0.769

rs5743314

CC 28 (6.41%) 9 (7.14%) 1.387 (0.619–3.109) 0.64 0.425
GC 176 (40.27%) 63 (50%) 1.545 (1.022–2.334) 4.29 0.0383
GG 233 (53.32%) 54 (42.86%) Ref
C 232 (26.54%) 81 (32.14%) 1.311 (0.967–1.777) 3.05 0.0805
G 642 (73.46%) 171 (67.86%)

CC+GC.VS.GG 1.523 (1.021–2.271) 4.28 0.0385
CC.VS.GC+GG 0.890 (0.409–1.939) 0.09 0.769

rs5743315

AA 3 (0.69%) 0 (0%) 0.487 (0.025–9.504) 0.88 0.349
AC 92 (21.05%) 26 (20.63%) 0.967 (0.593–1.576) 0.02 0.891
CC 342 (78.26%) 100 (79.37%) Ref
A 98 (11.21%) 26 (10.32%) 0.911 (0.577–1.439) 0.16 0.689
C 776 (88.79%) 226 (89.68%)

AA+AC.VS.CC 0.936 (0.575–1.524) 0.07 0.7903
AA.VS.AC+CC 2.038 (0.105–39.716) 0.87 0.351
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Table 5: Continued.

SNPs Genotype/allele distribution Chronic HCV Cirrhosis + HCC OR (95% C.I.) 𝜒2 𝑝 value
𝑛 = 437 𝑛 = 126

rs111611328

CC 0 (0%) 1 (0.79%) 10.555 (0.427–260.710) 3.51 0.061
GC 3 (0.69%) 2 (1.59%) 2.352 (0.389–14.236) 0.92 0.337
GG 434 (99.31%) 123 (97.62%) Ref
C 3 (0.34%) 4 (1.59%) 4.683 (1.041–21.062) 4.9 0.088
G 871 (99.66%) 248 (98.41%)

CC+GC.VS.GG 3.528 (0.703–17.701) 2.66 0.103
CC.VS.GC+GG 0.096 (0.004–2.362) 3.47 0.062

rs78726532

GG 3 (0.69%) 0 (0%) 0.475 (0.024–9.263) 0.90 0.343
AG 94 (21.51%) 24 (19.05%) 0.851 (0.516–1.403) 0.4 0.526
AA 340 (77.8%) 102 (80.95%) Ref
G 100 (11.44%) 24 (9.52%) 0.815 (0.510–1.303) 0.73 0.392
A 774 (88.56%) 228 (90.48%)

GG+AG.VS.AA 0.825 (0.501–1.358) 0.57 0.448
GG.VS.AG+AA 2.038 (0.105–39.716) 0.87 0.351

Table 6: Haplotype frequencies of TLR3 SNPs in chronic HCV-infected patients compared to patients with liver cirrhosis.

Haplotype Freq. Liver cirrhosis, chronic
HCV ratio counts

Liver cirrhosis, chronic
HCV frequencies Chi square 𝑝 value

rs1879026 rs5743313 rs5743314
G C G 0.547 90.4 : 85.6, 483.8 : 390.2 0.513, 0.554 0.953 0.329
G T C 0.27 59.6 : 116.4, 224.1 : 649.9 0.339, 0.256 5.035 0.0248
T C G 0.167 24.6 : 151.4, 151.1 : 722.9 0.140, 0.173 1.144 0.2847

Table 7: Haplotype frequencies of TLR3 SNPs in chronicHCV-infected patients compared to patientswith cirrhosis +HCC infected patients.

Haplotype Freq. Liver cirrhosis + HCC,
chronic HCV ratio counts

Liver cirrhosis + HCC,
chronic HCV frequencies Chi Square 𝑝 value

rs1879026 rs5743313 rs5743314
G C G 0.549 134.5 : 117.5, 483.7 : 390.3 0.534, 0.553 0.311 0.577
G T C 0.27 79.5 : 172.5, 224.2 : 649.8 0.315, 0.257 3.452 0.0632
T C G 0.166 35.5 : 216.5, 151.2 : 722.8 0.141, 0.173 1.458 0.2273

have yielded inconsistent results. Indeed, Sá et al., 2015,
demonstrated that the rs5743305 and rs3775291 SNPs were
not associated with a risk for HCV infection [32]. This was
inconsistent with a study by Medhi et al., 2011, that analyzed
polymorphisms at the promoter region of the TLR3 gene
[33], as well as a recent meta-analysis that concluded TLR3
gene polymorphisms (mainly rs3775291) were associated
with a risk for HCV infection [34]. This inconsistency may
be explained by the involvement of genetic factors due to
racial and ethnic differences, as well as controversies in
regard to whether TLR3 expression is upregulated [35, 36] or
downregulated [37, 38] in peripheral bloodmononuclear cells
from patients with chronic HCV. Furthermore, a growing
body of evidence suggests that TLR3 signaling is inhibited
or diminished during HCV infection, a mechanism that

may contribute to HCV modulation of the host immune
system leading to chronic infection. In addition, it has been
shown that HCV can modulate p53 function, which has been
demonstrated to activate TLR3 transcription by binding to
the p53 consensus site in the TLR3 promoter [39]. A deeper
understanding of the molecular and regulatory system that
results in TLR3 downregulation is crucial to an improvement
of the TLR3-mediated innate immunity as a therapeutic
approach.

In this present study, we showed that three other TLR3
SNPs (rs5743313, rs5743314, and rs111611328) were strongly
associated with HCV-related end-stage liver disease progres-
sion (liver cirrhosis and HCC). However, several studies have
suggested that TLR3 may contribute to resistance against
HCV infection, even though TLR3 appears to have no role in
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disease advancement after a chronic infection is established
[16, 40]. TLR3 polymorphisms (rs1879026 and rs3775290)
have been described to be associated with a risk for HBV-
related liver diseases in a Chinese population [41], whereas
the same nine SNPs of our study were not correlated with
any susceptibility to HBV-related liver diseases in the Saudi
Arabian population [15]. Therefore, the impact of TLR3
polymorphisms may act in an ethnic- and viral-specific
manner. At the cellular and molecular level, there is a
growing body of evidence indicating that TLR3 plays a role
in cirrhosis pathogenesis and hepatocarcinogenesis [42, 43].
For example, it has been documented that dsRNA activates
TLR3 which subsequently results in NK cell accumulation
and activation leading to liver inflammation. Such process
could contribute to cirrhosis and HCC if left untreated [44–
46]. Previous studies using a rat model showed that activated
TLR3 could inhibit HCC development and progression by
inhibiting cell invasion and inducing apoptosis in cancer cells
[9, 10]. Therefore, the strong association of three TLR3 SNPs
(rs5743313, rs5743314, and rs111611328) with HCV-related
end-stage liver disease progression (cirrhosis and HCC)
indicates an impairment of TLR3 function in the prevention
of excessive inflammation and control of liver regeneration.

5. Conclusion

In conclusion, we showed that distinct TLR3 polymorphisms
were associated with susceptibility to HCV infection and
to HCV-related end-stage liver disease progression. These
findings may act as indicators for differential TLR3 structures
distinctively involved in immunity and carcinogenesis. A
better understanding of these distinguishable structural and
functional features will be helpful for developing therapeutic
applications against TLR3-mediated HCV infections and
TLR3-mediated, HCV-related liver diseases.
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Although it is known that systemic form of lupus erythematosus (LE) and metabolic syndrome (MetS) are frequently observed
together, there are no published reports on MetS in patients with skin-restricted LE. We aimed to compare the frequencies of MetS
and its components in discoid LE (DLE) with the non-DLE control group. Additionally, we intended to determine the differences
of sociodemographic and clinical data of the DLE patients with MetS compared to the patients without MetS. This was a cross-
sectional, case-control study, including 60 patients with DLE and 82 age- and gender-matched control subjects. In DLE group, the
presence of MetS was observed as more frequent (48.3% versus 24.4%, 𝑝 = 0.003), and hypertriglyceridemia (43.3% versus 22.0%,
𝑝 = 0.006) and reduced HDL-cholesterol (61.7% versus 23.2%, 𝑝 < 0.001) among the MetS components were found significantly
higher when compared to the control group. DLE patients with MetS were at older age (50.45 ± 11.49 versus 43.06 ± 12.09, 𝑝 =
0.02), and hypertension, hyperlipidemia/dyslipidemia, and cardiovascular disease histories were observed at a higher ratio when
compared to the patients without MetS. Between the DLE patients with and without MetS, no significant difference was observed
in terms of clinical characteristics of DLE. Moreover, further large case-control studies with follow-up periods would be required
to clearly assess the impact of MetS on the clinical outcomes of DLE.

1. Introduction

Lupus erythematosus (LE) is a chronic relapsing immune-
mediated inflammatory disease, characterized by awide spec-
trum of presenting symptoms which range from a localized
cutaneous form (cutaneous LE, CLE) to a life-threatening
systemic form (systemic LE, SLE). CLE, defined as isolated
cutaneous lupus lesions occurring in the absence of signifi-
cant evidence of SLE, is two to three timesmore frequent than
SLE. Chronic discoid LE (DLE) is the most common form of
CLE. DLE occurs more frequently in women in their fourth
and fifthdecades of life, which appears to bewell-demarcated,
erythematous, scaly, keratotic plaques and eventually leading
to disfiguring scarring and skin atrophy. Patients with DLE
generally have a more benign disease course as compared to
patients with other CLE subtypes, with only a reported 5–10%
developing SLE throughout their disease course [1–3].

DLE is a multifactorial disease that involves a complex
interplay between genetics and environmental triggers in
the setting of adaptive and innate immune response. The

mechanism has not been fully elucidated, but increasing
evidence suggests the role of ultraviolet irradiation, immune
dysregulation, aberrant cell signaling pathways through the
cytokine cascades (T helper-1 mediators including IFN-𝛼,
IL-1, IL-6, IL-8, IL-10, and TNF-𝛼), apoptosis, necrosis,
autoantibodies, plasmacytoid dendritic cells, T cells, B cells,
and vascular changes [1–3]. Although SLE and DLE are clini-
cally different diseases, there are multiple genetic similarities
between the two groups to consider a common pathogenesis
[2, 3]. Although inflammatory load is lower in the patients
with LE having only skin involvement; when pathogenesis
is considered, it can be thought that some comorbidities
accompanying SLE can also be seen in CLE patients. Hence,
in the recent studies, it has been shown that some disorders
such as cardiovascular diseases (CVD) and cerebrovascular
accidents that are mostly associated with SLE are higher in
CLE patients when compared to the control group [4–6]. Fur-
thermore, it has been determined that metabolic syndrome
(MetS) components, such as central obesity, hypertension
(HT), dyslipidemia, and glucose intolerance that are known

Hindawi
Journal of Immunology Research
Volume 2017, Article ID 3972706, 8 pages
https://doi.org/10.1155/2017/3972706

https://doi.org/10.1155/2017/3972706


2 Journal of Immunology Research

to be the risk factors in the occurrence of such diseases,
are frequent in SLE patients and the presence of MetS
accompanying SLE has been found to have higher ratios
(varying from 17% to 40%) when compared to the general
population [7–16]. Although the association of SLE andMetS
has been known, no study examining the frequency of MetS
in the patients with skin-restricted lupus is found in the
literature.

In this study, we aimed to determine the existing MetS
components and the presence of MetS in DLE patients and
to compare their frequencies with the control group. In
addition, we intended to describe the differences of DLE
patients with MetS and the patients without MetS in terms of
sociodemographic data, clinical findings, and disease severity
scores.

2. Materials and Methods

2.1. Study Design. This was a cross-sectional, case-control
study, including 60 patients with DLE and 82 age- and
gender-matched control subjects who have consecutively
admitted to the Department of Dermatology of Dokuz Eylul
University Faculty of Medicine in Izmir, Turkey, between
February 2015 and June 2016. The study protocol was
approved by the Local Ethical Committee which follows the
guidelines set by the Declaration of Helsinki. Only DLE-
diagnosed patients who had not meet SLE classification
criteria were enrolled in this study. Diagnosis of DLE was
based on clinicopathological presentation and additional
laboratory data, if necessary. The control group included
subjects without any chronic inflammatory skin disease.
Exclusion criteria were <18 years old, pregnancy, and cases
who had received drugs in the past that alter the metabolic
parameters such as systemic corticosteroids, retinoid acid,
cyclosporine, and methotrexate. Each participant gave a
written informed consent prior to the examinations. After
signing the informed consent, sociodemographic findings
(age, gender, and smoking habits) and medical histories
including diabetesmellitus (DM) and/or antidiabetic use, HT
and/or antihypertensive use, hyperlipidemia/dyslipidemia
and/or antihyperlipidemic use, CVD (coronary artery disease
including angina, myocardial infarction, coronary bypass
and stroke, peripheral arterial disease, and heart failure),
and depression and/or anxiety of all the patients and the
control cases were recorded. A basic psychiatric inter-
view was requested from the psychiatric department for
patients who described depression and/or anxiety and/or
antidepressant and/or anxiolytic drug use to confirm the
diagnosis. But standard questionnaires were not used to
determine the diagnosis and severity of depression and
anxiety.

We considered that current smokers were those whowere
smoking at the time of the interview and had been smoking
at least 4 cigarettes/day for 4 years [17]. In DLE patients,
disease-specific findings such as disease duration, history of
daily use of antimalarial treatment for more than 3 months,
location and distribution of the lesions, andCutaneous Lupus
Erythematosus Disease Area and Severity Index (CLASI)

scores were also recorded. Then, laboratory examinations
and biometric measurements were performed both in DLE
patients and in the control group in terms of dyslipidemia and
MetS components, and the presence ofMetSwas investigated.

2.2. Clinical Severity Measurements in DLE Patients. In all
DLE patients, severity of lesions was evaluated according to
the CLASI which consists of activity and damage scores.This
tool considers the anatomical location andmorphology of the
lesions and has been validated for use by both dermatologists
and rheumatologists [18, 19]. The activity score considers
erythema (0–3), scale/hypertrophy (0–2),mucousmembrane
lesions (0-1), recent hair loss (0-1), and nonscarring alopecia
(0–3), and the damage score considers dyspigmentation (0-
1), scarring/atrophy/panniculitis (0–2), and scarring of the
scalp (0–6). Patients were asked for their dyspigmentation
durations and the dyspigmentation score was doubled if it
lasted for 12 months or longer [19].

2.3. Biometric and Laboratory Screenings. Body mass index
(BMI) was calculated using the formula weight (kg)/height
(m)2. Waist circumference (cm) was measured along the line
lying midway between the iliac crest and the costal margin
in the midaxillary line. Blood pressure (BP) was obtained
using the validated device at our center and recordings were
made for two times with 1-minute intervals, and the average
of both values was taken as the true BP of the patients.
Blood samples were taken after an overnight fasting of 12 h
and levels of glucose (fasting blood glucose, FBG), total
cholesterol (TC), triglycerides (TG), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein cholesterol
(LDL-C) were measured. The presence of dyslipidemia was
defined as serum TG >150mg/dL, TC >200mg/dL, LDL-
C >130mg/dL, and/or antihyperlipidemic treatment [20].
When calculating the mean values of TC, TG, LDL-C, HDL-
C, FBG, and systolic BP/diastolic BP, the values of the
patients using antihyperlipidemic treatment, hypoglycemic
treatment, and antihypertensive treatment were excluded
from the calculation because of the fact that they will not
reflect the actual values.

2.4. Assessment of MetS. The presence of MetS at study
visit was assessed in line with the consensus criteria which
were recently approved by Alberti et al. as a joint interim
statement of the InternationalDiabetes FederationTask Force
on Epidemiology and Prevention; National Heart, Lung, and
Blood Institute; American Heart Association; World Heart
Federation; International Atherosclerosis Society; and Inter-
national Association for the Study of Obesity [21]. Patients
were accepted to have MetS if three or more of the following
criteria were present: increased waist circumference (≥80 cm
for female, ≥94 cm for male), increased TG (≥150mg/dL
or drug treatment for hypertriglyceridemia), reduced HDL-
C (<50mg/dL for female, <40mg/dL for male, or drug
treatment for reduced HDL-C), arterial HT (systolic ≥ 130
and/or diastolic ≥85mm Hg or drug treatment for HT),
and increased FBG (≥100mg/dL or drug treatment for DM)
[21, 22].
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2.5. Statistical Analyses. The statistical analyses were per-
formed with the SPSS/PC software (Version 22.0 for Win-
dows; SPSS Inc., Chicago, IL). Constant variables in the
data set were expressed as mean ± standard deviation,
and categorical variables were expressed as frequency and
percentage. The Shapiro-Wilk test was used to examine the
normality of the distribution of the data. Two samples’
Student’s 𝑡-test was used to compare mean values of normally
distributed quantitative variables as the two samples were
obtained independently. Mann–Whitney 𝑈 test was used
if the variables were not normally distributed. Qualitative
variables were analyzed with chi-squared test and Fisher’s
exact test. 𝑝 < 0.05 was considered significant in all analyses.

3. Results

The average age of 60 DLE patients included in this age-
and gender-matched controlled study was 46.63±12.28 years
old and the gender of majority was female (female/male:
2.33). In DLE group, it was determined that the presence
of MetS was more frequent than the control group (48.3%
versus 24.4%, 𝑝 = 0.003), and, among the MetS components,
only hypertriglyceridemia (43.3% versus 22.0%, 𝑝 = 0.006)
and reduced HDL-C (61.7% versus 23.2%, 𝑝 < 0.001)
were found to be significantly higher. Additionally, being
current smokers, depression/anxiety history, and presence
of dyslipidemia were significantly higher in DLE patients
than the control group (Table 1). Five (8.3%) of DLE
patients (2 (3.3%) had angina, 2 (3.3%) had myocardial
infarction, and 1 (1.7%) had coronary bypass) and 4 (4.9%)
of controls (3 (3.6%) had angina and 1 (1.2%) had myocar-
dial infarction) had coronary artery disease in means of
CVD.

When DLE patients with and without MetS were com-
pared with each other, it was determined that the patients
with MetS did not show any difference in terms of gender
distribution when compared to the patients without MetS;
however they were at older age (50.45 ± 11.49 versus 43.06 ±
12.09, 𝑝 = 0.02). In addition, while no statistically significant
difference was found between both groups in terms of smok-
ing status andmean BMI values, HT and/or antihypertensive
use, hyperlipidemia/dyslipidemia and/or antihyperlipidemic
use, and CVD histories were found higher in DLE patients
with MetS. In DLE patients with MetS, the frequencies of
MetS components were found to have increased waist cir-
cumference (86.2%), reduced HDL-C (79.3%), hypertriglyc-
eridemia (72.4%), elevated BP (62.1%), and increased FBG
(58.6%), respectively. As expected, all individual components
of MetS were more common in patients with MetS than in
those without (Table 2).

It was determined that the prevalence of CVD was
increasing by age in a statistical significance in DLE patients,
as well as the prevalence of MetS (𝑝 = 0.001). DLE patients
with MetS who had CVD had statistically significant higher
mean age (64.00 ± 9.46) compared to those without CVD
(45.00 ± 11.29) (𝑝 = 0.002). In partial correlation analysis,
ignoring the age factor, the association between MetS and
CVD did not reach a statistical significance (𝑝 = 0.109).

No statistically significant difference was observed
between the DLE patients with and without MetS in terms of
DLE disease duration, use of antimalarial treatment, lesion
locations, distribution of lesions, and the mean total CLASI
activity score, damage score, and subscale scores (Table 3).

4. Discussion

In this study, we have determined the prevalence of MetS and
its individual components in a sample of DLE patients from
Turkey. As a result, we found higher rates of MetS in DLE
patients (48.3%) than the control group aswell as lower values
of HDL-C (61.7%) and higher values of triglycerides (43.3%)
among the MetS components. In DLE patients with MetS,
histories of hyperlipidemia/dyslipidemia, HT, and CVDwere
notified more frequent, and the presence of dyslipidemia
and all MetS components was observed at a significantly
higher ratio than the patients without MetS through the
investigations.

MetS is characterized by a group of interrelatedmetabolic
risk factors, including the central obesity, atherogenic dyslipi-
demia, elevated BP, and increased FBG. It is known that these
risk factors promote the development of atherosclerotic CVD
and/or type 2 DM. The prevalence of MetS has increased
in the last few years throughout the world. Approximately,
one-third of the adult population in industrialized and also
developing countries can be categorized as having MetS by
different definitions [22, 23]. Recent evidences suggest that
SLE has been associated with MetS as well as its various
components [7–16]. The most important reason of the long-
term mortality in SLE is premature atherosclerosis and CVD
and, in such patients, it has been observed that both MetS
and MetS components have higher prevalence and also
cumulative organ damage correlatedwith SLE in the presence
of MetS is higher [10–15]. Some authors have mentioned
that whether lupus activity is a factor in the development of
MetS or whether MetS is contributing to disease activity is
unclear. Inflammation is not only a triggering factor of the
MetS but also a consequence. It is thought that increased cir-
culating adipocytokines such as TNF-𝛼, IL-6, leptin, resistin,
plasminogen activator inhibitor-1, and acute-phase reactants
such as C-reactive protein could have an important role
in the development of MetS and/or its components and its
association with disease activity in SLE patients [12–15].

As known, a critical and most important part of assess-
ment of DLE patients is evaluating and monitoring for early
detection of SLE development [1–3]. Furthermore, especially
in recent years, evaluating the significant accompanying
comorbidities in terms of morbidity and mortality such
as CVDs and cerebrovascular accidents (which are more
frequent in SLE) has been highlighted in skin-restricted lupus
patients [4–6]. However, it is unknown that whether CLE is
associated with risk of MetS or not. To date, there are no
published reports on MetS and associated factors in patients
with CLE.

Recently, in a large case-control study performed by
Hesselvig et al. in Danish population, significantly increased
risk of CVDs and all-cause mortality were observed both in
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Table 1: Comparison of sociodemographic features, medical history findings, and metabolic syndrome components in study subjects.

Characteristics DLE (𝑛 = 60) Controls (𝑛 = 82) 𝑝 value
Age, years, mean ± SD 46.63 ± 12.28 46.40 ± 12.00 0.911
Gender, 𝑛 (%)

Male 18 (30) 25 (30.5) 0.950
Female 42 (70) 57 (69.5)

Current smokers, 𝑛 (%) 34 (56.7) 26 (31.7) 0.003∗

Packet/year 16.53 ± 14.73 4.02 ± 8.26 <0.001∗

Medical history, 𝑛 (%)
Diabetes mellitus and/or antidiabetic use 6 (10) 9 (11) 0.852
Hypertension and/or antihypertensive use 18 (30) 14 (17.1) 0.069
Hyperlipidemia/dyslipidemia and/or antihyperlipidemic use 4 (6.7) 1 (1.2) 0.162
Cardiovascular disease 5 (8.3) 4 (4.9) 0.494
Depression and/or anxiety 24 (40) 7 (8.5) <0.001∗

Body mass index, mean ± SD 27.08 ± 3.90 26.67 ± 4.95 0.385
Dyslipidemia (%) 40 (66.7) 38 (46.3) 0.016∗

Metabolic syndrome 29 (48.3) 20 (24.4) 0.003∗

Increased waist circumference ≥ 94 cm (male) or ≥80 cm (female) 38 (63.3) 49 (59.8) 0.666
Hypertriglyceridemia ≥ 150mg/dL or antihyperlipidemic treatment 26 (43.3) 18 (22.0) 0.006∗

Reduced HDL-cholesterol < 50mg/dL (female) or <40mg/dL (male) 37 (61.7) 19 (23.2) <0.001∗

Elevated blood pressure ≥ 130/85mmHg or antihypertensive treatment 25 (41.7) 26 (31.7) 0.222
Increased fasting blood glucose ≥ 100mg/dL or hypoglycemic treatment 20 (33.3) 22 (26.8) 0.402

Number of metabolic syndrome components 2.37 ± 1.33 1.48 ± 1.27 <0.001∗
∗Statistically significant values.

Table 2: Comparison of sociodemographic features, medical history findings, and metabolic syndrome components in DLE patients with
and without metabolic syndrome.

Characteristics, 𝑛 (%)
DLE patients
with MetS
(𝑛 = 29)

DLE patients
without MetS

(𝑛 = 31)
𝑝 value

Age, years, mean ± SD 50.45 ± 11.49 43.06 ± 12.09 0.020∗

Gender, 𝑛 (%)
Male 11 (37.9) 7 (22.6) 0.195
Female 18 (62.1) 24 (77.4)

Current smokers, 𝑛 (%) 17 (58.6) 17 (54.8) 0.768
Packet/year 16.86 ± 17.10 16.22 ± 12.42 0.715

Medical history, 𝑛 (%)
Diabetes mellitus and/or antidiabetic use 5 (17.2) 1 (3.2) 0.098
Hypertension and/or antihypertensive use 14 (48.3) 4 (12.9) 0.003∗

Hyperlipidemia/dyslipidemia and/or antihyperlipidemic use 4 (13.8) 0 0.049∗

Cardiovascular disease 5 (17.2) 0 0.022∗

Depression and/or anxiety 12 (41.4) 12 (38.7) 0.833
Body mass index, mean ± SD 28.01 ± 3.74 26.22 ± 391 0.096
Dyslipidemia, 𝑛 (%) 23 (79.3) 17 (54.8) 0.044∗

Metabolic syndrome components
Increased waist circumference ≥ 94 cm (male) or ≥ 80 cm (female) 25 (86.2) 13 (41.9) <0.001∗

Hypertriglyceridemia ≥ 150mg/dL or antihyperlipidemic treatment 21 (72.4) 5 (16.1) <0.001∗

Reduced HDL-cholesterol < 50mg/dL (female) or <40mg/dL (male) 23 (79.3) 14 (45.2) 0.007∗

Elevated blood pressure ≥ 130/85mmHg or antihypertensive treatment 18 (62.1) 7 (22.6) 0.002∗

Increased fasting blood glucose ≥ 100mg/dL or hypoglycemic treatment 17 (58.6) 3 (9.7) <0.001
∗Statistically significant values.
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Table 3: Comparison of clinical characteristics in DLE patients with and without metabolic syndrome.

Characteristics, 𝑛 (%) DLE patients with MetS
(𝑛 = 29)

DLE patients without MetS
(𝑛 = 31) 𝑝 value

Disease duration (month), mean ± SD 74.10 ± 61.05 68.52 ± 75.36 0.210
Use of antimalarials 8 (27.6%) 9 (29) 0.901
Location of DLE lesions, 𝑛 (%)

Face 25 (86.2) 27 (87.1) 1.00
Scalp 12 (41.4) 11 (35.5) 0.639
Trunk 9 (31) 8 (25.8) 0.653
Upper extremity 8 (27.6) 9 (29) 0.901
Lower extremity 2 (6.9) 2 (6.5) 1.00

Distribution of DLE lesions, 𝑛 (%)
Localized 18 (62.1) 21 (67.7) 0.645
Generalized 11 (37.9) 10 (32.3) 0.645

CLASI scores, mean ± SD
Total CLASI activity score 9.10 ± 9.03 7.32 ± 6.42 0.588

Erythema 6.00 ± 6.24 4.58 ± 4.23 0.346
Squama 2.34 ± 3.40 1.90 ± 2.20 0.939
Mucosal involvement 0.21 ± 0.41 0.23 ± 0.42 0.860
Noncicatricial alopecia 0.76 ± 0.99 0.71 ± 1.01 0.777

Total CLASI damage score 5.93 ± 6.22 4.55 ± 5.36 0.292
Dyspigmentation 2.28 ± 2.53 1.58 ± 2.25 0.145
Scarring 1.79 ± 2.74 1.74 ± 1.97 0.562
Cicatricial alopecia 1.86 ± 2.34 1.26 ± 1.82 0.430

CLE and in SLE patients including inpatients and outpatients,
as being higher in SLE, and these risks were found more
significant in the patients with an age of ≤50 years [4].
In a Swedish study, Zöller et al. examined whether there
was an association between hospital admission for CLE and
subsequent risk of hospitalization for coronary heart disease.
They found that the risk was at a greatest level 1–5 years
after being hospitalized with CLE and age of >50 years
with a higher standardized incidence ratio for subsequent
coronary heart disease of patients with DLE after one year of
follow-up [5]. Furthermore, in a population-based inception
cohort of patients with CLE, while the cardiovascular death,
ischemic heart disease, and heart failure risks were similar to
the control group, cerebrovascular accidents and peripheral
arterial disease risks were higher at a ratio of at least two
times. Although these risks of cardiovascular events and cere-
brovascular accidents did not show a statistical significance
in generalized DLE, it was specified that such risks were
higher than the patients with localized involvement; thus
these comorbidities could increase depending on the extent
of cutaneous involvement [6]. In our study, the presence of
CVD history did not show significance in DLE patients when
compared to the control group; however, it was observed
higher in DLE patients with MetS when compared to the
patients without MetS. Moreover, because of the absence of
a significant relationship between CVD and MetS when the
age factor was ignored, it can be said that the combination
of CVD and MetS increases by age in DLE patients. The
MetS is not an absolute risk indicator because it does

not contain many of the factors that determine absolute
risk, for example, age, sex, cigarette smoking, and LDL-
C levels. Nonetheless, patients with the MetS are at twice
the risk of developing CVD over the next 5 to 10 years as
individuals without the syndrome. The risk over a lifetime
undoubtedly is even higher [9–13, 20]. Similarly, the ratio of
generalized lesion distribution, themean total CLASI activity,
and damage scores were higher in our DLE patients with
MetS than in those without MetS, but such values did not
reach a statistical significance. The notion that antimalarials
are protective against MetS, CVD, and general mortality
in SLE patients is endorsed by some authors [13, 15], but
not by others [6, 14]. Singh et al. found that there was no
difference in total cholesterol between CLE patients who
had or never used antimalarials [6]. Additionally, the use
of antimalarial therapy in DLE patients did not show an
association with MetS in our study. Thus, more long-term
results from prospective large cohorts would be needed to
address these arguments.

The pathogenesis of CLE is similar to SLE, with com-
plex gene-environment interactions, autoimmunity, and
immune-mediated cutaneous damage, and, hence, conceiv-
ably, patients with CLE may have increased risk of MetS.
Local and chronic inflammation in DLE patients may be
the driver of low-grade systemic inflammation [2–4]. Thus,
this inflammation may have thought of to be the connecting
link between DLE and MetS. Although the limited extent
of organ involvement with absence of systemic damage
suggests that chronic systemic inflammationmay be absent in



6 Journal of Immunology Research

patients with CLE, other limited autoimmune dermatological
conditions such as psoriasis, alopecia, and lichen planus have
also been variably associated with an increased MetS and/or
its components [24].

In this study, the most frequently determined MetS com-
ponents in DLE patients were increased waist circumference,
reduced HDL-C, and hypertriglyceridemia conforming to
the previous findings of SLE patients with MetS. Unsur-
prisingly, it was an expected result to find lower ratio of
arterial HT in DLE patients with MetS when compared to
the SLE patients with MetS. In the previous studies, older
age in SLE patients has been notified with MetS similar to
our DLE patients; however, different from our study, as can
be interpreted as higher inflammation burden in SLE, higher
BMI, longer disease duration, and higher disease activity have
been found in SLE patients with MetS when compared to the
patients without MetS [13, 14].

Several studies have yielded crucial information impli-
cating visceral adipose tissue as a main focus of the chronic
inflammation that can contribute to MetS and its compo-
nents. It has been demonstrated that the downregulation
of T-regulatory cells seems to play an important role in
the development of CLE and these T-regulatory cells also
ameliorate the glucose intolerance in the context of central
obesity. Additionally, it has been shown that B cells exacerbate
glucose intolerance through the production of pathogenic
immunoglobulins presumably against adipose tissue antigens
[16]. In our study, the presence of increased FBG in DLE
patients did not show any significance when compared to
the control group, and it can be attributed to the comparable
values of the indicators of visceral adipose tissue such as
mean BMI and mean waist circumference in patients and
control group. Also, both increased waist circumference and
increased FBG frequencies were higher in the DLE patients
with MetS when compared to the DLE patients without
MetS.

DLE has been linked to smoking in several case-control
studies, which have shown to have consistently higher smok-
ing rates (50–87%) in DLE patients [17, 25, 26]. It has
been shown that cigarette smoking increases inflammatory
cytokines, apoptosis, certain autoantibodies, the develop-
ment of free radicals, and photosensitivity [17]. We found a
statistically higher number of smokers among DLE patients
than among controls and the number of cigarettes smoked
daily was higher in patients with DLE, as found in other case-
control reports. In previous studies, it has been determined
by Negrón et al. that smoking status in SLE patients with
MetS did not show any significance when compared to the
control groupwhileMederios et al. reported that SLE patients
with MetS were higher smokers when compared to the
patients without MetS [12, 13]. In our study, no significance
was observed in terms of smoking habits between the DLE
patients with and without MetS.

In recent years, the common association of skin-restricted
LE with psychiatric disease and daily stress has been demon-
strated in a few studies [27–30]. In a case-control study
conducted by Jalenques et al., it was found that the most
frequently observed current psychiatric disorders weremajor
depressive disease (39%) and anxiety disorders (35%) in

patients with skin-restricted lupus [28]. In another cross-
sectional study, 34.7% of the patients with DLEmet the crite-
ria for depression and/or anxiety with need of mental health
care or psychotropic treatment [29]. Skin atrophy, scarring,
and scarring alopecia may cause mood and anxiety disorders
and can seriously impact the quality of life in patients with
DLE. Additionally, anxiety and emotional factors can also
precipitate DLE lesions and induce treatment resistance [28–
30]. It has been suggested that chronic inflammation may be
a key feature linking DLE with depression and/or anxiety.
Also it has been notified that the presence of depression can
be related to both SLE and MetS and/or its components via
common pathogenesis. In other words, depression is a con-
tributing factor to increased (neuro)inflammatory burden;
therefore it may increase the inflammatory and degenerative
progression. It is now evident that depression is the clinical
expression of peripheral cell-mediated activation, inflamma-
tion (increased levels of proinflammatory cytokines, such as
IL-6 and TNF-𝛼), and induction of oxidative and nitrosative
stress pathways [30]. In our study, depression and/or anxiety
ratio was significantly found to be higher in DLE patients
when compared to the control group; however, although
it was partially higher in DLE patients with MetS when
compared to the patients without MetS, no statistically
significance was observed.

Consequently, when the MetS frequency and the number
of determined MetS components in DLE patients were
compared to the non-DLE control group, they were found
to be approximately two times higher. All the components
in DLE patients with MetS were more frequent than in the
patients without MetS and they were central obesity, reduced
HDL-C, hypertriglyceridemia, HT, and glucose intolerance,
respectively. In these patients, CVD history was also deter-
mined more frequently. Due to the absence of data in the
literature related to the presence of MetS in skin-restricted
LE patients, these results obtained from our study can be
a fore step for further studies. Nevertheless, the present
study has some limitations such as being a cross-sectional
design and including small number of patients with DLE.
Additionally, other factors known to be associated withMetS,
particularly alcohol drinking, dietary and exercise habits, and
proinflammatory cytokines or procoagulant factors such as
TNF-𝛼, IL-6, and fibrinogen, were not evaluated in this study.

5. Conclusions

In conclusion, the frequencies of MetS and especially the
MetS components correlated with atherogenic dyslipidemia,
which are independent risk factors for atherosclerotic CVD,
were found to be at a high ratio in DLE. Thus, it may be
said that it is important to identify patients at risk to develop
MetS early in the course of DLE. In such patients, in terms
of reducing the risk of MetS, applying lifestyle changing
strategies such as nutritional counselling and weight reduc-
tion can be recommended. Because of its design, our study
does not indicate cause and effect between DLE and MetS
and its components, but inflammation might be an area
with potential for further investigation. Therefore, further
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large case-control studies with follow-up periods would be
required to clearly assess the impact of MetS on the clinical
outcomes of DLE.
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[5] B. Zöller, X. Li, J. Sundquist, and K. Sundquist, “Risk of
subsequent coronary heart disease in patients hospitalized for
immune-mediated diseases: a nationwide follow-up study from
Sweden,” PLoS ONE, vol. 7, no. 3, Article ID e33442, 2012.

[6] A. G. Singh, C. S. Crowson, S. Singh et al., “Risk of cerebrovas-
cular accidents and ischemic heart disease in cutaneous lupus
erythematosus: a population-based cohort study,”Arthritis Care
& Research, vol. 68, no. 11, pp. 1664–1670, 2016.

[7] J. M. Sabio, M. Zamora-Pasadas, J. Jiménez-Jáimez et al.,
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A significant proportion of hematological malignancies remain limited in treatment options. Immune system modulation serves
as a promising therapeutic approach to eliminate malignant cells. Cytotoxic T lymphocytes (CTLs) play a central role in antitumor
immunity; unfortunately, nonspecific approaches for targeted recognition of tumor cells by CTLs to mediate tumor immune
evasion in hematological malignancies imply multiple mechanisms, which may or may not be clinically relevant. Recently,
genetically modified T-cell-based adoptive immunotherapy approaches, including chimeric antigen receptor (CAR) T-cell therapy
and engineered T-cell receptor (TCR) T-cell therapy, promise to overcome immune evasion by redirecting the specificity of CTLs
to tumor cells. In clinic trials, CAR-T-cell- and TCR-T-cell-based adoptive immunotherapy have produced encouraging clinical
outcomes, thereby demonstrating their therapeutic potential in mitigating tumor development. The purpose of the present review
is to (1) provide a detailed overview of themultiplemechanisms for immune evasion related with T-cell-based therapies; (2) provide
a current summary of the applications of CAR-T-cell- as well as neoantigen-specific TCR-T-cell-based adoptive immunotherapy
and routes taken to overcome immune evasion; and (3) evaluate alternative approaches targeting immune evasion via optimization
of CAR-T and TCR-T-cell immunotherapies.

1. Introduction

A significant proportion of hematological malignancies
remain limited in treatment options. Combinational thera-
peutics, such as chemotherapy in conjunction with targeted
therapy by small molecules or monoclonal antibodies and/or
hematological stem cell transplantation (HSCT), has led to
a durable remission or even cure in some types of hemato-
logical malignancies [1]. While HSCT is currently considered
to be the front-line option for treating most hematological
malignancies, it can be accompanied by serious compli-
cations [1, 2]. Interestingly, graft-versus-leukemia response
(GVL) in HSCT was reported to contribute to effective anti-
tumor treatment [2, 3].This observation provides compelling

evidence that immune cells from the donor can significantly
eliminate the malignant host cells in leukemia, lymphoma,
and multiple myeloma. Therefore, modulating the immune
system may be a potential therapeutic approach to combat
hematological malignancies.

Cytotoxic T lymphocytes (CTLs) are an important subset
of effector T-cells that act to mediate antitumor immunity
by inducing cytolysis or apoptosis of malignant cells in
a human leukocyte antigen- (HLA-) dependent manner.
Unfortunately, hematological malignant cells can utilize
multiple pathways to evade CTL-mediated immunity and
evolve resistance to currently available combinational ther-
apies, resulting in relapse or failure of treatment [1]. This
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immune evasion of hematologicalmalignant cells can include
impaired tumor antigen processing and presentation by
tumor cells, dysfunction of antigen presenting cells (APCs),
and defective costimulation and/or coinhibitory T-cell medi-
ated pathways related to immune checkpoint blockade. In
addition, expansion of suppressive immune cells, tumor
altered metabolism, the production of regulatory soluble
factors in tumor microenvironment, and downregulation of
tumor cell surface antigens also facilitate immune escape
from the CTL-mediated response [1, 2]. Overcoming tumor
immune evasion may be a critical event in the success-
ful treatment of specific hematological cancers. Therefore,
understanding the detailed mechanisms of immune evasion
is a necessary step in the development of novel immunother-
apy approaches for these malignancies.

In solid tumors such as melanoma, tumor-infiltrating
lymphocytes isolated from tumor tissues subjected to ex vivo
expansion and subsequent transfusion back to the patient
produced a partial antitumor effect [4, 5]. Despite similar
success of allogeneic HSCT in treating or curing a majority
of hematological malignancies, both allogeneic HSCT and
adoptive transfer of tumor-infiltrating lymphocytes can lead
to fatal complications or failure of treatment. This dilemma
has prompted cancer immunologists to search for additional
approaches to engineer CTLs to recognize and kill tumor
cells specifically by counteracting tumor immune evasion.
Currently, the genetically modified T-cell-based adoptive
immunotherapies, including primarily engineered chimeric
antigen receptor (CAR) gene-transduced T-cells (CAR-T)
and T-cell receptor (TCR) gene-transduced T-cells (TCR-
T), headlined advancements in clinical cancer therapy [6–
8]. CAR is a fusion protein composed of an antibody
derived extracellular single-chain variable fragment (scFv)
with an antigen recognition moiety and an intracellular T-
cell activation domain. T-cells with CAR expression can bind
to the specific antigen and kill the tumor cells in an HLA-
independent manner. Several clinic trials have demonstrated
that CAR-T-cell-based adoptive immunotherapy produces
a long-term remission in hematological malignancies that
exceeds current standard combination therapies [7, 8].

Theoretically, CAR recognition is limited to the sur-
face antigens in the context of HLA molecules. In con-
trast, engineered TCR gene-transduced T-cells can recognize
intracellular proteins, which are processed and presented
by antigen presenting cells (APCs) or tumor cells, in an
HLA-dependent manner. Several lines of evidence suggest
that hematological malignancies acquire tumor-associated
mutations [9], some of which can generate neoantigens that
can influence the antitumor response and serve as novel
targets for adoptive immunotherapy [10, 11]. Neoantigen-
specific CTLs are considered to work to kill tumor cells
via presentation of neoantigen derived peptides in an HLA-
dependent manner. Unfortunately, neoantigen-specific CTLs
cannot be activated in the tumor altered microenvironment.
Instead, engineered T-cells with expression of neoantigen-
specific TCR can be expanded ex vivo and transfused to the
patient, resulting in a specific TCR-T-cell-based immunity to
eliminate the malignant cells [12].Thus, the current advance-
ment in genetically modified T-cell-based immunotherapy

is a more specific approach to treat or cure hematological
malignancies.

CAR-T and TCR-T-cell-based immunotherapies, which
can interfere with a part of pathways responsible for immune
evasion, may likely have limitations in their side effect
profile [7, 8, 13]. Therefore, combining adoptive transfer of
CAR-T or TCR-T-cells with other optimal measures such
as chemotherapy, immune checkpoint blockade inhibition,
and/or cytokine therapy, may provide a synergistic effect
by simultaneously interfering with multiple pathways of
immune evasion [14]. In addition, the rapid advancement
of genome editing and gene transfer technology may also
provide a promising platform for optimizing CAR-T or
TCR-T-cell-based immunotherapeutics to achieve immune
enhancement by altering gene expression in order to optimize
immune response [14].

In order to summarize current findings in the application
of genetically modified T-cell-based adoptive immunother-
apies for hematological malignancies, we will first provide
an overview of the current understanding of the multiple
mechanisms for immune evasion by malignancies to avoid
recognition by CTLs. Then, we will provide a detailed review
on the application of CAR-T therapy and neoantigen-specific
TCR-T-cell adoptive immunotherapeutics in overcoming
immune evasion. Finally, we will evaluate measures targeting
other pathways for immune evasion used to optimize the
CAR-T or TCR-T-cell-based immunotherapy.

2. Tumor Immune Evasion in
Hematological Malignancies

According to the tumor-immunoediting theory [15–17], the
loss of equilibrium between tumor cell generation and
immunity-mediated elimination results in tumor develop-
ment secondary to immune evasion. Thus, understanding
mechanistic details of immune evasion is necessary for the
development of effective antitumor treatment. Distinguish-
ing the self- or non-self-antigens is the basic characteris-
tic of immune system [15]. In infectious diseases, exoge-
nous antigens derived from pathogens can be engulfed and
presented by APCs or the infected cells, thereby eliciting
the specific CTLs to recognize and target the exogenous
antigen in an HLA-restricted manner, resulting in death of
the pathogens or their infected cells [18, 19]. Similarly, in
hematological malignancies, targeted recognition on tumor
cells by CTLs is the central step necessary for effective T-cell-
mediated immunity [1].Thus, impairing targeted recognition
of CTLs on tumor cells is an important strategy for tumor
immune evasion [1]. Immune evasion mechanisms include
but are not limited to defective costimulation, immune
checkpoint blockade, increased suppressive immune cells,
tumor altered metabolism, regulated soluble factors, and
impaired apoptosis-related pathways that are not directly
relatedwith targeted recognition ofCTLs on tumor cells [1, 2].
Current advancements in strategies targeting tumor immune
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evasion include targeted recognition of CTLs on tumor cells
and pathways independent of CTL specificity.

2.1. Strategies of Tumor Evasion That Are Closely Related with
Targeted Recognition of Tumor Cells by CTLs. In cellular
immunity, APCs (including dendritic cells,macrophages, and
subsets of B cells), phagocytose and present tumor antigens
on the cell surface in an HLA-dependent manner, providing
costimulatory signals for priming the T-cell response [1, 20].
Upon activation by APCs, CTLs can recognize tumor cells
via HLA-dependent presentation of tumor antigens on the
cell surface, resulting in CTL-mediated cell lysis or apoptosis
(Figure 1(a)). In hematological malignancies, this process can
be impaired, contributing to the loss of recognition of CTLs
to malignant cells [1, 21–24].

The impaired targeted recognition of tumor cells by
CTLs is primarily attributed to three mechanisms. First,
dysfunctional APCs are usually insufficient for independent
presentation of tumor antigens and fail to provide costimula-
tion for priming tumor-specific CTLs [1]. It was reported that
dendritic cells can promote antitumor immunity via uptake
and presentation of altered self-antigens or neoantigens from
malignant cells [25–27]. However, dendritic cells of patients
with hematological malignancies can be decreased in quan-
tity and quality by tumor cells or other components of tumor
microenvironment [21, 22]. For example, tumor progression-
related soluble factors, including cyclooxygenase-2 (COX-
2), prostaglandin E2 (PGE2), transforming growth factor-𝛽
(TGF-𝛽), and vascular endothelial growth factor (VEGF), can
deregulate dendritic cell functions to impair the presentation
of tumor antigens, interfering with activation of tumor-
specific CTLs [28–30]. This results in dysfunction of APCs
that indirectly impedes activation of tumor-specific CTLs,
inhibiting T-cell-mediated elimination by interfering with
targeted recognition of CTLs on tumor cells.

A second mechanism is described by defective antigen
presentation of tumor cells in an HLA-dependent manner
that contributes to the inability of CTLs to recognize malig-
nant cells. Upon priming of APCs, the TCR of activated
tumor-specific CTLs can recognize peptides derived from
tumor antigens in the context of HLA molecules, leading to
targeted killing of tumor cells. However, in hematological
malignancies, it has been described that the expression of
HLA on the surface of tumor cells was downregulated as a
result of mutations or deletions in the HLA loci [1]. Given
that B cells can present their own idiotypes in an HLA-
dependent manner, it has been reported that a structural
loss of HLA class I and II expression or mutations in HLA
classes I and II loci facilitate the immune evasion of B-cell
lymphoma cells [31]. Alternatively,mutations and deletions in
the 𝛽2-microglobulin gene have been observed in Hodgkin
lymphoma [32, 33]. Additionally, downregulation of genes
associated with antigen presentation machinery has been
described in lymphoma [1, 34].

A third strategy to escape from targeted recognition of
CTLs can be described by the low rates of mutational recog-
nition in hematological malignancies. Genome instability is
generally a hallmark of tumor cells and can lead to somatic

mutations that are entirely absent from the normal human
genome across the whole genome-wide sequence [35]. In
contrast with other tumors such as melanoma and lung
cancers, hematological malignancies are 10–20 times lower
in the frequency of mutations [10]. For example, multiple
myeloma contains ∼3000 somatic mutations, while acute
myeloid leukemia, acute lymphocytic leukemia, and chronic
lymphocytic leukemia each contain ∼1500–2000 mutations.
The reduced mutational load in hematological malignancies
likely relates to the inactive T-cell response in the context of
tumor progression. It was reported that only 0.3% to 1.3% of
mutated peptides induced a CD8+ T-cell response and only
0.5% of mutated peptides elicited a CD4+ T-cell response
[14]. Neoantigens, which are derived from this small part
of somatic mutations, can elicit effective CTL response and
likely play a key role in controlling tumor development [11,
15]. Mutation-derived neoantigens can be divided into two
classes [15]: type 𝐼 neoantigens can alter the amino acids in
regions that make contact with the TCR normally without
changing the anchor residues in relation to HLA molecules.
These mutations do not change the binding affinity of the
peptides to HLA molecules but may make the peptides
immunogenic. In contrast, type II neoantigens are created
from the mutations that can generate a new anchor residue,
promoting the binding of the mutated peptide onto HLA
complexes. Upon presentation by tumor cells, both types of
neoantigens can be recognized by specific T-cells, followed by
CTL-mediated killing of tumor cells. However, subdominant
neoantigens that exist in hematologicmalignancies cannot be
efficiently presented, resulting in tumor immune evasion [14].
Attempts in inducing effective antitumor immunity requires
high-avidity TCRs [14]. Additionally, neoantigen heterogene-
ity plays an important role in determining antitumor activity.
It was recently reported that high degrees of neoantigen
intratumor heterogeneity can produce a poor prognosis in
non-small-cell lung cancer [11, 36]. Mutational load was also
shown to positively correlate with antitumor immunity [15].
The improvement of mutational load has been considered
responsible for an observed increase in cytotoxic therapy-
induced subclonal neoantigens and improved outcomes in
certain poor responders [11]. Neoantigen presentation might
be also a determinant factor for influencing tumor evasion,
although the exact details of this mechanisms remain to be
determined [14].

2.2. Alternative Strategies of Immune Evasion. Alternative
mechanisms of immune evasion independent of targeted
recognition of tumor cells by CTLs (Figure 1(b)) include
immune checkpoint pathways, regulatory soluble factors,
suppressive immune cells and tumor altered metabolism,
and factors promoting escape from immunity-mediated
surveillance [1, 2]. Immune checkpoints, which refer to a
number of inhibitory pathways, are critical for maintaining
self-tolerance and modulating the immune response [20]. It
was previously reported that tumor cells in hematological
malignancies, such asmultiplemyeloma (MM) [37–39], non-
Hodgkin lymphoma (NHL) [40], classic Hodgkin lymphoma
(HL) [41], and myelodysplastic syndrome (MDS) [42, 43],
can escape from the host immune system through immune
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Figure 1: Immune-mediated elimination by cytotoxic T lymphocytes (CTLs) and tumor immune evasion strategies that are dependent on or
independent of targeted recognition of CTLs on tumor cells in hematological malignancies. (a) Antigen presenting cells (APCs) uptake and
present tumor antigens on the cell surface in an HLA-dependent manner, providing costimulatory signals (e.g., B7-1/2) for priming the T-cell
response. Upon activation by APCs, CTLs can recognize the tumor cells with the presentation of tumor antigens in the context of proper
metabolism (e.g., sufficient oxygen and glycose). Subsequently, CTLs kill tumor cells by releasing perforin and granzyme B or by expressing
Fas ligand (FasL) on the surface, inducing cytolysis or apoptosis. (b) CTL-mediated immunity can be suppressed by targeted recognition-
dependent and targeted recognition-independent mechanisms, leading to immune evasion in hematological malignancies. Strategies
including dysfunctional APCs, defective costimulation, and impaired antigen presentation represent targeted recognition dependent immune
evasion. In contrast, strategies including immune checkpoint pathways (e.g., CTLA-4 or PD-1/PD-1L), suppressive immune cells (e.g., Treg
cell, tumor-associated macrophage TAM, myeloid-derived suppressor cell, and MDSC), tumor altered metabolism (IDO upregulation,
oxygen, and glycose deprivation), and regulatory soluble factors (e.g., decreased IL-12) represent approaches independent of targeted
recognition of CTLs on tumor cells.

checkpoints pathways, such as cytotoxic T-lymphocyte asso-
ciated protein-4 (CTLA-4) and programed-death 1 (PD-1)
pathways. Also, suppressive immune cells, including regu-
latory T-cells (Treg), tumor-associated macrophage (TAM),
and myeloid-derived suppressor cells (MDSC), can form an

inhibitorymicroenvironment surrounding the tumor cells [1,
44]. These cells can inhibit the response of leukemia-specific
CTLs to the malignant cells by secreting soluble factors
including inhibitory cytokines, such as interleukin-4 (IL-4),
IL-10, and transforming growth factor 𝛽 (TGF-𝛽), as well as
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chemokines CCL22, CCL17, and CCL5 [45, 46]. Additionally,
tumor altered metabolism can shape antitumor immunity
[47]. For example, in tumor genesis, the derivation of glu-
cose and amino acids caused by tumor growth can impair
the proliferation and effector functions of T-cells, thereby
promoting tumor cell evasion from the immune system [47].
Metabolic enzymes such as indoleamine-2,3-dioxygenase
(IDO) [48–50], which can function to deprive arginine and
tryptophan from themicroenvironment, are overexpressed in
tumor cells, MDSCs, and APCs. Counteracting these critical
pathways may be critical in the development of therapeutics
for eliciting effective CTL response to tumors.

3. Application of Genetically Modified
T-Cell-Based Adoptive Immunotherapies:
CAR-T and TCR-T-Cell Therapy

CTLs are considered to play a key role in antitumor immunity
[2], and because impaired recognition of CTLs to tumor
cells contributes to immune evasion, regaining the ability of
targeted recognitionmay be a critical component for targeted
immunotherapy. Tumor-specific T-cells that are naturally
present in patients with malignancies are relatively low, and
their function is impaired [14], which combines to contribute
to difficulty of T-cell-based adoptive transfer. Currently,
the rapid advancement in gene transfer and cell culture
technologies has provided a robust basis for redirecting
the specificity of CTLs against tumor cells [14]. Genetically
modified, patient-derived, T-cells bearing chimeric antigen
receptors (i.e., CARs) or neoantigen-specific T-cell receptors
(i.e., TCRs) can be generated as therapeutic cellular prod-
ucts with a high level of tumor specificity. The genetically
modified T-cells can then be subjected to ex vivo expansion
and clinically administered via adoptive transfer to patients
(Figure 2(a)).

3.1. CAR-T-Cell-Based Adoptive Immunotherapy in Hemato-
logical Malignancies. CARs are genetically modified recep-
tors (Figure 2(b)) introduced and expressed in human T-
cells for targeting the surface antigens of tumor cells in
their native conformation [7, 8, 51]. They contain extracellu-
lar single-chain variable fragments (ScFv) for antibody-like
antigen recognition and intracellular signaling domains for
activating T-cells. In CAR-T-cells, the extracellular domain
ScFv is responsible for redirecting the specificity of CTLs
to the malignant cells and can be designed according to
specific antigens such as CD19 expressed in B-cell acute
lymphocyte leukemia, chronic lymphocyte leukemia, and
lymphoma [7, 52–55]. In contrast, CAR intracellular signaling
domains provide the necessary signals for priming T-cell
activation [8]. In theCAR-T-cell-mediated immune response,
the ScFv of CARs can engage surface antigens of tumors
directly via antibody-like binding [8].This occurs in anHLA-
independentmanner, which is not limited by the presentation
of tumor antigens. Thus, specific binding of CARs with
surface antigens can facilitate overcoming tumor immune
evasion secondary to impaired tumor antigen presentation,

thereby promoting the development of personalized CAR-T-
cell therapy [8]. In addition, CARs with intracellular costim-
ulatory domains such as CD28 and 4-1BB, which are linked
to the CD3𝜁, can provide additional signals for overcoming
immune evasion by priming T-cell activation [1, 2].

CAR-redirected T-cells have exhibited effective response
in clinic trails and are considered to be a promising and
potential therapy in hematological malignancies [7, 8].
CD19-targeted CAR constructs have been used widely and
demonstrate consistently high antitumor activity in patients
with relapsed B-cell acute lymphoblastic leukemia, chronic
lymphocytic leukemia, and B-cell non-Hodgkin lymphoma.
Presently, three generations of CD19-targeted CAR-T-cell-
based adoptive immunotherapeutics have been used in clinic
trials. The “generations” of CARs typically correlate with
the structure of intracellular signaling domains [8]. For
the 1st generation, this intracellular signaling domain only
contains CD3𝜁 that can transduce an activation signal to
the downstream signaling components. Unfortunately, clinic
trails indicated that 1st generation of CAR-T-cells resulted in
only limited persistence, expansion, and antitumor efficacy
[56–58]. Considering that T-cell expansion and persistence
require both TCR engagement with peptide-HLA complex
and costimulatory signaling, the intracellular domains of the
2nd-generation CARs contain not only CD3𝜁, but also one
costimulatory domain derived from CD28 or 4-1BB. This
resulted in dramatic clinical improvement with associated
secretion of cytokines and antiapoptotic factors upon antigen
engagement [7, 52]. With 3rd-generation CARs the intracel-
lular domains contain two costimulatory domains bearing
both CD28 and 4-1BB molecules [7, 8]. However, whether
the integration of 4-1BB or/and CD28 into the intracellular
domain will ultimately correlate with improved long-term
overall survival and event-free survival among patient groups
remains to be investigated [7].

Theoretically, CARs can be designed to target and rec-
ognize the lineage restricted, nonessential target antigens
on the surface of tumor cells in hematological malignancies
[59]. Success of CD19-targeted CAR-T-cell therapy is closely
related with the nature of CD19: first, CD19 is expressed not
only by leukemia cells in patients with B-cell-malignancies,
but also by the normal antigen presenting B cells, which
can provide additional costimulatory signals for CAR-T-
cell activation. Second, depletion of CD19-expressing normal
B cells by CD19-targeted CAR-T-cells can produce clini-
cally manageable symptoms [6]. The achievement of CD19-
targeted CARs indicates that choosing the optimal target
antigens is important for successful CAR-T-cell therapeu-
tics. Recently, cancer-associated Tn glycoform of MUC1, a
neoantigen expressed in a variety of cancers, was identified
as a promising target that can be recognized by CAR-T-cells.
It was observed that anti-Tn-MUC1 CAR-T-cells mediated
target-specific cytotoxicity and successfully controlled tumor
growth in xenograft models of T-cell leukemia, suggesting
the therapeutic efficacy of CAR-T-cells directed against Tn-
MUC1. This work identified that aberrantly glycosylated
antigens as a novel class of targets can be applied for
tumor therapy with engineered T-cells [59, 60]. In ongoing
clinic trials, it has been reported that the surface antigens,



6 Journal of Immunology Research

T cells

CAR T cells

Isolation

Adoptive
transfer

Patient

Chimeric antigen 
receptor

Endogenous
TCR

Cell expansion 

Gene transfer 

Genome
editing

(a)

VH

+

Genome editing: 
zinc finger

TALEN
CRISPR

VL

Immune
enhancement

Killing

CAR T cellsTumor cell

Endogenous

Exogenous

CAR

Soluble factors 

Target

Receptors

Endogenous
TCR

CoS CD3𝜁

(b)

Figure 2: Chimeric antigen receptor (CAR) T-cell-based adoptive immunotherapeutics in hematological malignancies and its targeted
recognition on tumor cells in an HLA-independent manner. (a) Flow chart of CAR-T-cell-based adoptive immunotherapeutics. Peripheral
blood T-cells isolated from a patient with hematological malignancy are subjected to genetic modification with a relevant CAR that can target
the surface antigens of malignant cells. Subsequently, the CAR-modified T-cells are subjected to ex vivo expansion and then administered
via adoptive transfer to the patient. (b) Tumor cells are recognized and killed by CAR-T-cells in an HLA-independent manner; antitumor
immunity can be enhanced and optimized through genome editing and gene transfer technologies.

including CD20, CD30, CD33, CD123, CD38, CD138, Ig 𝜅
light chain, and Lewis-Y, have been selected as CAR targets
in treating leukemia, lymphoma, and multiple myeloma.
However, clinical outcome of these approaches remains to be
determined [8, 61–68]. Presently, identification of promising
targets remains a challenging problem for broadening the use
of CAR-T-cell therapy [8].

CAR-related toxicities represent a challenge in the devel-
opment and popularity of CAR-T-cell therapy. In CD19-
targeted CAR-T-cell-based clinic trials, toxicity from CAR-T-
cell infusion varied in severity but was similar in clinic man-
ifestation. These toxicities mainly include cytokine release
syndrome (CRS) and neurological toxicities [7, 8, 51, 69].

CRS has been described as a systemic inflammatory response
syndrome that occurs in the hours to days after CAR-T-
cell adoptive transfer, resulting from elevation of proinflam-
matory cytokines, and T-cell activation and expansion. The
clinical features of CRS include fevers, malaise, myalgias,
hypoxia, hypotension, renal dysfunction, and coagulopathy
[51, 69]. The IL-6 receptor inhibitor tocilizumab as anticy-
tokine therapy or lymphotoxic corticosteroids can be used to
treat severe CRS [7]. Clinical reports of neurologic toxicity
include headaches, confusion, ataxia, apraxia, facial nerve
palsy, alterations in wakefulness, hallucinations, and dyspha-
sia, which are not specific for one area of neuroanatomy [51].
Elevated IL-6 levels and infiltration of anti-CD19CAR-T-cells
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in cerebrospinal fluid (CSF) were observed in the patients
with neurological toxicities. Tocilizumab and corticosteroids
are also candidate drugs for treating neurological toxicities.
Vigilant monitoring, aggressive supportive care, early inter-
vention of hypotension, and treatment of concurrent infec-
tions are necessary to prevent or treat CAR-related toxicities
[51]. Advancement in understanding and management of
CAR-related toxicities will promote the overall improvement
in the area of CAR-T-cell therapies [7, 8, 51].

3.2. Neoantigen Identification and Engineering Neoantigen-
Specific TCR-T-Cells. In contrast with CAR-T-cell-based
adoptive immunotherapy, which functions by targeting the
surface antigens of tumor cells, engineering tumor-reactive
TCR-T-cells can instead specifically recognize intracellular
tumor antigens presented by HLA molecules [15]. Tumor
antigens include tumor-associated antigens, which consist
of cancer-testis antigens, tissue differentiation genes, ampli-
fied oncogenes, and tumor-specific antigens such as tumor-
specific neoantigens [15, 70]. Currently, genes encoding TCRs
that are specific for a variety of tumor antigens (including
MART-1, gp100, p53, NY-ESO-1, MAGE-A3, andMAGE-A4)
have been cloned and used as therapeutic targets for the
engineered TCR-T-cell therapy in clinical trials inmelanoma,
breast cancer, and multiple myeloma [71–77]. This advance-
ment has been reviewed in detail by Hiroaki Ikeda [78].

Neoantigens, derived from the somatic mutations in
tumors and representing a unique subset of tumor anti-
gens, play a key role in inhibiting tumor development [15,
79]. They can be identified by next generation sequencing
technology and mass spectrometric analysis (Figure 3(a))
[80, 81]. Through the analysis of gene sequencing, it has
been demonstrated that each patient with tumor bears a
personalmutational profile which translates to a specific clin-
ical manifestation [82, 83]. Additionally, in a given patient,
the mutational profile of the tumor in the temporal and
spatial dimension dynamically evolves, generating additional
layers of intratumor heterogeneity complexity in neoantigen
composition [11, 82]. For example, it was recently reported
that mutations of tumor cells isolated from the same patient
at different sites or at different time are varied [82]. This
may facilitate tumor adaptation and therapeutic failure via
Darwinian selection. In acute myeloid leukemia, it has been
suggested that the malignant founding clone with one or two
mutations can yield subclones by acquiring additional coop-
erating mutations, which can then contribute to disease pro-
gression and/or relapse [84]. Neoantigens, which are derived
from somatic mutations, exhibit intratumor heterogeneity
and can be divided into clonal or subclonal neoantigens
[11, 15]. As reported by McGranahan et al. [11], high clonal
neoantigen burden and low neoantigen intratumor hetero-
geneity can lead to prolonged overall survival in primary
lung adenocarcinomas. Moreover, CD8(+) tumor-infiltrating
lymphocytes reactive to clonal neoantigens can be elicited
efficiently and detected in patients with durable clinical
benefit (Figure 3(b)). Thus, neoantigen heterogeneity can
affect immune surveillance and support the development of
therapeutics targeting clonal neoantigens (Figure 3(a)).There

are several advantages for clonal neoantigens as therapeutic
targets [15]: first, clonal neoantigens are derived from somatic
mutations and exclusively expressed by tumor cells [10] and
not subject to thymic or peripheral tolerance [10]. This
characteristicmakes T-cell clones generate higher affinity and
specificity to tumors, thereby enhancing immunoreactivity
and reducing the potential for off-target toxicity. Second,
compared with subclonal neoantigens, clonal neoantigens
that can efficiently elicit T-cell immunoreactivity produce an
improved clinical benefit [11]. Third, with the rapid devel-
opment of single-cell sequencing technology, tumor hetero-
geneity can be described in detail and tumor evolution can be
resolved at single-cell level [85], providing the possibility of
identifying clonal neoantigens at the individual patient level.
The development of single-cell sequencing technology will
help design effective and personalized immunotherapeutics
for the individual patient, rapidly promoting the development
of precision medicine [86]. Thus, identification of neoanti-
gens, especially clonal neoantigens, is critical for personalized
immunotherapeutics in the future.

Currently, two main methods to identify neoantigens
have been reported. First, computational approaches have
been used in epitope prediction [87]. Recently, the muta-
tional profile and HLA type of patients with tumors can
be identified by next generation sequencing (NGS) in a
highly accurate manner, thereby enabling the feasibility of
in silico epitope prediction and identification of candidate
neoantigens. For example, on the basis of exome sequencing
data of chronic lymphocytic leukemia, epitope prediction
algorithm NetMHCpan has been used to identify the HLA-
binding peptides that are derived from leukemia-specific
mutations, followed by experimental validation of their bind-
ing to HLA-I and quantification of the potential of eliciting a
CD8+ T-cell response [88]. These similar epitope prediction
algorithms have been applied in the identification of other
neoantigens [11, 81]. As the mechanisms that determine
HLA peptide processing and presentation remain to be
fully described, epitope prediction algorithms in silico can
yield a large number of false positive hits and identified
candidate neoantigens require experimental validation [34].
Second, combiningNGS andmass spectrometry analysismay
facilitate the process of neoantigen identification. The first
example has been reported in melanoma [80]. In parallel
to whole-exome analysis on melanoma cells, the HLA class
I bound peptides in the same patient’s melanoma cells can
be purified by the immunoaffinity technology and then
subjected tomass spectrometry analysis. Two patient-derived
neoantigens that were identified include the P677S alteration
in mediator of RNA polymerase II transcription subunit 15
(MED15) and the S123L alteration in Tumor ProteinD52-Like
2 (TPD52L2). Experimental validation demonstrated that
MED15, but not TPD52L2, elicited the neoantigen-specific T-
cell response [34]. Comparedwith computational approaches
[87], this method not only avoided limitations of peptide-
MHC binding prediction algorithms in accuracy, but also
was less labor-intensive and time-consuming [34]. However,
given that somatic mutations have spatial and temporal
diversity in individual patients, identifying neoantigens or
clonal neoantigens remains a challenging problem.
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Figure 3: Identification of neoantigens and engineered neoantigen-specific TCR-T-cell-based adoptive immunotherapy in hematological
malignancies. (a) Schematic procedures of TCR-T-cell-based adoptive immunotherapy. Both tumor cells and tumor-infiltrating lymphocytes
(TIL) are isolated from a patient with hematological malignancies, respectively. The isolated tumor cells are subsequently subjected to gene
sequencing (e.g., whole genome sequencing, WGS; whole-exome sequencing, WES), mass spectrometric analysis (e.g., HLA peptidome),
and/or bioinformatic analysis, promoting the identification of tumor-specific neoantigens. To validate the immunogenicity of the identified
neoantigens, APCs expressing the identified neoantigens are cocultured with the TILs isolated from this patient. The specific population
of TILs bearing neoantigen-specific TCRs, which exhibit cell proliferation or cytokine secretion in response to the stimulation of APCs
expressing tumor-specific neoantigens, can be isolated, and the neoantigen-specific TCRs can then be cloned successfully. Subsequently, the
cloned neoantigen-specific TCRs are transduced into the patient-derived T-cells, generating genetically modified neoantigen-specific T-cells
via ex vivo activation and expansion. The modified T-cells bearing the neoantigen-specific TCRs can be adoptively transferred to the patient
and target tumor cells bearing tumor-specific neoantigens with high specificity for elimination. In addition, the intratumor heterogeneity can
be dissected by the single-cell sequencing or other technologies, which can facilitate the identification of clonal neoantigens and thus improve
T-cell immunoreactivity. (b) Tumor cells presenting neoantigen derived peptides can be recognized and killed by genetically modified T-cells
bearing the responsible neoantigen-specific TCRs. Genome editing and gene transfer technologies and other alternative measures can be
utilized to modify the components of other alternative pathways for immune enhancement, ultimately providing an optimized approach to
improve TCR-T-cell-based therapeutics.
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Only in the past decade have tumor-associated antigens
been considered targets for tumor therapy in clinic [9]. The
first clinic trial in 2006 in metastatic melanoma demon-
strated that adoptive transfer of genetically modified tumor-
associated antigen-specific T-cells after host immunodeple-
tion could result in positive clinical outcomes [71]. TCRs that
can recognize the tumor-associated antigen MART-1 were
transduced into the autologous lymphocytes from peripheral
blood of a patient with melanoma, generating engineered
tumor-specific T-cells for adoptive immunotherapy [71]. In
this clinic trial, durable engraftment at levels exceeding 10%
of peripheral blood lymphocytes was observed for at least
2 months after the infusion in 15 patients who received
the adoptive transfer. Two patients with high sustained
levels of circulating, engineered cells at 1 year after infusion
both exhibited regression of metastatic melanoma lesions,
suggesting the therapeutic potential of genetically modified
T-cells for cancer. Additionally, in a clinic trial of multiple
myeloma, which is an incurable hematological malignancy,
the adoptive transfer of engineered T-cells that are specific
for the cancer-testis antigens NY-ESO-1 and LAGE-1 was
well tolerated without clinically apparent CRS, and exhibited
an encouraging clinical response. NY-ESO-1-LAGE-1 TCR-
engineered T-cells were observed to migrate to marrow and
maintain durable persistence that related with clinical activ-
ity against antigen-positive myeloma [77]. Compared with
certain tumor-associated antigens that are relatively tumor-
specific and associated with autoimmunity and tolerance
[9], patient-specific neoantigens show greater promise for
personalized therapy [10]. Through the application of tumor
exome sequencing analysis, a patient-specific neoantigen
derived from the mutant epitope of the ATR (ataxia telang-
iectasia and Rad3 related) gene product was identified to
elicit a strong T-cell response following ipilimumab treat-
ment. It was also recently reported that tumor-infiltrating
neoantigen-reactive CD8+ T-cells can be detected in patients
with early-stage non-small-cell lung cancer [11].These studies
support the notion that neoantigens that can induce effective
antitumor responses in cancer patients may potentially be
used as a target in immunotherapy approaches.

The first attempt of adoptive transfer of neoantigen-
specific T-cells in clinic trials was reported by Tran et al.
in 2014 [12]. This study, via a whole-exome sequencing
approach, revealed that tumor-infiltrating lymphocytes (TIL)
from a patient with metastatic cholangiocarcinoma har-
bored tumor-derived ERBB2IP (erbb2 interacting protein)
mutation-specific CD4+ T helper 1 (TH1) cells. Following
adoptive transfer of TIL containing ERBB2IP mutation-
specific polyfunctional TH1 cells, a decrease in target lesions
was observed with an associated prolonged stabilization of
disease. These observations provide evidence that a CD4+ T-
cell response against a neoantigen derived from a patient-
specific mutation could be used to promote regression of a
metastatic epithelial cancer. Recently, in two patients with
stage IV melanoma the dynamic interaction of neoantigen-
specific T-cell responses with their recognition antigens
treated by adoptive T-cell transfer was observed [89]. Likely
due to overall reduced expression of the genes or loss of
the mutant alleles, the T-cell-recognized neoantigens were

selectively lost, which was accompanied by development
of neoantigen-specific T-cell reactivity in tumor-infiltrating
lymphocytes. This work suggests that T-cells have intrinsic
capacity to contribute to neoantigen immunoediting and
broad neoantigen-specific T-cell responses and could be used
to avoid tumor resistance in the future [89]. Recognition of
neoantigens may serve as a major driving force behind the
approaches incorporating immunotherapy with adoptive T-
cell and T-cell checkpoint blockade [81, 90–95], which may
ultimately support the development of strategies to selectively
elicit T-cell reactivity, advancing the field of personalized
therapies for hematologic malignancies.

4. Optimization of Genetically Modified
T-Cell-Based Adoptive Immunotherapy

By enhancing the targeted recognition of tumor-specific anti-
gens, genetically modified T-cell based adoptive immuno-
therapeutics, including CAR-T and TCR-T-cell therapies, can
promote recognition and targeting of tumor cells in an HLA-
independent or HLA-dependent manner, thereby promoting
the elimination of tumor cells. However, there remain signif-
icant obstacles limiting T-cell-based adoptive immunothera-
peutics in efficacy and toxicity. Therefore, optimal measures
promoting immune enhancement and/or reduced toxicity
in approaches that utilize genetically modified T-cell-based
adoptive immunotherapy should consider the following: first,
in order to enhance efficacy of the T-cell response, the
combination of genetically modified T-cell-based adoptive
immunotherapy with other measures that interfere with the
pathways or steps for tumor immune evasion should be
considered. As discussed above, tumor cells utilize multiple
mechanisms to escape immunity-mediated elimination [1, 2].
Combinational therapies that simultaneously target multiple
pathways for immune evasion can be applied to improve
the likelihood of an effective clinical outcome. For example,
lymphodepletion chemotherapy, which can eliminate sup-
pressive immune cells that release inhibitory soluble factors
or directly block the CTL response and promote tumor
antigen presentation [96, 97], may enhance the antitumor
efficacy of CAR-T-cell therapy [7]. Inadequate lymphodeple-
tion chemotherapy was considered a factor contributing to
limited CAR-T-cell persistence and reduced clinic efficacy
[98]. Further, therapeutic blockade of immune checkpoints
by blocking antibodies against CTLA-4 or PD-1 has been
shown to produce a broad and beneficial clinical outcome
in hematological malignancies [20], as well as improving the
potency of CAR-T-cell or TCR-T-cell-based therapies [11, 81,
99, 100]. A recent report showed that PD-1/PD-1 ligand [PD-
L1] pathway interference through PD-1 antibody checkpoint
blockade reactivated the effector function of exhausted CD28
CAR-T-cells and enhanced efficacy of CAR-T therapy in an
orthotopic mouse model of pleural mesothelioma [100]. In
addition, neoantigens serve as amajor class of T-cell rejection
antigens following anti-PD-1 and/or anti-CTLA-4 therapy,
supporting approaches that utilize a combination of different
checkpoint blockade treatments with neoantigen-specific T-
cell therapies [81].
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A second consideration for approaches that utilize genet-
ically modified T-cell-based adoptive immunotherapy is
with the incorporation of adjunct methodologies such as
genome editing and gene transfer technologies, in order to
enhance efficacy and reduce toxicity. It has been reported
that gene transfer and genome editing technologies provide
a feasible platform for using genetic engineering to add or
remove genes in therapeutic T-cells [14, 101]. For example,
the inhibition of mammalian target of rapamycin complex
1 (mTORC1) signaling by immune-suppressive cytokines
such as transforming growth factor 𝛽 impairs T-cell acti-
vation. Ras homolog overexpressed in engineered T-cells
was shown to contribute to the upregulation of mTORC1
signaling, which has improved eradication of established
tumors following adoptive T-cell therapy [102]. Genome
editing technologies (including ZFN, TALEN, and CRISPR)
has been reported to optimize genetically engineered T-
cell therapy [14]. Given that exogenous TCR can mismatch
and compete with endogenous TCRs in engineered T-cells,
gene transfer approaches may produce suboptimal activity
and potentially harmful unpredicted antigen-specific target-
ing. Recently, lymphocytes treated with ZFNs, which were
designed to promote the disruption of endogenous TCR and
chain genes, were transduced with a TCR specific for the
Wilms tumor 1 antigen. These endogenous TCR-edited cells
expressed high levels of the transduced exogenous TCR gene
and did not produce off-target reactivity, while maintaining
their antitumor activity in vivo, thereby demonstrating that
genome editing technology could be potentially applied to
optimizing engineered T-cell therapy [103]. Moreover, it was
demonstrated that the replacement of key residues in the
framework of the variable region in engineered TCRs could
result in their high affinity and expression, thereby enhancing
their therapeutic potency [104].

5. Conclusions

Only with a comprehensive understanding of the multiple
mechanisms of tumor immune evasion can the development
of genetically modified T-cell-based adoptive immunother-
apeutics promise to treat or cure patients with hematologic
tumors being realized. Clinic trials of CAR-T or TCR-T-
cell therapy in hematological malignancies and other solid
tumors such as melanoma provide a series of successful
examples to validate the efficacy and safety of this approach
in the clinic. In future approaches, three points should
be carefully considered: (1) identification of new targets,
including tumor-specific surface molecules and neoantigens,
and utilizing and integration of omics science with immunol-
ogy; (2) a detailed understanding of the cooperation and
interaction of T-cell-based adoptive immunotherapies with
other treatments in the design of an optimal combinational
therapy; and (3) application of optimal measures incorpo-
rating genome editing and gene transfer technologies, to
enhance efficacy and reduce toxicity, facilitating future devel-
opment and clinical incorporation of this rapidly advancing
technology.
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Background. The clinical and histopathologic classification of anetoderma are not well characterized. Objective. We aimed to
investigate the clinical and histopathologic characteristics of anetoderma and to correlate clinical phenotypes with immuno-
histopathologic findings.Methods. We retrospectively reviewed the medical records of 30 patients with anetoderma and performed
immunohistochemistry for elastin, fibrillin-1, metalloproteinase- (MMP-) 2, MMP-7, MMP-9, and MMP-12, and tissue inhibitor
of metalloproteinase- (TIMP-) 1 and TIMP-2. Results. Protruding type (n = 17) had a longer disease duration and more severe loss
of elastin, without changes in fibrillin, than indented type (n = 13). MMP-2 and MMP-9 showed significantly higher expressions
in the dermis compared with controls (p < 0.05). MMP-7 and MMP-12 showed little expressions in both anetoderma and control
tissue. TIMP-1 was highly expressed in anetoderma lesions and controls. TIMP-2 expressionwas variable.Conclusions. Our findings
suggest that protruding type anetoderma may represent a more advanced stage and that MMP-2 and MMP-9 could be responsible
for elastic fiber degradation in anetoderma.

1. Introduction

Anetoderma is a skin disorder characterized by focal loss
of dermal elastic tissue. Clinically, it can present as var-
ious types of flaccid skin, such as protruding (raised),
indented (depressed), or flat [1]. Anetoderma is classified
as primary when it occurs idiopathically from normal skin
and secondary when it is preceded by an inflammatory
or tumor-related skin condition, such as varicella, lupus
erythematosus, lichen planus, or pilomatricoma [2–5]. Pri-
mary and secondary anetoderma have both been reported
to be associated with autoimmune disorders, including
Grave’s disease, autoimmune hemolysis, systemic sclerosis,
Hashimoto’s thyroiditis, and lupus erythematosus [6–9].
Some patients with anetoderma also present with antiphos-
pholipid syndrome, and histologic specimens from these
patients reveal complement and immunoglobulin deposit
around and microthrombi within blood vessels [3, 10, 11].

Histopathologically, anetoderma is typically subclassi-
fied as Jodassohn-Pellizzari type (inflammatory type) or
Schweninger-Buzzi type (noninflammatory type). However,
both pathologic phenotypes are simultaneously observed in
some patients with anetoderma [12], and the clinical courses
of these two pathologic subtypes do not differ [13]. To date,
there is no proper clinical or histological classification of
anetoderma, and the etiology of this disease remains unclear.

Whether the decrease and change in elastic fiber content
in anetoderma arises fromdecreased production or increased
destruction is not well understood. An imbalance in levels of
the matrix metalloproteinases (MMPs) and tissue inhibitor
of metalloproteinases (TIMPs) has been suggested as one
explanation of the pathophysiology of anetoderma; however,
a definitive immunohistopathologic analysis of these proteins
in a large cohort of anetoderma patients has not yet been
performed [14, 15]. Limited studies suggest that immunologic
mechanisms may play a role in this elastolytic process [7].
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Table 1: Primary antibodies used in the study.

Specificity Reactivity Source
Elastin Elastin Leica
Fibrillin-1 Fibrillin-1 Abcam
MMP-2 MMP-2 R&D Systems
MMP-7 MMP-7 Abcam
MMP-9 MMP-9 R&D Systems
MMP-12 MMP-12 R&D Systems
TIMP-1 TIMP-1 R&D Systems
TIMP-2 TIMP-2 Abcam
MMP: metalloproteinase; TIMP: tissue inhibitor of metalloproteinase.

Elastic fibers consist of elastin and microfibrils, both of
which are possible targets of autoantibodies; however, the
precise target antigen or autoantibody has not yet been
identified.

There has been little evidence delineating exactly how
anetoderma develops and why similar histopathologic fea-
tures can present with different clinical features, such as
protruding or indented skin phenotypes. We aimed to
investigate the clinical characteristics of anetoderma patients
and to correlate these findings with immunohistochemical
changes in the MMPs that most effectively degrade elastic
tissue (MMP-2, MMP-7, MMP-9, and MMP-12) and their
physiologic inhibitors (TIMP-1 and TIMP-2) [14, 16]. To the
best of our knowledge, this is the first study to make these
clinical and histopathologic observations in patients with
anetoderma.

2. Methods

This study was approved by the institutional review board
of The Catholic University of Korea (XC13RIMI0123) and
all subjects gave informed consent. A total of 30 subjects
with anetodermawere enrolled in this study between January
1, 2003, and December 31, 2012. All patients were diag-
nosed with anetoderma from biopsy specimens. To exclude
selection bias, all patients diagnosed with anetoderma were
enrolled in this study. Medical records were retrospectively
reviewed for information on age, sex, disease duration,
lesion topography, lesion number, and antecedent inflamma-
tory events. Biopsy specimens of anetoderma lesions were
used for hematoxylin and eosin and Verhoeff-Van Gieson
staining.

2.1. Immunohistochemistry. Biopsy specimens for immuno-
histochemistry were obtained from lesional and nonlesional
skin of 30 patients prior to any treatment. Tissues were cut
into 4 𝜇m sections. After deparaffinization and hydration,
antigen retrieval was performed and endogenous peroxidase
was inactivated with peroxidase blocking solution (Dako,
Denmark). Primary antibodies were incubated at the fol-
lowing dilutions: elastin (1 : 100), fibrillin-1 (1 : 50), MMP-
2 (1 : 20), MMP-7 (1 : 100), MMP-9 (1 : 20), MMP-12 (1 : 20),
TIMP-1 (1 : 20), and TIMP-2 (1 : 50) (Table 1). Primary anti-
bodies were incubated at 4∘C overnight. After treatment with

Table 2: Demographic information of 30 anetoderma patients
according to clinical phenotypes.

Protruding type
(𝑛 = 17)

Indented type
(𝑛 = 13)

Sex, M : F 7 : 10 5 : 8
Age (years) 24.1 ± 14.2 33.5 ± 21.4
Disease duration
(months)

34.3 ± 44.4
(median: 48)

8.5 ± 10.2 (median:
12)

Affected areas

Face: 4 Face: 3
Neck: 1 Upper extremities: 4

Upper extremities: 3 Lower extremities: 4
Trunk: 11 Trunk: 6

Number of
lesions

Solitary lesion: 13 Solitary lesion: 3
Multiple lesions: 4 Multiple lesions: 10

Previous skin
disease

2 (hypertrophic
scar, varicella) 0

Variables are shown as mean ± SD.

secondary antibody, sections were visualized using a DAB
kit (EnVisionTM Detection system, Dako, Denmark) and
observed under a light microscope. Primary antibodies were
replaced with PBS serving as negative controls. The degree
of expression was semiquantitatively graded as follows: +, 1–
19% positive; ++, 20–79% positive; +++, 80–100% positive.
Two independent dermatopathologists scored samples from
three high-power fields per section, and the average score was
calculated.

2.2. Image Analysis. Sections from two patients with pro-
truding lesions and one patient with an indented lesion and
their controls and one normal control were analyzed using
a computer-based software image analysis program. ImageJ�
1.45 k (Softonic Internacional S.A.) was used to determine
the mean optical density for elastogenesis and degradation
markers. All mean optical density values were separately
measured from the epidermis and dermis. Two serial sections
were taken from each paraffin block and image analysis was
performed in five fields per tissue section by two independent
dermatopathologists.

2.3. Statistical Analysis. All values are expressed as mean ±
standard deviation (SD). For comparisons between groups,
t-test and Kruskal-Wallis one-way ANOVA test were con-
ducted. A p value of <0.05 was considered statistically
significant.

3. Results

3.1. Demographic Information of Patients with Anetoderma.
A total of 30 Korean patients (12 males and 18 females)
were included in this study. The clinical information of these
patients is described in Table 2. Patients with anetoderma
were divided into two groups based on their clinical pre-
sentation: 17 patients presented with protruding phenotype
and 13 patients with indented phenotype. Two patients also
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Figure 1: (a) Clinical photo of protruding anetoderma lesions, (b) indented anetoderma lesions, (c) protruding anetoderma lesions of another
patient, and (d) indented anetoderma lesions simultaneously found in the same patients who had the protruding lesions shown in (c).

presented with a mixed phenotype but had a dominant
phenotype (protruding dominant or indented dominant)
(Figure 1).

The demographics of the two groups were comparable,
and the two groups did not differ in mean age, age of disease
onset, number of lesions, or lesion distribution. The age of
disease onset ranged from 23 to 37 years (median: 32 years).
Disease duration ranged from 3 days to 10 years (median:
12 months). The mean disease duration of patients with the
protruding phenotype was 34.3 ± 44.4 months, which was
significantly longer than that of patients with the indented
phenotype (8.5 ± 10.2 months, p < 0.05).

Most patients were in good general health, although
some had associated diseases such as hypertension, diabetes
mellitus, and chronic hepatitis B infection.No patients had an
underlying autoimmune disease. Of the 30 cases in this study,
27 were primary anetoderma. Three patients secondarily
developed anetoderma after an antecedent inflammatory
event: acne, chicken pox, and hypertrophic scar. Three
patients had undergone an antinuclear antibody test. Of those
3 patients, one patient, a 41-year-old woman, showed a posi-
tive test result at 1 : 40 dilution with a homogeneous pattern,
but she did not develop any rheumatologic symptoms during
the follow-up period.We could not check lupus anticoagulant
or antiphospholipid antibody in all patients.

The lesions were equally distributed in the face, upper
and lower extremities, and trunk. No patients described an
association of disease onset with a history of intense UV light
exposure.

3.2. Hematoxylin and Eosin and Verhoeff-Van Gieson Stains.
There was no epidermal change from the lesions, and the
thickness of dermal collagen was similar to that of the
controls. Elastic fibers were completely or partially decreased
from the papillary dermis to the reticular dermis in all aneto-
derma lesions. The duration of cases showing inflammatory
cell infiltrates ranged from 3 days to 2 years (median: 2.5
months). Mild to moderate perivascular lymphohistiocytic
inflammatory cell infiltrates were observed in 75% of the
early (<12 months) lesions. Scant inflammatory infiltrates
were also seen in 44.4% of the late (≥12 months) lesions. The
prevalence of inflammatory infiltrates was similar between
protruding (7/17, 41.2%) and indented (5/10, 50%) pheno-
types. The prevalence of inflammatory infiltrates in long-
standing lesions over 12 months was 44.4% (4/9) and 40%
(2/5) in protruding and indented lesions, respectively. No
vascular changes or microthrombi in vessels were detected in
any of the specimens.

3.3. Immunohistochemistry

3.3.1. Elastin and Fibrillin-1. Elastin immunoreactivity com-
pletely or partially decreased from the papillary dermis to
the reticular dermis in all anetoderma lesions compared
to controls. Elastic fiber destruction was evenly distributed
throughout the dermis, with the exception of 4 cases: two
cases with protruding lesions and 1 case with indented lesion
showed decreased elastic tissue from the mid-dermis to
the deep dermis. In contrast, the fourth patient, who had
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Figure 2: The degree of destruction of elastic fibers was greater in the protruding type than the indented type. (a) Protruding anetoderma
lesions; (b) indented anetoderma lesions (elastin, original magnification: ×100).

an indented lesion, showed decreased elastic tissue only in
the upper dermis. The pattern of elastin destruction did
not differ between the protruding type and the indented
type. Interestingly, the degree of elastic fiber destruction
was greater in the protruding type than the indented type
(Figure 2, Table 3). Severe to total loss of elastin was seen in
66.6% of protruding type lesions and 40% of indented type
lesions (Table 3). Patients with protruding type lesions had
significantly longer disease duration than thosewith indented
type lesions.

Fibrillin-1 was immunopositive in the epidermis and
dermal vasculature but was difficult to detect in the dermis of
anetoderma lesions as well as controls with the unaided eye.

3.3.2. MMP-2, MMP-9, MMP-7, and MMP-12. MMP-2 and
MMP-9 were diffusely expressed in epidermal keratinocytes
and occasionally in the cytoplasm of spindle cells located in
the lesioned dermis. Diffuse epidermal expression of MMP-
2 and MMP-9 was also observed in uninvolved skin and
in healthy controls. However, dermal expression of MMP-2
and MMP-9 was not observed in uninvolved skin or healthy
controls. MMP-7 andMMP-12 showed little or no expression
in lesional and nonlesional skin, as well as in normal controls.

MMP-9 intensely stained the cytoplasm of spindle-
shaped cells in the lesional dermis in several (N = 12)
patients. From these cases, specimens from three protruding
lesions and specimen from one indented lesion were stained
with CD45, CD68, and CD1a to investigate the origin of
these spindle-shaped cells. The spindle-shaped cells were
found to be CD45- or CD68-positive lymphohistiocytes
in the specimens of anetoderma patients. There were no
MMP-9-expressing reactive fibroblasts (Figure 3). Enhanced
MMP-2 expression in dermal fibroblasts was mostly seen in
specimens with inflammatory infiltrates.

Among the 12 early (<12 month) anetoderma lesions, 6
(50%) had dermal inflammatory infiltration and those cells
showed positive immunoreactivity for MMP-9. Six of the 18
late (>12month) anetoderma lesions (33.3%) showed positive
MMP-9 expression in the lymphohistiocytes in the dermis.
Among indented type lesions, 80% and 50% showed positive
MMP-2 and MMP-9 expression in the dermis, respectively.

Table 3: Immunohistochemistry results for elastogenesis and degra-
dation markers in anetoderma lesional dermis according to clinical
phenotype.

Intensity of immunostaining
0 + ++ +++ total

Elastin
Protruding type 2 10 5 0 17
Indented type 1 3 6 0 10
Control 0 0 5 0 5

Fibrillin
Protruding type 8 9 0 0 17
Indented type 1 8 0 0 9
Control 0 1 4 0 5

MMP2
Protruding type 12 2 3 0 17
Indented type 2 5 3 0 10
Control 3 2 0 0 5

MMP9
Protruding type 10 3 4 0 17
Indented type 5 2 3 0 10
Control 5 0 0 0 5

TIMP1
Protruding type 10 2 5 0 17
Indented type 5 3 2 0 10
Control 0 2 3 0 5

TIMP2
Protruding type 9 0 1 0 10
Indented type 7 2 0 0 9
Control 4 1 0 0 5

The degree of expression was graded as follows: 0, 0% positive; +, 1–19%
positive; ++, 20–79% positive; +++, 80–100% positive.

In contrast, protruding type lesions showed positive MMP-
2 and MMP-9 expression in 29.4% and 41.2% of cases,
respectively (Table 4).
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(a) (b)

(c)

Figure 3: (a)MostMMP-9-expressing spindle shape cells in the dermis showed immunopositivity for (b) CD-68 or (c) CD45 (magnification:
×100).

Table 4: Immunohistochemistry results for MMP-2 and MMP-9
in anetoderma lesional dermis according to clinical phenotype and
disease duration.

Indented Protruding
0 + ++ 0 + ++

MMP-2
<1 month 0 1 0 1 0 2
1–12 months 0 2 2 4 1 0
>12 months 2 2 1 7 1 1

MMP-9
<1 month 1 0 0 1 1 1
1–12 months 1 1 2 4 1 0
>12 months 3 1 1 5 1 3

3.3.3. TIMP-1 and TIMP-2. TIMP-1 was diffusely stained in
the epidermal keratinocytes and occasionally stained in a few
spindle cells in the dermis in most specimens of anetoderma
patients and healthy controls (Table 3 and Figure 4). In
contrast, TIMP-2 was variably stained in epidermal ker-
atinocytes and some spindle cells in both anetoderma lesions
and controls.

3.4. Image Analysis. The mean optical density for elastin
was available in 3 anetoderma lesions (2 protruding lesions

and 1 indented lesion) and corresponding uninvolved con-
trol tissue. The mean optical density for elastin from the
protruding lesions was significantly lower compared with
the controls and indented lesions and normal controls (p <
0.05) (Figures 4 and 5, Table 5). The mean optical density
for fibrillin-1 was significantly lower in protruding lesions
than in corresponding controls. However, there was no
difference in the mean optical density of fibrillin-1 expression
between indented lesions and their corresponding controls
(Table 5).

BothMMP-2 andMMP-9 epidermal expression, assessed
by mean optical density, were not significantly different
between lesions and uninvolved skin in 3 anetoderma
patients. However, the mean optical density for MMP-9 in
the dermis was consistently higher in all anetoderma lesions
regardless of clinical phenotype compared with uninvolved
control tissue, as well as with skin from healthy control
patients (p < 0.05). The results of the mean optical density
values for MMP-2 in the dermis were similar to that of
MMP-9; however, values from indented lesions did not differ
significantly from those of normal controls (Figures 4 and 5,
Table 5).

In terms of TIMP-1 expression in the epidermis and
dermis, there was no difference in the mean optical density
between anetoderma lesions and controls (Figures 4 and 5,
Table 5). For uninvolved skin of patientswith anetoderma, the
mean optical density of MMPs/TIMPs was not significantly
different from that of normal controls.
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Figure 4: Immunohistochemical study results for elastogenesis and degradationmarkers in protruding and indented type anetoderma (cases
1 and 2: protruding anetoderma lesions, case 3: indented anetoderma lesion, and control 1: control of case 1) (magnification: ×100).

4. Discussion

We examined the clinical and histopathological correlations
of different types of anetoderma. Anetoderma lesions showed
a variable pattern of loss and fragmentation of elastin in
the dermis depending on the stage and the severity of the
disease. In this study, several pieces of evidence suggested
that the protruding type may be a more advanced stage and
severe form of anetoderma. First, patients with protruding
type lesions showed a longer disease duration and more
severe loss of elastin than patients with indented type lesions.
Second, among patients with inflammatory infiltrates, those
with protruding type lesions showed more intense MMP-2
andMMP-9 expression than thosewith indented type lesions.
The mean optical density values of MMP-2 andMMP-9 were
also higher in protruding type lesions than in indented type
lesions. Third, two patients presented with multiple lesions
showing both indented and protruding type, which might
suggest an evolution of indented lesions into protruding
lesions. Certain patients with anetoderma seem to reach a
chronic subclinical inflammatory stage and undergo pro-
gressive elastic tissue degradation until it ultimately changes
to the protruding feature. From these findings, one could
speculate that protruding type is a more advanced stage of

anetoderma and destruction of elastic fibers by MMP-2 and
MMP-9 could be the main pathogenesis of anetoderma.

Elastin was the main target of elastic tissue degradation
in our results. Consistent with this observation, a previous
study examined electromicroscopy findings of anetoderma
and reported that anetoderma is a condition leading to
loss of elastin and relative conservation of the microfibrils
[17]. Interestingly, the mean optical densities of elastin and
fibrillin in our study suggest that protruding type anetoderma
may result from both elastin and fibrillin defects, while
the indented type may arise from elastin defects only. In
patients with anetoderma who have severe destruction of
elastic tissue, even loss of fibrillin may be possible, although
we could not confirm this result with ultrastructural studies.

MMP-2 and MMP-9 are gelatinases A and B. In humans,
MMP-9 has a greater capacity to degrade elastin than MMP-
2. MMP-2 is constitutively expressed by keratinocytes and
fibroblasts [16]. Enhanced MMP-2 expression in dermal
fibroblasts was mostly seen in specimens with inflammatory
infiltrates in this study and thus seems to be activated by
surrounding inflammatory cytokines. MMP-9 is produced
primarily by keratinocytes,macrophages, and fibroblasts [16].
In this study, MMP-9-expressing large spindle cells scattered
in the dermis and perivascular areas were mostly CD45- or
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Figure 5: The mean optical density for elastogenesis and degradation markers in the dermis of protruding and indented type anetoderma.
(a) Elastin, (b) fibrillin, (c) MMP-2, (d) MMP-9, and (e) TIMP-1 (P1: protruding lesion from case 1, C1: nonlesional control from case 1, P2:
protruding lesion from case 2, C2: nonlesional control from case 2, I: indented lesion from case 3, C: nonlesional control from case 3, and N:
control from normal patient) ∗𝑝 < 0.05: t-test, between two groups.
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CD68-positive, suggesting a lymphohistiocyte origin. Thus,
lymphohistiocyte-derived elastases may be the major source
of degradation of elastic tissue in anetoderma.

Previous studies have reported increased activity of
MMP-2 and MMP-9 in skin explant cultured tissue of
patients with inflammatory anetoderma [15]. Consistent with
this finding, MMP-2 and MMP-9 seemed to contribute to
degradation of elastic fibers in our study. However, others
have reported anetoderma arising from marginal zone B
cell lymphoma in which MMP-9, but not MMP-2 or MMP-
12, is expressed in infiltrating lymphocytes, suggesting some
degree of pathogenic heterogeneity for this disease [18].

Mid-dermal elastolysis (MDE), which is similar to aneto-
derma but presents clinically as fine wrinkles, histopatholog-
ically shows selective degradation of elastin only in the mid-
dermis [19]. Patroi et al. reported that MMP-2 and MMP-
9 are increased in MDE lesions. However, they reported
that theMMP-9-expressing fibrohistiocytes-like cells in these
lesions were reactive fibroblasts, not lymphohistiocytes [20].
While both MDE and anetoderma are considered acquired
elastolytic disorders [1], both diseases have different cellular
origins leading to the degradation of elastic tissue. Reactive
fibroblasts seem to contribute to an MMP-2 rich dermal
microenviroment and do not seem to involve MMP-9 secre-
tion in anetoderma. Recently, Gambichler et al. observed
decreased fibulin-4 expression in patients with anetoderma
or MDE, whereas decreased fibulin-5 expression was only
observed in patients with MDE [21].

Cutis laxa encompasses a heterogeneous disease group
characterized clinically as loose and redundant skin and
histopathologically as loss or fragmentation of elastic fibers.
Unlike anetoderma and MDE, cutis laxa often involves
internal organs. Several gene defects, such as those in elastin
or fibulin 5, have been found in cutis laxa, suggesting an
etiology of defects in elastic fiber synthesis. However, there is
also evidence that supports the hypothesis that cutis laxa can
arise from an imbalance between MMPs and TIMP. Levels
of dermal expression of MMP-3, MMP-9, and MMP-12 are
increased in cutis laxa lesional fibroblasts or lymphocytes and
are correlated with the degree of disruption of elastic fibers
[22]. In this study, the degree of elastic tissue degradation was
higher in anetoderma patients with stronger immunointen-
sity for MMP-2 and MMP-9 and longer disease duration but
was not exactly proportionate since the degradation process
of elastin is dynamic.

MMP-7 (matrilysin-1) can bind to fibrillin and cleave
fibulin [16]. MMP-7 and MMP-12 (stromelysin, macrophage
elastase) showed little or no expression in all specimens
of our patients. Consistently, Vaalamo et al. did not detect
either MMP-7 or MMP-12 expression in anetoderma tissue
by in situ hybridization and immunohistochemistry [23].
However, Ghomrasseni et al. reported that MMP-7 and
MMP-12 are involved in the degradation of elastic tissue in
anetoderma through organ culture studies from skin explants
[14].This discrepancymay result from the variation of patient
characteristics such as clinical phenotype or duration of the
lesions and methodological differences.

TIMP-1 seems to be the most effective endogenous
inhibitor, binding to activated interstitial collagenase and

gelatinases [16]. TIMP-1 was moderately to strongly im-
munopositive in most anetoderma lesions, but also in con-
trols.Thus, elevated TIMP levels seem insufficient to suppress
the highly increased level of MMPs. In contrast to our
findings, Venencie et al. reported upregulation of MMP-2
and MMP-9 and downregulation of TIMP-1 in anetoderma
lesions [15]. TIMP-2 is known to selectively regulate MMP-
2 activity [16]. Thus, little to no expression of TIMP-2 in the
setting of significantly elevated MMP-2 in anetoderma skin
contributes to imbalance of these enzymes.

Since the number of patients in each clinical phenotype
was small, further studies with larger sample sizes are needed
to validate and clarify our findings.

We provide various clinical and histopathologic char-
acteristics of anetoderma with a wide range of disease
duration and clinical phenotypes. Our findings suggest that
the protruding sac phenotypemay represent amore advanced
stage of anetoderma and that MMP-2 and MMP-9 could be
key players in the elastolysis seen in anetoderma [24].
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Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease that is characterized by synovial hyperplasia and
progressive joint destruction. The activation of RA synovial fibroblasts (SFs), also called fibroblast-like synoviocytes (FLS),
contributes significantly to perpetuation of the disease. Genetic and environmental factors have been reported to be involved
in the etiology of RA but are insufficient to explain it. In recent years, accumulating results have shown the potential role of
epigeneticmechanisms, including histonemodifications, DNAmethylation, andmicroRNAs, in the development of RA. Epigenetic
mechanisms regulate chromatin state and gene transcription without any change in DNA sequence, resulting in the alteration of
phenotypes in several cell types, especially RASFs. Epigenetic changes possibly provide RASFs with an activated phenotype. In this
paper, we review the roles of epigenetic mechanisms relevant for the progression of RA.

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune inflam-
matory disease that results in progressive destruction of
articular cartilage and bone and is hard to treat effectively
[1]. RA is two- to fourfold more common in women than in
men and affects approximately 1% of the world’s population
[2]. The pathogenesis of this disease is not yet completely
understood as it likely has a complex, multifactorial etiology.
Anticitrullinated peptide/protein antibodies (ACPA) were
found to be autoantibodies specific for RA [3]. Citrullina-
tion is the posttranslational modification of arginine into
citrulline by peptidylarginine deiminases (PAD) [4]. Variable
citrullinated autoantigens that are recognized by ACPA,
such as keratin, filaggrin, fibrin/fibrinogen, vimentin, type
II collagen, cartilage oligomeric matrix protein (COMP),
and 𝛼-enolase, have been identified in RA [5–11]. However,
each of these autoantigens is present only in a particular
subset of RA patients, suggesting that RA is a syndrome,
not a disease. Because citrulline is a nonstandard amino

acid, the citrullination of specific antigens could promote the
generation of neoepitopes that are recognized byCD4+ Tcells
in RApatients. AutoreactiveCD4+ T cells have been observed
in certain animal models, such as adjuvant arthritis in rats
[12]. Since CD4+ T cells in RA synovial fluid are oligoclonal,
the CD4+ T cell activation process is thought to be antigen
driven [13, 14]. However, the oligoclonality of CD4+ T cells
has actually been demonstrated in only a few RA patients.
Therefore, the role of autoreactive CD4+ T cells in the
pathogenesis of RA is not yet entirely convincing.The degree
of macrophage infiltration into the synovium is correlated
with the degree of bone erosion in the affected joints in
RA [15]. CD5+ B cells in the synovium produce nonspecific
antibodies, such as IgM/IgG/IgA rheumatoid factors (RF)
[16, 17].This production is induced by interleukin- (IL-) 10 in
RA [18]. On the other hand, the production of ACPA requires
the help of CD4+ T cells.Thus, it is obvious that macrophages
and B cells play an important role in the pathogenesis of RA,
but the contribution of CD4+ T cells to their activation is still
controversial.The proinflammatory cytokines, such as tumor
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Figure 1: Epigenetic disorders induce the activation of rheumatoid
arthritis synovial fibroblasts (RASFs). Normal SFs are differentiated
frommesenchymal stromal or stem cells (MSCs) under normal epi-
genetic regulation in noninflammatory joints of healthy individuals.
The activation of SFs is caused by aberrant epigenetic changes in
inflammatory joints of RA.

necrosis factor 𝛼 (TNF𝛼), IL-1𝛽, and IL-6, are produced by
activated macrophages and stimulate the synovial fibroblasts
(SFs), also called fibroblast-like synoviocytes (FLS), that play
a critical role in the joint destruction that occurs in RA
[19].

In the present paradigm, it is presumed that RA is trig-
gered in genetically predisposed individuals by exposure to
environmental factors. Furthermore, environmental factors
are associated with epigenetic changes. Epigenetic regulation
has been the current focus of many studies because it is a
novel and attractive area. In this review, we summarize the
recent progress that has been made in the understanding of
diverse epigenetic mechanisms involved in the pathogenesis
of RA, with an emphasis on RASFs.

2. The Pathogenesis of RA

2.1. RASFs. The synovial lining layer of joints is two to three
cells thick and consists of SFs and synovial macrophages.
In RA, the lining layer undergoes dramatic hyperplasia and
increases to a density of 10 to 15 cells thick [20, 21]. At the

articular borders, the lining layer forms a pannus that invades
the adjacent articular cartilage and subchondral bone. The
sublining layer has fewer SFs and synovial macrophages in
a loose tissue matrix. The sublining layer also undergoes
dramatic hyperplasia and is infiltrated with immune cells
[22]. Synovial tissues were found to be enrichedwithmemory
CD45RO+ T cells, most of which were not activated T cells
but rathermaturememory T cells that exhibited an enhanced
capacity for transendothelial migration [23]. The expression
of chemokine receptor C-X-C motif chemokine receptor
4 (CXCR4) was highly expressed in synovial memory T
cells [24]. Synovial T cells are thought to be attracted
by chemokines and receive survival signals such as IL-7
and IL-15 [25, 26]. Since SFs maintain an activated and
aggressive phenotype with a tumor-like behavior in RA,
they play a central role in joint destruction and persistent
inflammation in RA [27]. RASFs show an increased capacity
to migrate and produce matrix-degrading enzymes, such as
matrix metalloproteinases (MMPs) and cathepsins, which
contribute to cartilage destruction. Their increased prolifer-
ation and resistance to apoptosis are controversial [20]. The
pannus formation is composed of infiltrating cells, such as
monocytes/macrophages, as well as RASFs. RASFs secrete
proinflammatory cytokines and chemokines that perpetuate
inflammation. In addition, RASFs produce receptor acti-
vator of nuclear factor-kappa B ligand (RANKL) and pro-
mote osteoclast differentiation, resulting in bone destruction
[28].

Understanding themechanisms underlying the activation
of RASFs may lead to the development of the most suit-
able RA therapy. Recent advances have suggested that not
only genetic and environmental factors, but also epigenetic
changes, are implicated in the pathogenesis of RA [29, 30].
Mesenchymal stromal or stem cells (MSCs) differentiate into
normal SFs under normal epigenetic regulation. The activa-
tion of SFs can be caused by altered profiles of gene expression
that result from epigenetic dysregulation in RA (Figure 1).

2.2. Genetic Factors in RA. Multiple lines of evidence have
revealed that genetic factors participate in the etiology of
RA. The pairwise concordance rate for RA was 12.3% in
monozygotic (MZ) twins and 3.5% in dizygotic (DZ) twins
in a Finnish population [31]. Another group showed that
the concordance rate for RA was 15.4% in MZ twins and
3.6% in DZ twins in a United Kingdom (UK) population
[32]. According to these twin studies, the concordance of
MZ twins was higher than that of DZ twins in RA. Analysis
of these studies showed that the heritability of RA was
65% in the Finnish group and 53% in the UK group [33].
The genetic contribution was not affected by sex, age, age
at onset, or disease severity. A family study demonstrated
that the standardized incidence ratio (relative risk [RR]) for
RA was 3.02 in the offspring of affected parents, 4.64 in
siblings, 9.31 in multiplex families, 6.48 in twins, and 1.17 in
spouses [34]. Serological studies reported that susceptibility
to RA was associated with certain human leukocyte antigen-
(HLA-) DRB1 alleles that contain conserved five-amino-acid-
sequence motifs QKRAA/QRRAA/RRRAA, termed shared
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epitope (SE) [35]. SE-codingHLA-DRB1 alleles includeHLA-
DRB1∗0401, ∗0404, and ∗0101 and are associated with RA
severity [36]. In addition, SE alleles are strongly associated
with the production of ACPA in RA [37]. Candidate gene
approaches, genome-wide association studies (GWAS), and
trans-ethnic GWAS meta-analyses have identified a number
of RA risk genes, such as HLA-DRB1, PTPN22, STAT4,
CCR6, TNFAIP3, PADI4, CD40, and FCRL3, many of which
are involved in the functions of immune cells, including T
cells, B cells, and macrophages [38, 39].

2.3. Environmental Factors in RA. It is undeniable that
genetic factors play an important role in the pathogene-
sis of RA; however, environmental factors also trigger the
development of this disease. For example, cigarette smoking
influences both the incidence and severity of RA in a dose-
dependent fashion and also increases the risk of ACPA
production [40]. The RR of RA by cigarette smoking is
about 1.8 [41]. However, smokers are subject to the develop-
ment of periodontitis. Porphyromonas gingivalis is a major
causative pathogen of periodontitis and expresses its own
unique enzyme, Porphyromonas gingivalis peptidylarginine
deiminase (PPAD), which has PAD activity and catalyzes
citrullination [42]. The periodontitis-induced citrullination
generates autoantigens that drive autoimmunity and induce
the production of ACPA in RA [43]. It is possible that
smoking-related periodontitis, but not smoking itself, is a
direct environmental trigger of the development of RA. On
the other hand, smoking has been reported to promote
citrullination in the lungs, mediated by PAD enzymes from
smoking-activated phagocytes [44, 45]. Smoking associated
inflammatory events in the lung are potential environmen-
tal triggers for both ACPA production and RA develop-
ment. Although the precise pathogenic effect of smoking
in RA remains unknown, several mechanisms, including
periodontitis-induced or lung inflammation-induced citrul-
lination, have been proposed to explain how smoking plays
an important role in RA pathogenesis. Molecular mimicry
as a result of Epstein-Barr virus (EBV), a ubiquitous virus,
may trigger RA [46], as antibodies against the EBV-encoded
proteins cross-react with RA-specific proteins [47, 48]. In
addition, EBV DNA loads in peripheral blood mononuclear
cells, saliva, and synovium increased in RA [49–51]. High
numbers of circulating EBV-infected B cells have been
observed in RA [52], and EBV-specific T cell function
was impaired in this disease [53]. Although several reports
have shown aberrant immune responses to EBV in RA, it
remains unknown whether these abnormalities are causative.
Estrogen enhances the immune response, whereas androgen
and progesterone suppress it [54]. Low androgen levels, high
estrogen levels, and a reduced ratio of androgen/estrogen
have been observed in male and female RA patients, and
androgen replacement therapy was shown to improve disease
activity in male RA patients [55]. Since vitamin D represses
the development of autoimmunity in experimental animal
models, it is expected to have immunomodulatory effects
[56]. A greater intake of vitamin D reduced the incidence
of RA in older woman [57]. Exposure to silica through the
respiratory tract increased the risk of developing RA [58].

3. Epigenetic Mechanisms

3.1. Chromatin and Epigenetic Mechanisms. In 1942, the
British developmental biologist ConradHalWaddington first
used the term “epigenetics” derived from the Greek word
“epigenesis” in his Principles of Embryology textbook. The
epigenetic landscape theory that he proposed described a
process in which gene regulation (e.g., mutations) modulates
development. Recently epigenetics has been defined as “a sta-
bly heritable phenotype resulting from changes in a chromo-
some without alterations in the DNA sequence” [59]. Epi-
genetic information is transmitted through either mitosis or
meiosis.

DNA is highly packaged into chromatin in the nucleus
of eukaryotic cells [60]. The basic subunits of the chromatin
are nucleosomes consisting of two copies each of the core
histone proteins H2A, H2B, H3, and H4; the DNA wrapped
around the core contains 146-147 base pairs. There are two
basic forms of chromatin structures: (1) euchromatin is an
open chromatin structure in which DNA-binding proteins,
such as transcription factors (TFs), are accessible to DNA,
resulting in active transcription; and (2) heterochromatin is a
condensed chromatin structure that lacks accessibility to the
transcriptional machinery, resulting in gene silencing.

Several epigenetic mechanisms, including posttransla-
tional histonemodifications, DNAmethylation, andmicroR-
NAs (miRNAs), determine the specific chromatin structure,
consequently influencing gene transcription without altering
the DNA sequence itself [61]. Chromatin structure in DNA-
regulating regions, such as promoters and enhancers, regu-
lates gene transcription by altering the accessibility for TFs.

3.2. Histone Modifications. Covalent posttranslational mod-
ifications in histone N-terminal tails, including acetylation,
methylation, ubiquitination, and phosphorylation, control
the chromatin state and gene transcription [62]. Eachmodifi-
cation has specific functions [63, 64]. Active histone markers
that are associated with euchromatin and gene activation
include acetylation ofH2A,H2B,H3 lysine 9 (H3K9), H3K14,
H4K5, and H4K16; methylation of H2BK5, H3K4, H3K36,
and H3K79; phosphorylation of H3 threonine 3 (H3T3), H3
serine 10 (H3S10), H3S28, and H4S1; and ubiquitination of
H2BK120. On the other hand, repressive histone markers
that are correlated with heterochromatin and gene repression
include methylation of H3K9, H3K27, and H4K20; ubiquiti-
nation of H2AK119; and sumoylation of H2AK126, H2BK6,
and H2BK7.

Among these modifications, acetylation and methylation
have been intensively studied. Histone acetyltransferases
(HATs) transfer acetyl groups to lysine residues, resulting
in gene activation, whereas histone deacetylases (HDACs)
remove acetyl groups, resulting in gene silencing [65].
Histone methyltransferases (HMTs) transfer methyl groups,
whereas histone demethylases (HDMs) remove methyl
groups [66]. HMTs andHDMs specifically catalyze particular
residues.The functions of histonemethylation are affected by
both the position of the residue and the number of methyl
groups. According to the histone code hypothesis, multiple
histonemodifications, acting in a combinatorial or sequential
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fashion on one or multiple histone tails, specify unique
downstream functions [67]. A complex combination of these
histone modifications is thought to regulate chromatin struc-
ture and gene transcription.

3.3. DNA Methylation. DNA methylation is a biochemical
process in which a methyl group is added to a carbon 5
position of a CpG dinucleotide and 5-methylcytosine (5mC)
is generated [68]. This process occurs in regions of clustered
CpG dinucleotides, known as CpG islands, which are typi-
cally located in the promoters of genes [69]. Approximately
70% of annotated gene promoters are correlated with CpG
islands [70]. A high level of DNAmethylation at CpG islands
inhibits binding of TFs and represses gene transcription,
whereas a low level is associated with an open chromatin
structure and active gene transcription [71]. Although some
CpG islands are located at a distance from promoters, they
can also affect gene transcription [72].

The process of DNA methylation is catalyzed by DNA
methyltransferases (DNMTs), including DNMT1, DNMT3a,
and DNMT3b, which use S-adenosylmethionine (SAM) as
the methyl donor [73]. DNMT1 maintains the DNA methy-
lation patterns through cell replication [74]. Specifically, it is
upregulated during the S phase of the cell cycle, is recruited to
DNA replication forks, andmethylates CpG sites on daughter
strands. On the other hand, DNMT3a and DNMT3b are de
novo methyltransferases and establish methylation patterns
in both unmethylated and hemimethylated CpG sites with
equal efficiencies [75].

Recent advances have revealed the process of active
DNA demethylation by the ten-eleven translocation (TET)
family of enzymes, including TET1, TET2, and TET3, which
are 𝛼-ketoglutarate- and Fe(II)-dependent dioxygenases and
catalyze the conversion of 5mC to 5-hydroxymethylcytosine
(5hmC) [76]. It has been demonstrated that TET pro-
teins contribute to the additional oxidation of 5hmC to 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) [77].
An unmodified C is generated either through a replication-
dependent dilution of 5hmC or through the removal of 5fC
or 5caC by thymine DNA glycosylate- (TDG-) mediated base
excision repair [78].

3.4. miRNAs. miRNAs are short noncoding RNAs that are
19–25 nucleotides long and cause posttranscriptional and
posttranslational gene silencing [79].ThemiRNA sequence is
transcribed to long primary miRNA (pri-miRNA) of several
kb in length that are capped and polyadenylated by RNA
polymerase II and then processed by Drosha to form an
approximately 70-nucleotide hairpin precursor miRNA (pre-
miRNA) in the nucleus. The pre-miRNA is processed in
the cytosol by RNase III-type enzyme Dicer to a mature
miRNA duplex of approximately 22 nucleotides. The double-
stranded miRNA complex is associated with the RNA-
induced silencing complex (RISC), which is composed of
the transactivation-responsive RNA-binding protein (TRBP)
and Argonaute (Ago2). After the complementary strand is
removed from the RISC, functional miRNA binds to the 3-
untranslated region (UTR) of the messenger RNA (mRNA)
of a target gene and causes mRNA cleavage or translational

repression [80, 81]. Perfect binding between miRNA and the
mRNA target results in the Ago-catalyzed cleavage of the
mRNA strand, whereas imperfect binding leads to the repres-
sion of mRNA translation. Although to date approximately
1900 human miRNAs have been identified, most of their
target genes remain unknown.

3.5. Chromatin Structure-Based Regulation of Gene Transcrip-
tion. Epigenetic mechanisms regulate chromatin structure
and the sustained and distinct patterns of gene expression
through cell differentiation. Complex is the association
between chromatin structure and gene transcription. Analy-
ses of genome-wide profiles of histone methylation and gene
expression have demonstrated a general correlation between
histone methylation patterns and gene expression [82]. The
levels of trimethylation at H3K4 (H3K4me3) and at H3K27
(H3K27me3) are positively and negatively correlated with
gene expression, respectively.These correlations demonstrate
four distinct states: repressed, active, poised, and bivalent
[83, 84]. In the repressed state, the gene locus has a condensed
chromatin structure and gene transcription is repressed.
In the active state, the gene locus has an open chromatin
structure and gene transcription is active. In the poised state,
the gene locus has an open chromatin structure, similar to
the active state, but there is no active gene transcription
at resting. However, following activation, gene transcription
can be rapidly activated. Genes in the bivalent state contain
high levels of both active and repressive histone markers.The
chromatin structure can change to an open or condensed
state both through cell differentiation and upon activation.
The specific epigenetic landscape provides the chromatin
basis for distinct gene transcription.

4. Epigenetic Abnormalities in RASFs

4.1. Histone Modifications in RASFs. Aberrant histone modi-
fications have been shown to be involved in the activation of
RASFs (Table 1). An H3K27-specific HMT, enhancer of zeste
homologue 2 (EZH2), was highly expressed in RASFs and
induced by TNF𝛼 through nuclear factor-kappa B (NF-𝜅B)
and Jun kinase pathways [85]. Secreted fizzled-related protein
1 (SFRP1), an inhibitor of Wnt signaling, was identified as the
target gene and was associated with the activation of RASFs.
In addition, its expression was found to be associated with
specific histone markers in the promoter, such as H3K4me3
andH3K27me3. T-box transcription factor 5 (TBX5) is highly
expressed in RASFs [86]. Correspondingly, active histone
markers, including H3K4me3 and histone acetylation, were
increased in the TBX5 promoter of RASFs. Overexpression
of TBX5 altered expression of 790 genes, including IL-8,
C-X-C motif ligand 12 (CXCL12), and C-C motif ligand
20 (CCL20). It has been suggested that TBX5 is newly
identified as an inducer of important chemokines in RASFs.
MMP-1, MMP-3, MMP-9, and MMP-13, which have pivotal
roles in the pathogenesis of RA, are highly expressed in
RASFs [87]. Accordingly, the levels of H3K4me3 increased,
whereas those of H3K27me3 decreased in the MMP promot-
ers in RASFs. WD (tryptophan-aspartate) repeat domain 5
(WDR5) is a core subunit of complex proteins associatedwith
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Table 1: Abnormality of histone modifications in RASFs.

Epigenetic alterations Function References
Increase of H3K27me3 by upregulated EZH2 Decrease of SFRP1 involved in Wnt signaling inhibition [85]
Increase of H3K4me3, decrease of H3K27me3, and
increase of H3ac Increase of TBX5 involved in chemokine production [86]

Increase of H3K4me3 and decrease of H3K27me3 Increase of MMP-1, MMP-3, MMP-9, and MMP-13
involved in extracellular matrix degradation [87]

Increase of H3ac Increase of IL-6 involved in inflammation [88]
Decrease of HDAC activity and expression Histone hyperacetylation [89]
Increase of HDAC activity and expression Histone hypoacetylation [90]

Table 2: Abnormality of DNA methylation in RASFs.

Epigenetic alterations Function References
Global genomic hypomethylation and decrease of
DNMT1 protein expression Increase of 186 gene expressions [93]

Normal DNMT1 gene expression Decrease of DNMT1 gene expression after IL-1
stimulation [94]

Hypermethylation Decrease of DR3 involved in resistance to apoptosis [95]
Hypomethylation Increase of TBX5 involved in chemokine production [86]
Hypomethylation Increase of CXCL12 involved in inflammation [96]
Genome-wide differential methylation 1859 differentially methylated loci [97]
Genome-wide differential methylation 2375 differentially methylated loci [98]

SET1 (COMPASS) or COMPASS-like complexes that catalyze
H3K4 methylation, which is necessary for the generation of
H3K4me3. WDR5 knockdown reduced H3K4me3 as well as
the expression of MMP-1, MMP-3, MMP-9, and MMP-13 in
RASFs. IL-6 and soluble IL-6 receptor 𝛼 (sIL-6R𝛼) increased
the expression of MMP-1, MMP-3, and MMP-13, but not
MMP-9. IL-6-induced transcription factor signal transducer
and activator of transcription 3 (STAT3) were found to bind
to the MMP-1, MMP-3, and MMP-13 promoters, but not the
MMP-9 promoter. High expression of IL-6 was associated
with high levels of acetylation at H3 (H3ac) in the IL-
6 promoter in RASFs [88]. Curcumin, a HAT inhibitor,
decreased IL-6 expression and the level of H3ac in the IL-6
promoter in RASFs. Huber et al. reported that nuclear HDAC
activity was low in RA synovial tissues, whereas nuclear
HAT activity was similar in RA and osteoarthritis (OA)
synovial tissues [89]. Expression of HDAC1 and HDAC2 was
repressed in RA synovial tissues. It is suggested that the
balance betweenHAT andHDAC activities shifted to histone
hyperacetylation in RA. On the other hand, Kawabata et al.
showed that nuclear HDAC activity increased in RA synovial
tissues and was associated with the amount of cytoplasmic
TNF𝛼 [90]. HDAC1 is highly expressed in RA synovial
tissues, and its activity and expression are upregulated after
TNF𝛼 stimulation. In view of conflicting data on the roles
of histone acetylation-catalyzing enzymes in RA, additional
studies are thought to be needed. IL-6 and IL-8 expression
was reduced in RA synovial tissues by HDAC inhibitors
(HDACi), including trichostatin A (TSA), sodium phenyl-
butyrate, and nicotinamide [91]. In addition, HDACi, such
as TSA and givinostat, repressed IL-6 production that was

induced by IL-1𝛽, TNF𝛼, and Toll-like receptor (TLR) ligands
and also decreased the stability of IL-6 mRNA in RASFs [92].

4.2. DNA Methylation in RASFs. Several reports have sug-
gested the contribution of DNA methylation to the patho-
genesis of RA, and a variety of altered DNA methylation
patterns have been described in RASFs (Table 2). Global
genomic DNA hypomethylation was seen in RA synovial
tissues [93]. Proliferating RASFs were deficient in DNMT1
and 5-azacytidine (5-azaC), an inhibitor of DNMTs, pro-
vided normal SFs with the activated phenotype of RASFs.
DNA hypomethylation upregulated expression of 186 genes,
including growth factors/receptors, extracellular matrix pro-
teins, adhesionmolecules, andmatrix-degrading enzymes. In
spite of similar levels of DNMT1 transcripts between RASFs
and OASFs [94], DNMT1 protein expression is reduced in
RASFs, in particular upon stimulation with cytokines or
growth factors [93]. In addition, IL-1 stimulation decreases
DNMT1 transcription. Death receptor 3 (DR3) is a mem-
ber of the apoptosis-inducing Fas gene family. Enforced
hypermethylation of the CpG island repressed DR3 gene
expression,which resulted in resistance to apoptosis inRASFs
[95]. Differentially methylated genes between RASFs and
OASFs were examined by methylated DNA immunopre-
cipitation and promoter tiling assays, which showed that
TBX5 is less methylated in RASFs than in OASFs [86].
TBX5 induces the production of chemokines, such as IL-
8, CXCL12, and CCL20. Basal expression of CXCL12 was
high in RASFs and low CpG methylation was found in the
CXCL12 promoter of RASFs [96]. 5-azaC increased CXCL12
expression anddecreased themethylation ofCpGnucleotides
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Table 3: Abnormality of miRNAs in RASFs.

miRNA Expression change Function References
miR-34∗ Downregulation Increase of XIAP involved in resistance to apoptosis [99]

miR-203 Upregulation Increase of MMP-1 involved in extracellular matrix degradation
Increase of IL-6 involved in inflammation [100]

miR-155 Upregulation Decrease of MMP-3 involved in extracellular matrix degradation [101]
miR-155 Upregulation Decrease of IKBKE involved in inflammation [102]

miR-22 Downregulation Increase of CYR61 involved in cell proliferation andTh17 cell
differentiation [103]

miR-20a Downregulation Increase of ASK1 involved in TLR4 pathway [104]
miR-19b Downregulation Increase of TLR2 involved in innate immunity [105]

in the CXCL12 promoter of RASFs. Furthermore, genome-
wide analyses of DNA methylation loci in RASFs were per-
formed. Nakano et al. reported 1859 differentially methylated
loci [97]. Some of hypomethylated loci were key genes in
the pathogenesis of RA, including CHI3L1, CASP1, STAT3,
MAP3K5, MEFV, and WISP3. TGFBR2 and FOXO1 were
identified as hypermethylated loci. Pathway analysis showed
that hypomethylated genes were related to cell migration,
cell adhesion, transendothelial migration, and extracellular
matrix interactions. Whitaker et al. determined whether
DNA methylation signatures change in long-term cultured
RASFs [98]. The genome-wide patterns of differential DNA
methylation of RASFs were examined at passages 3, 5, and
7 and were quite similar regardless of passage number. By
analyses of pathway and ontology databases, differentially
methylated genes were associated with innate immunity, cell
adhesion, and cytokines.

4.3. miRNAs in RASFs. Several miRNAs are associated with
the pathogenesis of RA (Table 3). For example, the basal
expression level of miR-34a∗ is repressed in RASFs [99]. The
promoter of miR-34a∗ is methylated and the transcription
of miR-34a∗ increases upon treatment with 5-azaC. X-
linked inhibitor of apoptosis protein (XIAP) was identified
as a direct target of miR-34a∗. XIAP blocks apoptosis by
direct binding to caspases. Enforced expression of miR-34a∗
caused Fas ligand- (FasL-) and TNF-related apoptosis-induc-
ing ligand- (TRAIL-) mediated apoptosis in RASFs. Down-
regulation of proapoptoticmiR-34a∗ resulted in upregulation
of XIAP, thereby contributing to the resistance of RASFs
to apoptosis. Alterations in the expression of miRNAs in
RASFs were examined by screening 260 miRNAs [100].
The expression of miR-203 was high in RASFs, and 5-azaC
upregulated miR-203 expression. Enforced expression of
miR-203 increased production ofMMP-1 and IL-6.Upregula-
tion of IL-6 by miR-203 overexpression was repressed by
inhibition of the NF-𝜅B signaling pathway, and basal IL-
6 expression was correlated with basal expression of miR-
203. Microarray analysis of miRNAs that were expressed in
RASFs revealed that the expression of bothmiR-155 andmiR-
146a was constitutively high in RASFs [101]. The expression
of miR-155 was upregulated after stimulation with TNF𝛼,
IL-1𝛽, lipopolysaccharide (LPS), poly(I-C), and bacterial
lipoprotein (BLP). Enforced expression of miR-155 in RASFs

inhibited MMP-3 expression and repressed the induction
of MMP-1 and MMP-3 by TLR ligands and cytokines. In
another study, differentially expressed miRNAs in RASFs
were screened by microarray analysis, which showed that
miR-155 expression was also upregulated and induced by
TNF𝛼 in RASFs [102]. Enforced expression of miR-155
reduced MMP-3 expression and inhibited the proliferation
and invasion of RASFs. Inhibitor of kappa light polypeptide
gene enhancer in B cells, kinase epsilon (IKBKE), is a target
of miR-155, and it has been suggested that miR-155 may
be a protective factor against inflammation by attenuating
expression of IKBKE in RASFs. miR-22 directly targeted
the 3-UTR of Cysteine-rich angiogenic inducer 61 (CYR61)
mRNA and repressed CYR61 expression [103]. CYR61 pro-
motes RASF proliferation and differentiation of T helper 17
(Th17) cells that play an important role in the pathogenesis
of RA. Expression of miR-22 was reduced and was negatively
correlated with CYR61 expression in RASFs. Wild-type p53
induced miR-22 transcription by binding to the promoter of
the miR-22 gene, whereas the mutant forms of p53 that were
frequently observed in RASFs suppressedmiR-22 expression.
Stimulation of RASFs with LPS and BLP decreased miR-20a
expression [104].This decrease was associated with upregula-
tion of apoptosis signal-regulating kinase (ASK) 1 that was a
key component of the TLR4 pathway. ASK1 is a direct target
of miR-20a. Overexpression of miR-20a decreased ASK1
expression in LPS- and BLP-activated RASFs. MicroRNA
microarray analysis demonstrated that miR-19b was down-
regulated in RASFs [105]. miR-19b targets TLR2 mRNA and
overexpression of miR-19b decreases expression of TLR2, IL-
6, andMMP-3. It is thought thatmiR-19b can act as a negative
regulator of inflammation in RA.

5. Conclusion

Increasing evidence has shown that aberrant epigenetic
changes contribute to the development of RA and affect
disease susceptibility and severity in RA. Further study is
needed to reveal the crosstalk among these different epige-
netic mechanisms in different cell types in RA. Synoviocytes
are comprised of fibroblasts and macrophages, and not only
SFs but also synovial macrophages are involved in inflam-
mation of the RA synovium. Therefore, it will be important
to investigate the relationship between SFs and synovial
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macrophages in RA, including how they can influence each
other by epigenetic mechanisms. It is hoped that advances in
the studies of the epigenetic mechanisms in RA will provide
a better understanding of the pathogenesis of RA and help
develop new therapeutic strategies and biomarkers for RA.
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regulates the expression of CXCL12 in rheumatoid arthritis
synovial fibroblasts,” Genes and Immunity, vol. 12, no. 8, pp.
643–652, 2011.

[97] K. Nakano, J. W. Whitaker, D. L. Boyle, W. Wang, and G. S.
Firestein, “DNA methylome signature in rheumatoid arthritis,”
Annals of the Rheumatic Diseases, vol. 72, no. 1, pp. 110–117, 2013.

[98] J. W. Whitaker, R. Shoemaker, D. L. Boyle et al., “An imprinted
rheumatoid arthritis methylome signature reflects pathogenic
phenotype,” Genome Medicine, vol. 5, no. 4, article 40, 2013.

[99] F. Niederer, M. Trenkmann, C. Ospelt et al., “Down-regulation
of microRNA-34a* in rheumatoid arthritis synovial fibroblasts
promotes apoptosis resistance,” Arthritis and Rheumatism, vol.
64, no. 6, pp. 1771–1779, 2012.

[100] J. Stanczyk, C. Ospelt, E. Karouzakis et al., “Altered expression
of microRNA-203 in rheumatoid arthritis synovial fibroblasts
and its role in fibroblast activation,” Arthritis and Rheumatism,
vol. 63, no. 2, pp. 373–381, 2011.

[101] J. Stanczyk, D. M. Leslie Pedrioli, F. Brentano et al., “Altered
expression of microRNA in synovial fibroblasts and synovial
tissue in rheumatoid arthritis,” Arthritis and Rheumatism, vol.
58, no. 4, pp. 1001–1009, 2008.

[102] L. Long, P. Yu, Y. Liu et al., “UpregulatedmicroRNA-155 expres-
sion in peripheral blood mononuclear cells and fibroblast-like
synoviocytes in rheumatoid arthritis,”Clinical andDevelopmen-
tal Immunology, vol. 2013, Article ID 296139, 10 pages, 2013.

[103] J. Lin, R. Huo, L. Xiao et al., “A novel p53/microRNA-22/Cyr61
axis in synovial cells regulates inflammation in rheumatoid
arthritis,” Arthritis and Rheumatology, vol. 66, no. 1, pp. 49–59,
2014.

[104] L. Philippe, G.Alsaleh, A. Pichot et al., “MiR-20a regulatesASK1
expression and TLR4-dependent cytokine release in rheuma-
toid fibroblast-like synoviocytes,” Annals of the Rheumatic
Diseases, vol. 72, no. 6, pp. 1071–1079, 2013.

[105] L. Philippe, G. Alsaleh, G. Suffert et al., “TLR2 expression is
regulated by microRNA miR-19 in rheumatoid fibroblast-like
synoviocytes,” Journal of Immunology, vol. 188, no. 1, pp. 454–
461, 2012.



Research Article
Anti-Inflammatory Effects of Ginsenoside Rg3 via NF-𝜅B
Pathway in A549 Cells and Human Asthmatic Lung Tissue

In-Seung Lee,1,2 InJoon Uh,2,3 Ki-Suk Kim,1 Kang-Hoon Kim,1,2 Jiyoung Park,1,2

Yumi Kim,1,2 Ji-Hoon Jung,1 Hee-Jae Jung,2,3 and Hyeung-Jin Jang1,2,3

1College of Korean Medicine, Kyung Hee University, 26, Kyungheedae-ro, Dongdaemun-gu, Seoul 02447, Republic of Korea
2Department of Science in Korean Medicine, Graduate School, Kyung Hee University, Seoul, Republic of Korea
3Department of Biological Sciences in Korean Medicine, Graduate School, Kyung Hee University, Seoul, Republic of Korea

Correspondence should be addressed to Hyeung-Jin Jang; hjjang@khu.ac.kr

Received 13 September 2016; Revised 4 November 2016; Accepted 4 December 2016

Academic Editor: Andréia M. Cardoso
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Objective. There is limited information of the anti-inflammatory effects of Rg3 on inflamed lung cells and tissues. Therefore, we
confirmed the anti-inflammatory mechanism of ginsenoside Rg3 in inflamed human airway epithelial cells (A549) and tissues
whether Rg3 regulates nuclear factor kappa B (NF-𝜅B) activity.Methods. To induce the inflammation, IL-1𝛽 (10 ng/ml) was treated
to A549 cells for 4 h. The effects of Rg3 on NF-𝜅B activity and COX-2 expression were evaluated by western blotting analysis
in both IL-1𝛽-induced inflamed A549 cell and human asthmatic airway epithelial tissues. Using multiplex cytokines assay, the
secretion levels of NF-𝜅B-mediated cytokines/chemokines were measured. Result. Rg3 showed the significant inhibition of NF-
𝜅B activity thereby reduced COX-2 expression was determined in both IL-1𝛽-induced inflamed A549 cell and human asthmatic
airway epithelial tissues. In addition, among NF-𝜅B-mediated cytokines, the secretion levels of IL-4, TNF-𝛼, and eotaxin were
significantly decreased by Rg3 in asthma tissues. Even though there was no significant difference, IL-6, IL-9, and IL-13 secretion
showed a lower tendency compared to saline-treated human asthmatic airway epithelial tissues. Conclusion. The results from this
study demonstrate the potential of Rg3 as an anti-inflammatory agent through regulating NF-𝜅B activity and reducing the secretion
of NF-𝜅B-mediated cytokines/chemokines.

1. Introduction

Asthma is an inflammatory disease which affects the airway
of the lungs [1]. The repeated hysterical symptoms such as
swell and narrow, leading to wheezing, limited breath, chest
tightness, and coughing, are typical characters [2, 3]. It has
become one of themost common health problems and a huge
onus on healthcare costs worldwide [4]. The World Health
Organization (WHO) has announced there was a sharp
increase in the number of cases of asthma since the 1970s
and the rates of increase show no signs of slowing. The exact
cause of asthma has not been determined but studies have
suggested that asthma resulted from a complex combination
of genetic factors and environmental factors [5]. Ober and
Hoffjan have been studying the genetic factors of asthma
and they reported that over 100 genes were associated with
asthma [6]. Many studies have proved there are two main

factors of causing asthma: cause substance and deterioration
factor. Cause substance, called allergen, is known to be dust
mites, cockroaches, animal dander, andmold.The other type,
deterioration factors, is air pollution, smoking, low air con-
dition, climate change, stress, and yellow sand phenomenon
[7, 8]. Allergic asthma, ordinarily related to atopy, is the most
common type of asthma [9]. It is characterized by a reversible
obstruction of the peripheral airway, induced by airway
hyperresponsiveness (AHR), and infiltration of inflammation
into the lung parenchyma [10, 11]. Atopy, the powerful risk
factor of allergic asthma, is abnormally increased status of
immunoglobulin E (IgE) which responds to allergen such
as mold, animal, fur, and dust mites [12, 13]. Atopy is also
involved in inflammation-related diseases such as allergic
rhinitis, conjunctivitis, and atopic dermatitis [14].

The crucial role of type 2 helper cells (Th2 cells) immune
pathway elements in AHR has been identified [15]. The effect
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of Th2 cells in inflammatory reaction of allergic asthma has
been pointed out in several studies [16–18]. The antigen-
presenting dendritic cells recognize allergen and active Th2
cells to stimulate the secretion level of cytokines including
interleukin- (IL-) 4, 5, 9, and 13 and tumor necrosis factor-
alpha (TNF-𝛼) [11, 19–21]. IL-4 is known to lead Th2 cells
differentiation. The function of IL-13 is similar to IL-4 [20].
Both IL-4 and IL-13 participate in alteration of IgE status in
B cells [16, 17]. IL-5 causes the differentiation of eosinophils
which leads to the release of proinflammatory mediators and
reactive oxygen species (ROS) [22]. On the contrary, type 1
helper cells (Th1 cells) secrete interferon gamma (IFN-𝛾), IL-
2, and IL-12, and those cytokines inhibit Th2 cells activation
[23, 24].Therefore, themain target of the treatment of allergic
asthma is inhibiting Th2 cells-associated cytokines, IL-4, IL-
5, and IL-13, or promotingTh1 cells-associated cytokines.

In response to innate and adaptive immune response
regulating the release of cytokines through allergic asthma,
nuclear factor kappa-light-chain-enhancer of activated B
(NF-𝜅B) cells has been known to be involved in an activa-
tion of distinct signaling component through a cascade of
phosphorylation [25]. NF-𝜅B, a protein complex, acts as a key
role in regulating the immune response to infection [26, 27].
Because it regulates many genes involved in inflammation
with several studies proved that NF-𝜅B is highly activated
at sites of inflammation in various human diseases such as
rheumatoid arthritis, atherosclerosis, multiple sclerosis, and
asthma and also in the murine model [15, 28, 29]. When NF-
𝜅B is activated, the combined form of p50 and p65 enters
the nucleus and then p50 and p65 subunits bind with DNA
thereby causing the expression of various gene products such
as nitric oxide (NO), cyclooxygensase-2 (COX-2), and tumor
necrosis factor-alpha (TNF-𝛼) [30]. The former studies have
proven that it is functionally related to the development of
allergic disease of the airways by using mice that lacked p50
or c-Rel subunits of NF-𝜅B [31, 32].

Korean medicine has been interested in treatment
modality among allergic disease patients [33]. Also, herbal
medicines and its extracts have prescribed as an anti-
inflammatory agent in clinical study [34]. Although herbal
medicines have been known as themedicinalwith antiallergic
effects in clinical study, it was hard to find what compo-
nent affected the anti-inflammation and regulated innate
or adaptive immune response [33, 35]. Red ginseng (RG,
derived from a steamed root of Panax ginseng Meyer) was
chosen in this study, because the RG has been steadily
used as a Korean medicine in clinical prescription and
the anti-inflammatory effects in several studies have been
researched [36–39]. Ginsenosides, so-called major compo-
nent of Saponins, are themajor component of RG [40]. Other
studies have identified more than 40 ginsenosides in RG and
most ginsenosides demonstrate various biological properties
such as anti-inflammatory, antiallergic, and antitumor effects
[41–43]. Various studies have reported that ginsenosides have
an antiallergic effect on murine asthma and atopic disease
models and among the ginsenosides Rh1 and Rh2 have
antiallergic and anti-inflammatory effects [44, 45]. Ginseno-
side Rg3 (Rg3) is the main component of RG [46]. Many
studies have reported that Rg3 has an anti-inflammatory

effect by reducing COX-2, inducible nitric oxide synthase
(iNOS), and proinflammatory cytokines, including TNF-𝛼
and IL-1𝛽 expression, induced by LPS stimulation in vitro
[47–49]. However, there is no study of the effects of Rg3
on human inflammation induced airway epithelial cells and
human asthmatic airway epithelial tissue. Here, we examined
how Rg3 affects the inflammatory reaction in IL-1𝛽-induced
inflamed human epithelial cells and human asthmatic airway
epithelial tissue. And we demonstrated that Rg3 on acti-
vating condition of NF-𝜅B suppressed the proinflammatory
cytokines secretion on human airway epithelial tissue.

2. Material and Methods

2.1. Materials. Rg3 and dexamethasone (Dex) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Interleukin-1
beta (IL-1𝛽) was obtained from R&D system Inc. (Min-
neapolis, MN, USA). Rabbit anti-phospho-NF-𝜅B p65, anti-
NF-𝜅B p65, and anti-COX-2 were purchased from Cell
Signaling Tech (Beverley, MA, USA). Mouse anti-𝛽-actin,
goat anti-rabbit IgG-HRP, and goat anti-mouse IgG-HRP
were purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Assay Media Sterile was purchased from MatTek
Corp. (Ashland, MA, USA). Human Cytokine 6-plex Flat
Bottom Express (TNF-𝛼, eotaxin, IL-4, IL-5, IL-9, and IL-
13) and protein assay reagent were purchased from Bio-
Rad (Hercules, CA, USA). Protease inhibitor cocktail was
obtained from Roche Diagnostics (Mannheim, Germany).

2.2. Cell Line and Culture Condition. A549 cells (American
Type Culture Collection, Rockville, MD, USA), human air-
way epithelial cells, were used in all in vitro studies. The
cells were cultured in RPMI 1640 medium (Corning Inc.,
NY, USA) containing 10% FBS (Gibco, Grand Island, NY,
USA) and antibiotic and antimycotic (ABAM; Corning Inc.,
NY, USA) and incubated at 37∘C and 5% CO

2
. Overnight

serum starvation using Dulbecco’s Modified Eagle Medium
(DMEM: Corning Inc., NY, USA) containing low glucose
without FBS was performed before IL-1𝛽-induced inflamma-
tion at 37∘C and 5% CO

2
.

2.3. Cell Viability Assay. MTT assays were performed to
evaluate the cytotoxicity of Rg3 on inflamed cells. Ten
thousands of A549 cells cultured each well of 96-well plate
and were incubated at 37∘C and 5% CO

2
overnight. After

serum starvation using DMEM low glucose without FBS, the
mediumwas changed into RPMI containing IL-1𝛽 (10 ng/ml)
and the cells were incubated at 37∘C and 5%CO

2
for 4 h. After

4 h incubation, the cells were treated with Rg3 (100–900 nM)
for 12 h. Thirty microliters of MTT solution (5mg/ml) was
added to each well and the cells were incubated for 2 h.
After 2 h incubation in cell culture incubator, the medium
containingMTT solution of each well was removed and 50 𝜇l
of dimethyl sulfoxide (DMSO; Sigma-Aldrich,MO,USA)was
added. Using an automated spectrophotometric plate reader
at 570 nm, the optical density of formazan was measured.
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Table 1: Description of asthmatic human airway epithelial tissue donors.

Age Sex Race Smoking Disease Cause of death Medication
7 F C N Asthma Albuterol
9 F B N Asthma since birth Possible asthma attack Albuterol
16 M B N Asthma Advair
M, male; F, female; C, Caucasian; B, black; N, none.

2.4. Human Asthmatic Airway Epithelial Tissue Culture.
Asthmatic primary differentiated human airway epithelial
tissues grown in 24-well plates on collagen coated transwell
membrane inserts at an air-liquid interface were obtained
commercially from MatTek Corporation (MatTek Corp.,
Ashland, MA, USA). Donors’ information of asthmatic air-
way epithelial tissues is shown in Table 1. On arrival, the ex
vivo epithelial tissueswerewashedwithDulbecco’s Phosphate
Buffered Saline (D-PBS) for removing collagen coating and
carefully moved to 6-well plates that added 1ml of Assay
Media Sterile (AIR-100-ASY; MatTek Corp., Ashland, MA,
USA) per each well. Tissues were equilibrated at 37∘C and 5%
CO
2
for 16 h. After equilibration, the tissues were treated with

saline, 1 𝜇M of Dex (Sigma-Aldrich, St. Louis, MO, USA), or
50 𝜇M of Rg3 for 24 h at 37∘C and 5% CO

2
.

2.5. Western Blot Analysis. For the in vitro study, A549 cells
were seeded in 6-well plate (5 × 105 cells/well) and incubated
at 37∘C and 5% CO

2
overnight. After serum starvation and

inflammation induction using IL-1𝛽 (10 ng/ml), the cells were
treated with Dex (5 𝜇M) or Rg3 (900 nM) for 12 h. After each
drug treatment for 12 h, the cells were lysed by cell lysis buffer
(Cell Signaling Tech., Beverley, MA, USA). The tissues were
homogenized using the pestle. Each sample lysate from cell
or tissue was centrifuged at 12,000 rpm for 20min at 4∘C.
Supernatants were collected and transferred to fresh tube.
Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA, USA)
was used for measuring protein concentrations. Each sample
was separated on a 10% SDS-PAGE gel at 120V for 120min
and then electrotransferred to a NC membrane for 100min
at 25V. The membranes were blocked with 5% BSA in TBST
(Tris-buffered saline with 0.1% Tween 20 and 0.04% NaN

3
).

Primary antibodies, that is, rabbit anti-phospho-NF-𝜅B p65,
rabbit anti-NF-𝜅Bp65, rabbit anti-COX-2, andmouse anti-𝛽-
actin, were stained onto the membrane in 1 : 1,000 dilutions
(anti-𝛽-actin was 1 : 3,000 dilution) for overnight. Mem-
branes were extensively washed and then incubated with the
following secondary antibodies: goat anti-rabbit IgG-HRP
and goat anti-mouse IgG-HRP. Bands were visualized with
an enhanced chemiluminescence (ECL) kit (EMD Millipore
Co., Billerica,MA,USA) andwere quantifiedwith the Image J
program (National Institutes of Health, Bethesda,MD,USA).

2.6. Analysis of Proinflammatory Cytokines in Human Asth-
matic Airway Epithelial Tissues. After indicated drugs treat-
ment for 24 h on human asthmatic airway epithelial tissues,
each medium was collected and centrifuged at 1,000×g for
10min. The centrifuged supernatant was transferred to fresh

tubes. Human Cytokine 6-plex Flat Bottom Express (TNF-
𝛼, eotaxin, IL-4, IL-5, IL-9, and IL-13; Bio-Rad, Hercules,
CA, USA) assay was performed according to the manufac-
turer’s guidelines. Briefly, 50𝜇l of centrifuged samples was
transferred to each well that included human cytokine 6-plex
magnetic beads: IL-4, IL-5, IL-9, IL-13, TNF-𝛼, and eotaxin.
The plate was incubated on shaker at 850 rpm for 30min at
room temperature (RT). After 30min of shaking incubation,
the solution of each well was removed and changed into
25 𝜇l of detection antibody mixed solution and incubated
on shaker at 850 rpm for 30min at RT. During 30min
incubation, streptavidin-PE (SA-PE) was diluted to assay
buffer (Cat. number 10014822, Bio-Rad, Hercules, CA, USA),
and then 50 𝜇l of SA-PE diluted solution was shifted to wells.
Finally, 125𝜇l of assay buffer was added to each well and
measured by a Bio-Plex� MAGPIX� Multiplex reader (Bio-
Rad, Hercules, CA, USA).

2.7. Statistical Analysis. Data were represented with the
means ± SEM. The GraphPad Prism 5 software package
(GraphPad Software, San Diego, CA, USA) was used to
conduct the statistical analysis of the results. Unpaired 𝑡 test
(one-tailed) was conducted to analyze western blot band and
multiplex assay results. 𝑃 value less than 0.05 was considered
to be statistically significant.

3. Results

3.1. Effects of Rg3 on Cell Viability. To examine the cytotox-
icity of Rg3 on IL-1𝛽-induced inflamed A549 cells, the cells
were firstly treated with IL-1𝛽 (10 ng/ml) for 4 h and treated
with 100 to 900 ng/ml concentration of Rg3 for 12 h. Cell
viability was analyzed using an MTT assay. There was no
observed cytotoxicity of Rg3 in IL-1𝛽-induced inflamedA549
cells compared to only PBS-treated cells (Con) (Figure 1).

3.2. Inhibition of IL-1𝛽-Stimulated NF-𝜅B Expression by Rg3 in
Inflamed A549 Cells. To obtain the anti-inflammatory effects
of Rg3 on inflammation induced human lung epithelial cells,
A549 cells inflammationwas induced by IL-1𝛽 (10 ng/ml) and
then treated by 5 𝜇M of Dex or 900 nM of Rg3. The NF-𝜅B
activation was analyzed by a western blot analysis to evaluate
the effect of Rg3 treatment on A549 cells (Figure 2(a)).
The NF-𝜅B pathway plays a central role in immune and
inflammatory responses, because the nuclear translocation
of the NF-𝜅B p65 subunit stimulates the transcription of
various proinflammatory genes. Phospho-NF-𝜅B p65/total
NF-𝜅B p65 densitometry in the cells treated with Rg3 showed
the significant decrease compared to IL-1𝛽-induced inflamed
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Figure 1: Cell viability assay of Rg3 on IL-1𝛽-induced inflamed A549 cells. After treatment of IL-1𝛽 (10 ng/ml) and Rg3 (100–900 nM) on the
A549 cells, MTT assay was performed.The cytotoxicity of Rg3 on IL-1𝛽-induced inflamed A549 cells was not detected. Statistical significance
was determined by unpaired 𝑡 test (one-tailed) compared to Con (only treated PBS).
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Figure 2: Effects of Rg3 on NF-𝜅B pathway in IL-1𝛽-induced inflamed A549 cells. (a)The western blot results in representative three separate
experiments. (b) Ratio of phospho-p65/p65 expressionwasmeasured by Image J program. Statistical significance was determined by unpaired
𝑡-test (one-tail) compared to Con. Values are means ± SEM. ∗𝑃 < 0.05. Naive: normal condition; Con: IL-1𝛽 treated A549 cells.

A549 cells (Figure 2(b)). The meaning of reducing the ratio
of p-p65/p65 by Rg3 treatment is associated with NF-𝜅B
activation; thereby inflammation may be reduced.

3.3. Suppression Effects of Rg3 on COX-2 Protein Expression in
IL-1𝛽-Induced InflamedA549Cells. Aswe examinedwhether
Rg3 suppresses expression of a downstream mediator of

NF-𝜅B activation, we investigated COX-2 expression, known
to be a downstream mediator of NF-𝜅B activation. COX-
2 is the enzyme that makes prostaglandins which arouse
inflammation, pain, and fever. Thereby, we also investigated
the expression of COX-2 in IL-1𝛽-induced inflamed A549
cells. We found that Rg3 downregulated the expression of
COX-2 effectively (Figure 3).
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Figure 3: Inhibited IL-1𝛽-stimulated COX-2 expression by Rg3 in inflamed A549 cells. (a) The western blot results in representative three
separate experiments. (b) COX-2 expression level normalized with 𝛽-actin was measured by densitometry analysis and represented as bar
charts. Statistical significance was determined by unpaired 𝑡 test (one-tail) compared to Con. Values are means ± SEM. ###𝑃 < 0.001; ∗𝑃 <
0.05; ∗∗∗𝑃 < 0.001. Naive: normal condition; Con: IL-1𝛽 treated A549 cells.

3.4. Effects of Rg3 on NF-𝜅B Activation in Human Asthmatic
Airway Epithelial Tissues. From the inhibitory effect of Rg3
on NF-𝜅B activity in the inflamed airway epithelial cells, we
anticipated that Rg3 may also inhibit NF-𝜅B activation in
human asthmatic airway epithelial tissues. The NF-𝜅B acti-
vation was analyzed by a western blot analysis to evaluate the
effect of Rg3 treatment on the tissues (Figure 4(a)). Human
asthmatic airway epithelial tissue was treated with saline,
1 𝜇M of Dex, and 50 𝜇M of Rg3. We observed that there was
a trend toward decreased phospho-NF-𝜅B p65/total NF-𝜅B
p65 densitometry in the tissue treated with Rg3 (Figure 4(b)).
The treatment of Rg3 on human asthmatic airway epithelial
tissue showed a significant decrease in densitometry of p-
p65/p65; thereby inflammation may be reduced.

3.5. Rg3 Suppresses IL-1𝛽-Induced COX-2 Expression in
Human Asthmatic Airway Epithelial Tissues. As we found the
reducing effects of Rg3 on COX-2 expression in inflamed
cells, we investigated the effects of Rg3 on the protein expres-
sion level of COX-2 in human asthmatic airway epithelial
tissues. The protein expression level of COX-2 was also
analyzed by a western blot analysis (Figure 5(a)). We found
the significant inhibitory effects of Rg3 on COX-2 expression
(Figure 5(b)).

3.6. Inhibition of NF-𝜅B-Mediated Proinflammatory Cytokines
Secretion by Rg3 in Human Asthmatic Airway Epithelial
Tissues. The cytokines/chemokines levels in media were
determined by a multiplex assay, as described in Material
and Methods. Specifically, IL-4, TNF-𝛼, and eotaxin con-
centration levels were significantly decreased in the tissues
treated with Rg3 compared to saline-treated tissues (Figures
6(a)–6(c)). Although there is no significant difference, the
decreased tendencies of IL-6, IL-9, and IL-13 secretion levels
were shown in Rg3-treated human asthmatic airway epithe-
lial tissue compared to saline-treated tissue (Figures 6(d)–
6(f)). The data of that cytokine/chemokine associated with
Th2-cells support our hypothesis that Rg3 may have an anti-
inflammatory effect by inhibiting NF-𝜅B activation.

4. Discussion

The study was to determine whether Rg3 exerts anti-
inflammatory effects through the attenuation of the NF-
𝜅B signaling pathways in inflamed human airway epithelial
cell and human asthmatic airway epithelial tissues and
thereby whether Rg3 affects NF-𝜅B-mediated proinflamma-
tory cytokines in human asthmatic airway epithelial tissues.
Once considered to largely act as a barrier function in the
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Figure 4: Suppressed NF-𝜅B activation by Rg3 in human asthmatic airway epithelial tissues. (a) Human asthmatic lung tissue was treated
with Dex for positive control or Rg3, and whole tissue lysates were prepared and then subjected to western blot analysis with anti-NF-𝜅B
phospho-p65 or anti-NF-𝜅B p65 antibodies. Anti-𝛽-actin antibody was used as an internal control. (b) Ratio of phospho-p65/p65 expression
wasmeasured by Image J program and represented as bar charts. Statistical significancewas determined by unpaired 𝑡 test (one-tail) compared
to Con (only PBS-treated asthmatic lung tissue). Values are means ± SEM; ∗𝑃 < 0.05.

lung, airway epithelium has been widely recognized for its
immunomodulatory capabilities. Finally, there was the eval-
uation of the suppression of IL-1𝛽-induced inflammation by
Rg3 in human airway epithelial cell. We conclusively demon-
strated that Rg3 inhibited IL-1𝛽-induced NF-𝜅B activation in
human airway epithelial cell and also Rg3 suppressed NF-𝜅B
activity in human asthmatic airway epithelial tissues and, as a
result, Rg3 downregulated the expression of NF-𝜅B-mediated
gene products such as COX-2, IL-4, TNF-𝛼, and eotaxin.

NF-𝜅B, a protein complex, acts as a major player in
the pathogenesis of inflammation regulating the expressions
of multiple genes including iNOS, COX-2, and cytokines
[25, 26]. A study has reported that upregulated NF-𝜅B
activity relates to asthmatic inflammation in human and
animal lung tissues [50]. Thus, we evaluated the suppression
effect of Rg3 on IL-1𝛽-stimulated NF-𝜅B activity in human
airway epithelial cell (Figure 2). The next step was whether
Rg3 also blocked the NF-𝜅B activity and we investigated
proinflammatory cytokines secretion in human asthmatic
airway epithelial tissues using western blotting analysis and
multiplex assay, respectively (Figures 4 and 6).

We confirmed the reduction of NF-𝜅B expression by Rg3
in both inflamed A549 cells and human asthmatic airway

epithelial tissues (Figures 2 and 4). We also confirmed that
Rg3 inhibited the COX-2 expression, known as the down-
stream of NF-𝜅B activity. COX-2 is an enzyme that makes
prostaglandins E

2
(PGE
2
), which leads to inflammation and

pain [51]. COX-2, identified in epithelial cells, macrophages,
fibroblasts, smooth muscle cells, and mast cells, has impor-
tant roles in immunity, renal physiology, neurotransmission,
bone reabsorption, and pancreatic secretion [52, 53]. At first
we found out the upregulated expression level of COX-2 by
10 ng/ml of IL-1𝛽 treatment in human airway epithelial cell.
And the high expression level of COX-2 appeared in human
asthmatic airway epithelial tissues. We confirmed that IL-1𝛽-
stimulated COX-2 expression level was significantly reduced
by Rg3 in human airway epithelial cell (Figure 3) and in
human asthmatic airway epithelial tissues was also confirmed
(Figure 5). As mentioned above, the reduction of COX-2
expression by Rg3 through inhibiting NF-𝜅B activity leads to
inhibition of the production of PGE

2
.

Many studies reported that cytokines and chemokines
are involved in the pathophysiology of asthma [9, 19]. The
presence of IL-4 induces the naı̈ve T cell to Th2 cell and
then the differentiated Th2 cells regulated cytokines. Among
these cytokines, IL-1, IL-6, and TNF-𝛼 are considered to be
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Figure 5: Effect of Rg3 onCOX-2 protein inhibition in human asthmatic airway epithelial tissues. (a)Human asthmatic lung tissuewas treated
with Dex for positive control or Rg3, and whole tissue lysates were prepared and then subjected to western blot analysis with anti-COX-2
antibodies. Anti-𝛽-actin antibody was used as an internal control. The blots were normalized by 𝛽-actin expression levels and compared
to the saline-treated tissue. (b) Normalized COX-2 expression was measured by Image J program and represented as bar charts. Statistical
significance was determined by unpaired 𝑡 test (one-tail) compared to Con (only PBS-treated asthmatic lung tissue). Values aremeans ± SEM;
∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

involved in various inflammatory diseases including asthma
and chronic pulmonary disease (COPD) [54]. As aforemen-
tioned, IL-4 encourages the naı̈ve T cell to differentiate Th2
cell; thereby it regulates allergic inflammation. In addition,
IL-4 induces IgE synthesis in the pathogenesis of asthma.
IL-5 induces eosinophilic inflammation. IL-9 stimulates cell
proliferation and regulates apoptosis. IL-13 has similar role
as IL-4 including IgE synthesis [16, 17]. When IL-4 and IL-
13 are highly expressed, this state leads mucus hypersecretion
and eosinophil infiltration to the airway tissues [55]. TNF-𝛼
is involved in systemic inflammation and plays an important
role in endotoxemia. Increased TNF-𝛼 production levels
improve the procoagulant activity of vascular endothelial
cells, initiate macrophages, and increase adherent molecule
expression, thus it enhances neutrophil infiltration [56]. In
addition, TNF-𝛼 induces the PGE

2
production via activating

COX-2. Eotaxin is a chemokine subfamily of eosinophil
chemotactic protein. It is involved in immune reaction in
human and animal body [10]. In this study, we observed
that Rg3 significantly reduced the secretion of IL-4, TNF-
𝛼, and eotaxin in human asthmatic airway epithelial tis-
sues through inhibiting NF-𝜅B activity. Even though the
significant reduction was not determined, there were trends

toward decrease in the secretion of IL-6, IL-9, and IL-13
(Figure 6). The results from reduced cytokines secretion
by Rg3 demonstrate that Rg3 may regulate the synthesis
of IgE and the differentiation of naı̈ve T cell to Th2 cell
through blocking IL-4 secretion and the eosinophil responses
via inhibitory effect on eotaxin secretion. In addition, Rg3
also may suppress the PGE

2
production via blocking TNF-

𝛼 secretion; thereby inflammation, fever, and pain followed
by PGE

2
production may decrease.

Due to the minimized side effects and excellent anti-
inflammatory effects of traditional Korean medicines, they
are good options for treatment of asthmatic airway disease.
Red ginseng has been widely applied as a Korean medicine
in clinical prescription and has been used traditionally in
oriental countries to improve health [57, 58]. Ginsenosides
are the major components of RG and more than 40 gin-
senosides in RG were identified [40]. Rg3 is one of major
components of RG [46]. Many studies have been reporting
that Rg3 exhibits in vitro and in vivo anticarcinogenic and
antimetastatic effects and also Rg3 exerted inhibitory effect
on proliferation, capillary tube formation, and invasion of
human umbilical vein endothelial cells (HUVEC) [59–61].
In addition, Rg3 has anti-inflammatory effects by inhibiting
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Figure 6: Anti-inflammatory effect of Rg3 on NF-𝜅B-mediated proinflammatory cytokine/chemokine levels in human asthmatic airway
epithelial tissues. Rg3 suppresses NF-𝜅B-mediated proinflammatory cytokines IL-4, TNF-𝛼, and eotaxin secretion (a–c). IL-6, IL-9, and IL-13
had no statistical significance (d–f). Statistical significance was determined by unpaired 𝑡 test (one-tailed) compared to Con (only PBS-treated
asthmatic lung tissue), and the values are means ± SEM; ∗𝑃 < 0.05; ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001.

COX-2, iNOS expression, and proinflammatory cytokines
production in LPS-induced cells [47, 48].

5. Conclusion

In conclusion, our data suggested that Rg3 regulates the
inflammation reaction in the airways via inhibiting NF-𝜅B
activity, an important role in inflammation due to its stimulus
effect on the transcription of various proinflammatory gene,
in IL-1𝛽-induced inflamed human airway epithelial cell and
human asthmatic airway epithelial tissues. Thus COX-2

expression and the secretion NF-𝜅B-mediated proinflam-
matory cytokines including IL-4, TNF-𝛼, and eotaxin were
significantly reduced in human asthmatic airway epithelial
tissues. Even though there was no significant reduction, the
decrease tendency was demonstrated in the secretion of IL-
6, IL-9, and IL-13. This study demonstrates the inhibitory
mechanism of ginsenoside Rg3 through the attenuation
of NF-𝜅B activity in inflammation induced human airway
epithelial cell and human asthmatic airway epithelial tissues.
Thereby, Rg3 may be qualified as a potential remedial agent
for asthma by inhibiting NF-𝜅B activation.
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Cancer stem cells (CSCs) are a small population of cancer cells that exhibit stemness. These cells contribute to cancer metastasis,
treatment resistance, and relapse following therapy; therefore, they may cause malignancy and reduce the success of cancer
treatment. Nuclear factor kappa B- (NF-𝜅B-) mediated inflammatory responses increase stemness in cancer cells, and CSCs
constitutively exhibit higher NF-𝜅B activation, which in turn increases their stemness. These opposite effects form a positive
feedback loop that further amplifies inflammation and stemness in cancer cells, thereby expanding CSC populations in the
tumor. Toll-like receptors (TLRs) activate NF-𝜅B-mediated inflammatory responses when stimulated by carcinogenic microbes
and endogenous molecules released from cells killed during cancer treatment. NF-𝜅B activation by extrinsic TLR ligands increases
stemness in cancer cells. Moreover, it was recently shown that increased NF-𝜅B activity and inflammatory responses in CSCs may
be caused by altered TLR signaling during the enrichment of stemness in cancer cells. Thus, the activation of TLR signaling by
extrinsic and intrinsic factors drives a positive interplay between inflammation and stemness in cancer cells.

1. Introduction

Inflammation is a hallmark of cancer development [1, 2].
Chronic inflammation caused by exposure to environmental
agents, infection, genetic disease, and metabolic disorders
is closely associated with several tumors, including lung
carcinoma, hepatocellular carcinoma (HCC), gastric cancer,
cervical cancer, colorectal cancer, Hodgkin’s disease, and
multiple myelomas [3, 4].

The tumor microenvironment comprises cancer cells,
cancer stem cells (CSCs), endothelial cells, and immune cells,
such as tumor-associated macrophages, tumor-associated
neutrophils, lymphocytes, and other stromal cells, such as
cancer-associated fibroblasts [2, 5]. Inflammatory stimuli,
such as the toll-like receptor (TLR) agonists, tumor necrosis
factor- (TNF-) 𝛼, and interleukin- (IL-) 1, activate NF-𝜅B in
tumor cells [6, 7]. Activated NF-𝜅B induces the transcription

of multiple proinflammatory genes and is a key mediator of
acute and chronic inflammatory responses in tumor cells and
the tumor microenvironment [3, 8]. NF-𝜅B-mediated proin-
flammatory programs link cancer-related inflammation with
carcinogenic processes, including tumor initiation, tumor
promotion, and metastasis. NF-𝜅B induces the expression
of genes that regulate apoptosis, angiogenesis, proliferation,
survival, and cancer cell invasion. These NF-𝜅B-mediated
responses also rehabilitate the inflammatory tumor microen-
vironment, further supporting tumor progression [9–11].

CSCs are a small population of cancer cells with enriched
stemness and tumor-initiating ability in the tumor microen-
vironment. CSCs possess self-renewal and differentiation
abilities, which promote tumor progression and metasta-
sis and are responsible for treatment resistance and can-
cer relapse [12–16]. In addition to supporting angiogene-
sis, proliferation, and cancer cell survival, NF-𝜅B-mediated
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inflammatory responses also support CSC expansion. NF-
𝜅B activation induces the expression of stemness-associated
genes and regulators of the epithelial-mesenchymal transition
(EMT) in cancer cells, thereby generating a CSC phenotype
[17–19]. In contrast, together with increased stemness, CSCs
exhibit an elevated expression of inflammatory genes due to
elevated NF-𝜅B activation [20–23]. This interplay between
inflammation and stemness could enhance these two prop-
erties of cancer cells to further expand the CSC population.
CSCsmay causemalignancy and reduce the success of cancer
treatments; therefore, the molecular mechanisms underlying
the interplay between inflammation and stemness should be
further investigated in cancer cells.

TLRs are a family of receptors that sense pathogen-
associated molecular patterns (PAMPs) of microbes and
danger-associated molecular patterns (DAMPs) released
from damaged tissues or cells killed during different cancer
therapies [24–26]. TLR signaling triggers NF-𝜅B activation
and inflammatory responses [27, 28]. In this review, we
discuss the current knowledge on the function and mecha-
nisms of TLR signaling in the bidirectional interplay between
inflammation and stemness in cancer cells.

2. TLRs

Toll is a type I transmembrane receptor that was originally
identified in Drosophila for its involvement in embryo devel-
opment [29]. In the adult fly, toll plays a crucial role in
innate immune responses to microbial infections. Thirteen
TLRs have been identified in mammals, 10 of which (TLR1–
TLR10) are expressed in humans. The 10 human TLRs
share common structural features: an extracellular domain
comprising multiple leucine-rich repeats, a transmembrane
region, and a highly conserved cytoplasmic toll/IL-1 receptor
(TIR) domain [30–32].

The cellular location and ligands of these TLRs are
summarized in Table 1. TLR3, TLR7, TLR8, and TLR9
are localized in intracellular vesicles, including endosomes,
whereas others are localized on the cell surface. These
TLRs play essential roles in the innate recognition of
PAMPs of microbes. TLR2 recognizes a broad range of
microbial components, including peptidoglycan, lipoteichoic
acids, lipoproteins, lipoarabinomannan, glycophosphatidyli-
nositol anchors, porins, and zymosan [33–39]. TLR2 can
form heterodimers with TLR1 or TLR6 to differentially
recognize different microbial products. The TLR2–TLR6
complex preferentially recognizes mycoplasma macrophage-
activating lipopeptide 2, whereas the TLR2-TLR1 het-
erodimer more specifically recognizes bacterial lipoproteins
and triacyl lipopeptides [40–42]. TLR3 recognizes double-
stranded RNA (dsRNA), which is generated during viral
replication within infected cells [43]. TLR4 was the first
mammalian TLR to be identified [44] and is the major recep-
tor involved in recognizing lipopolysaccharides on the outer
membrane of gram-negative bacteria [45]. TLR5 recognizes
flagellin, a component of bacterial flagella [46]. TLR7–TLR9
comprised a TLR subfamily with members containing longer
extracellular domains [47, 48]. TLR7 and TLR8 recognize
single-stranded RNA viruses, such as the vesicular stomatitis

virus or the influenza virus [49, 50]. TLR9 is essential for the
response to microbial unmethylated CpG DNA. Most CpG
sites inmammalian cells, but not inmicrobes, aremethylated;
therefore, unmethylated CpG DNA may indicate a microbe
infection [51, 52]. The natural ligand of TLR10 has not yet
been identified.

TLRs also recognize a wide variety of endogenous ligands
released from damaged tissues or cells killed during different
cancer treatments (Table 1). These endogenous ligands are
called DAMPs because they are released following tissue
injury and cell death and serve as alarmins to trigger TLR
activation, thereby providing an early warning signal to the
immune system. DAMPs can be cellular components or
stress-induced gene products, including extracellular matrix
components, extracellular proteins, intracellular proteins,
and nucleic acids [53, 54]. TLR2 and TLR4 recognize more
DAMPs than other TLRs. TLR2 recognizes heat shock
proteins (HSPs), Gp96 biglycan, hyaluronic acid, hyaluro-
nan, HMGB1, versican, and monosodium urate crystal [55–
63]. TLR4 senses HSPs, Gp96, HMGB1, oxidized phospho-
lipids, heparin sulfate, fibrinogen, fibronectin, tenascin-C,
𝛽-defensin 2, hyaluronic acid, and hyaluronan [56, 61–71].
TLR3, TLR7, and TLR8 are activated by host RNA, and
TLR9 is activated by host DNA from necrotic cells under
special conditions, such as the formation of HMGB1, LL37,
or immunoglobulin complex to facilitate ligand interaction
with TLR [72–75].

3. TLR Signaling

In general, when the extracellular domain of TLR is
bound by its ligand, two TLR monomers bridge to form
a dimer. The TLR dimer then recruits adaptor proteins
from the MyD88 family to initiate downstream signaling
pathways (Table 1 and Figure 1). The MyD88 adaptor pro-
tein family contains five members: MyD88, TRIF/TICAM-
1, TIRAP/Mal, TIRP/TRAM, and SRAM [76, 77]. All TLRs
except TLR3 signal through a MyD88 dependent pathway,
in which a MyD88/IRAK1/IRAK4/TRAF6 complex activates
TAK1, which leads to the activation of transcription fac-
tors, including NF-𝜅B and AP-1 [78–80]. TLR3 and TLR4
utilize a MyD88-independent pathway, recruiting TRIF to
activate IRF3/7 and NF-𝜅B. IRF3/7 activation involves TBK1-
IKK𝜀/IKKi complex; NF-𝜅B and AP-1 activation involves
TRAF6 and RIP [81–83].

IL-1𝛽 and TNF-𝛼 are potent proinflammatory cytokines.
TLR agonists and these two cytokines are major mediators
of inflammation in the tumor microenvironment [6, 7]. As
shown in Figure 1, the IL-1 receptor (IL-1R) utilizes the same
signal transduction pathway as that utilized by TLRs: the
sequential recruitment ofMyD88, IRAK, and TRAF6 to form
a complex and TAK activation leading to NF-𝜅B activation.
NF-𝜅B activation downstreamof the TNF-𝛼 receptor (TNFR)
is mediated by TRADD, RIP, and TRAF2. The molecular
components involved in TLR/IL-1R and TNFR signaling
pathways only partially overlap; nevertheless, the regulation
of these pathways is similar and involves the recruitment of
adaptormolecules and ubiquitination-mediated regulation of
protein expression and interaction.
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Table 1: TLRs, their cellular location, ligand recognitions, and adaptor usage.

Type of TLR Cellular location Exogenous ligands (PAMP) Endogenous ligands
(DAMP) Signal adaptor

TLR1 (in
association
with TLR2)

Cell surface Bacteria: triacyl
lipopeptides Unknown MyD88

TLR2 (in
association
with TLR1 or
TLR6)

Cell surface

Bacteria: peptidoglycan,
lipoproteins, lipoteichoic
acid, lipoarabinomannan,
glycophosphatidylinositol
anchors, porin; fungi:

zymosan

HSP60, HSP70, Gp96
biglycan, hyaluronic acid,
hyaluronan, HMGB1,
versican, monosodium

urate crystal

MyD88/TIRAP

TLR6 (in
association
with TLR2)

Cell surface
Mycoplasma:

macrophage-activating
lipopeptide 2

Versican MyD88

TLR3 Endosomal
compartment Viruses: dsRNA mRNA TRIF

TLR4 Cell surface

Bacteria: LPS
Viruses: RSV fusion protein

Fungi: mannan
Protozoa:

glycoinositolphospholipids

HSP22, HSP 60, HSP70,
HSP72, Gp96, HMGB1,

S100, oxidized
phospholipids, heparin
sulfate, fibrinogen,

fibronectin, tenascin-C,
b-defensin 2, versican,

hyaluronic acid,
hyaluronan

MyD88/TIRAP/
TRAM/TRIF

TLR5 Cell surface Bacteria: flagellin Unknown MyD88

TLR7 Endosomal
compartment Viruses: ssRNA ssRNA (immune complex) MyD88

TLR8 Endosomal
compartment Viruses: ssRNA ssRNA (immune complex) MyD88

TLR9 Endosomal
compartment

Bacteria: CpG DNA
Viruses: CpG DNA
Protozoa: CpG DNA,

haemozoin

Chromatin IgG complex,
HMGB MyD88

4. Regulation of TLR Signaling

Ubiquitination regulates TLR signaling, leading to NF-𝜅B
activation [28, 84]. Ubiquitination is an enzymatic cascade
involving three kinds of enzyme: a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a
ubiquitin-protein ligase (E3). Reactions occur with a single
ubiquitin (monoubiquitination) or a chain of ubiquitins
(polyubiquitination) conjugated to substrates. The specific
ubiquitination of signaling molecules is mediated by E3 lig-
ases (E3s) and counteracted by deubiquitinases (DUBs) [85–
89].There are approximately 600 E3s and 100 DUBs encoded
in the human genome. E3s are characterized by distinct
domains and can be divided into three groups: HECT, RING,
and F-box. DUBs comprise five families: ovarian tumor
proteases, ubiquitin-specific proteases (USPs), ubiquitin C-
terminal hydrolases, Josephines, and JAB1/MPN/MOV34
metalloenzymes [86–89]. Seven internal lysine residues (K6,
K11, K27, K29, K33, K48, andK63) and anN-terminalmethio-
nine (M1) residue in ubiquitin can be employed to generate
eight structurally and functionally different ubiquitin chains.
The type of chain depends on which lysine or M1 residue

within a target protein/ubiquitin is attached to theC-terminal
glycine of the incoming ubiquitin. K48 ubiquitination is
involved in protein degradation via a ubiquitin-proteasome
dependent pathway and K63 ubiquitination has been linked
to protein-protein interaction for signal transduction [85–
89]. Depending on the type of ubiquitination and target
protein, E3 ubiquitin-protein ligases and DUBs can serve as
positive or negative regulators of NF-𝜅B activation following
TLR activation.

Tables 2 and 3 list some E3 ubiquitin-protein ligases and
DUBs that function as negative regulators of TLR signal-
ing. For example, K48 ubiquitination promotes ubiquitin-
proteasome degradation of I𝜅B by the SCF𝛽TrCP-E3 complex
and subsequent NF-𝜅B activation [90, 91]. NF-𝜅B signal-
ing is negatively regulated by USP11 or USP15-mediated
removal of K48-linked ubiquitin chains from I𝜅B𝛼 [92, 93].
Triad3A/RNF216 and SOCS1 regulate K48 ubiquitination
and proteasomal degradation of TIRAP [94, 95]. SOCS1,
COMMD1, and PDLIM2 catalyze K48-linked polyubiquiti-
nation and facilitate proteasomal degradation of p65/RelA
[96–100]. The K63-linked ubiquitin chain in RIP, TRAF,



4 Journal of Immunology Research

and NEMO provides binding platforms for TAK-TAB and
IKK activating complexes, leading to NF-𝜅B activation. The
DUBs, A20, CYLD, USP2, USP4, USP7, USP10, USP18,
USP21, and USP25 terminate NF-𝜅B signaling by removing
K63-linked ubiquitin chains from signaling molecules [101–
123]. Furthermore, A20, CYLD, and USP25 remove K63-
linked ubiquitin chains from TRAF2, TRAF3, and TRAF6.
These chains serve as docking platforms for downstream
effectors, thereby preventing TRAF2, TRAF3, and TRAF6
from associating with their interaction partners [101, 106, 108,
109, 112, 119–121].

5. TLR-Activated Inflammatory Responses and
Tumor Progression

Human TLRs are expressed in various immune cells, includ-
ing dendritic cells, macrophages, monocytes, natural killer
cells, B cells, and T cells. In addition, TLRs are often
expressed in tumor cells. Tumors, including lung, breast,
liver, colorectal, prostate, pancreatic, melanoma, glioma, and
esophageal cancers, have elevated TLR expression [124–
128] (Table 4). TLRs can be activated in cells by PAMPs
of carcinogenic microbes. The best known microbe-related
cancers in humans are cervical cancer and oral cancer caused
by the human papilloma viruses [129], gastric cancers caused
by Helicobacter pylori [130], and hepatic cancers caused by
hepatitis B and C viruses [131]. In addition, TLRs in tumor
cells can be activated by DAMPs, such as HMGB1, S100, and
HSPs, released from dying cells following chemotherapy or
radiotherapy [132].

TLR activation increases transcription due to the acti-
vation of different transcription factors, including NF-𝜅B,
AP-1, and IRFs (Figure 1). NF-𝜅B activates the transcription
of multiple proinflammatory genes and is a key mediator
of acute and chronic inflammatory responses [2–4, 8]. The
genes of proinflammatory cytokines TNF-𝛼 and IL-1𝛽 are
targets of NF-𝜅B, and these cytokines can activate NF-
𝜅B signaling as effectively as TLR ligands. TNF-𝛼 and IL-
1𝛽 are released into the tumor environment when TLRs
are activated in tumor cells. This in turn activates NF-
𝜅B, resulting in sustained inflammatory cellular responses
and chronic inflammation in the tumor microenvironment
[6, 7]. In addition, NF-𝜅B also controls the expression of
genes involved in cell growth, proliferation, antiapoptosis,
angiogenesis, tissue invasion, and metastasis. Typically, NF-
𝜅B controls cell growth and proliferation by increasing c-myc
and cyclin D1, cyclin D2, cyclin D3, cyclin E, and CDK2, all of
which regulate cell cycle progression. It also promotes growth
by producing growth factors, including IL-2, IL-6, GM-CSF,
andCD40L [133–138]. NF-𝜅B inhibits apoptosis by regulating
the antiapoptosis proteins cIAPs, c-FLP, and members of the
Bcl-2 family [139]. NF-𝜅B activation increases angiogenesis
in tumors. Tumor cell invasion and metastasis are promoted
by the upregulation of angiogenic factors, such as vascular
endothelial growth factor; metastasis proteins, such asmatrix
metalloproteinases, urokinase-type plasminogen activator,
MCP-1, MIP-1, and cathepsin B; and chemokines, such as IL-
8 and CXCL1 in the tumor microenvironment. In addition,
the expression of adhesion molecules, such as ICAM-1 and
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Figure 1: TLR and the related TNFR and IL-1R signaling pathways.
TLRs utilize a MYD88 dependent pathway (black line) and a TRIF
dependent pathway (blue line) to activate NF-𝜅B, AP-1, and IRF3,
leading to the production of inflammatory cytokines and type I
interferons. IL-1R uses the same set of signaling molecules, and
TNFR utilizes the same signaling pathway as TLRs. TLR, toll-
like receptor; IL-1R, interleukin-1 receptor; TNFR, tumor necrosis
factor receptor; LPS, lipopolysaccharide; TRADD, TNFRSF1A asso-
ciated via death domain; TIRAP, TIR domain containing adaptor
protein; RIP, receptor interacting serine/threonine kinase; IRAK,
interleukin-1 receptor associated kinase; TRAF2, TNF receptor
associated factor 2; TRAF3, TNF receptor associated factor 3;
TRAF6, TNF receptor associated factor 6; TAK1, TGF-beta activated
kinase 1; MAPK, mitogen-activated protein kinase 1; IKK, I-kappa
B kinase; I𝜅B, NFKB inhibitor; Tab2, TGF-beta activated kinase 1
binding protein 2; TBK1, TANK-binding kinase 1; MYD88, myeloid
differentiation primary response 88; TRIF, TIR domain containing
adapter-inducing interferon-𝛽; NF-𝜅B, nuclear factor kappa-light-
chain-enhancer of activated B cells; AP-1, activator protein 1; IRF3,
interferon regulatory factor 3.

E-selection, is increased in tumor cells [9–11]. Consequently,
TLR-activated inflammatory responses promote all stages
of tumor progression from tumorigenesis to invasion and
metastasis.

Consistent with this, many studies have demonstrated
that TLR drives tumor progression. In animal models of
HCC and head and neck carcinoma, TLR2 expression in
tumor cells correlates positively with tumor progression
[140–142]. TLR2 activation in host nontumor cells also has
protumor effects. TLR2 depletion in the host cells of mice
was reported to reduce the progression of breast, gastric,
and intestinal tumors [143, 144]. The proposed mechanism
involved TLR2-derived proinflammatory responses [140].
Similarly, protumor functions were observed following TLR4
activation in tumor cells and nontumor host cells. TLR4
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Table 2: Negative regulators of TLR signaling involved in ubiquitination.

E3 ligase or adapter of E3
ligase complex Target molecules Ubiquitin-mediated

modifications Biological function

A20 RIP1, Ubc13 K48 Proteolytic degradation

Triad3A/RNF216 TLR3, TLR4, TLR5, TLR9,
TIRAP, TRIP, RIP1 K48 Proteolytic degradation

SOCS1 TIRAP, IRAK, p65/RelA K48 Proteolytic degradation
PDLIM2 P65/RelA K48 Proteolytic degradation
COMMD1 P65/RelA K48 Proteolytic degradation
TRIM27 IKK𝛼, IKK𝛽 K48 Proteolytic degradation
TRIM38 TRAF6, TRIF, TAB2/3 K48 Proteolytic degradation

Table 3: Negative regulators of TLR signaling involved in deubiquitination.

dUb Target molecules Ubiquitin-mediated modifications Biological function
A20 RIP1, RIP2, TRAF2, TRAF6, MALT1, NEMO K63 Signaling termination
CYLD MyD88, TRAF2, TRAF6, TRAF7, RIP1, NEMO K63 Signaling termination
USP2𝛼 TRAF6 K63 Signaling termination
USP4 TRAF2, TRAF6, TAK1 K63 Signaling termination
USP7 TRAF6, NEMO K63 Signaling termination
USP10 TRAF6, NEMO K63/M1 Signaling termination
USP11 I𝜅B𝛼 K48 Proteolytic degradation
USP15 I𝜅B𝛼 K48 Proteolytic degradation
USP18 TAK1, NEMO K63 Signaling termination
USP21 RIP1 K63 Signaling termination

USP25 TRAF2, TRAF3, TRAF5, TRAF6 K63/K48 Signaling termination/proteolytic
degradation

activation in tumor cells promoted the growth of breast, lung,
head and neck, and liver tumors in animal models [140,
145–149]. TLR4 activation in nontumor host cells increased
the development of colitis-associated colorectal tumors and
diethylnitrosamine-induced liver cancer in animal models
[150, 151]. In addition, TLR5, TLR7, and TLR9 activation
promoted tumor growth in different animal models of cancer
[152–155]. The promotion of tumor development by TLRs
has been supported by clinical data. TLR3 expression in
tumor cells has been associated with poor clinical outcome
in patients with prostate carcinoma [156]. TLR4 expression in
breast and colorectal tumors has also been associated with a
poor clinical outcome [157–159]. Strong TLR7 expression was
associated with poor prognosis in patients with non-small
cell lung cancer and predicted chemotherapy resistance in
these patients [160]. Similarly, several studies have revealed
an association between TLR9 overexpression in tumor cells
and poor prognosis in patients with prostate carcinoma and
glioblastoma. TLR9 overexpression has also been associated
with an increased tumor grade in breast and ovarian cancers
[156, 161, 162].

In contrast to these protumor effects, some studies have
shown antitumor effects of TLR activation. TLR signaling
elicited antitumor responses in the immune cells of tumor-
bearing hosts to facilitate eradication of tumor cells. These
results are not discussed in detail here but have been exten-
sively reviewed elsewhere [163–165].

6. TLR Activation Enhances Stemness in
Cancer Cells

CSCs are a small population of cancer cells found within
tumors with high stemness. They are considered to be
the cells of origin for tumor initiation and key drivers
of malignancy. To achieve this, CSCs exhibit four main
properties: (1) capacity to drive neoplastic proliferation and
initiate tumors; (2) unlimited capacity for self-renewal; (3)
potential to generate more differentiated progeny for het-
erogeneous cancer cell lineages, and (4) increased resistance
to radiation and chemotherapy [12–16]. CSCs can evolve
from normal stem cells, which have a long lifespan and are
prone to accumulating mutations. Alternatively, CSCs can
arise from restricted progenitor or differentiated cancer cells
by genetic or epigenetic alterations that activate self-renewal
mechanisms and promote stemness [13–16]. CSCs are usually
distinguished from other cancer cells by the expression of
specific surface markers, including CD133, CD44, CD24, and
ALDH.Tumor forming capability can be examined in vitro by
analyzing sphere formation in component-defined stem cell
medium and low adherence plates. The ability to pump out
drugs can bemeasured by side population analysis using flow
cytometry.The tumorigenesis of sorted or enriched CSCs can
be investigated using xenograft transplants [12–16].

CSCs play a key role in tumor development, and TLR
activation promotes tumor progression; therefore, it is logical



6 Journal of Immunology Research

Table 4: TLR expression profile.

Type of TLR Immune cells Tumor cells

TLR1 cDCs, eosinophils, monocytes,
neutrophils, NK cells, pDCs, B cells Myeloma cells

TLR2 cDCs, monocytes, neutrophils, NK cells,
B cells, T cells

Breast cancer, gastric carcinoma, HCC, intestinal
carcinoma, laryngeal carcinoma, myelogenous
leukemia, oral squamous cell carcinoma

TLR3 cDCs, NK cells

Breast cancer, cervical cancer, CRC, esophageal
squamous cell carcinoma, gastric carcinoma, HNSCC,
HCC, laryngeal carcinoma, lung carcinoma, melanoma,
myelogenous leukemia, neuroblastoma cells, ovarian
cancer, pharyngeal carcinoma (cell lines), prostate
cancer

TLR4 cDCs, eosinophils, monocytes,
neutrophils

Adrenocortical carcinoma, breast cancer, cervical
cancer, CRC, epithelial ovarian cancer, esophageal
squamous cell carcinoma, gastric carcinoma, HNSCC,
intestinal carcinoma, laryngeal carcinoma, HCC, lung
carcinoma, melanoma cell lines, myelogenous
leukemia, neuroblastoma, ovarian cancer, pancreatic
cancer, prostate cancer, skin cancer

TLR5 cDCs, monocytes, neutrophils, NK cells,
T cells

Breast cancer cells, cervical squamous cell carcinoma,
CRC, gastric carcinoma, intestinal carcinoma, ovarian
cancer

TLR6 cDCs, monocytes, neutrophils, NK cells,
B cells

TLR7 Eosinophils, monocytes, neutrophils,
pDCs, B cells

CRC, esophageal squamous cell carcinoma, lung
carcinoma, myeloma cells, pancreatic ductal
adenocarcinoma

TLR8 cDCs, monocytes, neutrophils
T cells, Tregs CRC, lung carcinoma

TLR9 Eosinophils, monocytes, neutrophils,
pDCs, B cells

Breast cancer, cervical squamous cell carcinoma, CRC,
esophageal squamous cell carcinoma, gastric
carcinoma, lung carcinoma, myeloma cells,
myelogenous leukemia, ovarian cancer (cell lines),
prostate cancer, renal cell carcinoma

TLR10 Eosinophils, monocytes, neutrophils,
pDCs, B cells, T cells, Tregs CRC

HCC, hepatocellular carcinoma; CRC, colorectal carcinoma; NHSCC, head and neck squamous cell carcinoma.

to propose that TLR signaling enhances stemness in cancer
cells. Emerging evidence has demonstrated an association
between NF-𝜅B activation by TLR signaling and the expan-
sion, invasion, and tumorigenesis of CSCs. For example, the
TLR2-MyD88-NF-𝜅B signaling pathway supports a proin-
flammatory microenvironment together with the expansion
of the CD44+/MyD88+ epithelial ovarian cancer (EOC) stem
cells by enhancing self-renewal, as shown by the upregulation
of stemness-associated genes. CD44+/MyD88+ EOC stem
cells are responsible for therapeutic resistance and recurrence
in patients with EOC [166]. The stimulation of breast cancer
cells with the TLR3 ligand poly(I:C) enhanced stemness
in cancer cells through the simultaneous activation of 𝛽-
catenin and NF-𝜅B signaling pathways. TLR3 activation pro-
moted the expression of stemness-associated genes, including
OCT3/4, NANOG, and SOX2 [167]. Increased stem-like
properties were associated with TLR4 expression in HCC,
and TLR4 expression in HCC cells correlated significantly

with enhanced invasion and migration to the splenic vein in
nude mice. In clinical HCC tissues, high TLR4 expression
correlated strongly with early recurrence and poor survival,
which contributed to poor prognosis of HCC [168]. NF-𝜅B
suppression by I𝜅B𝛼SR inmammary epithelial cells impaired
tumorigenesis anddiminished tumor-associatedmacrophage
and tumor neoangiogenesis in breast cancer. I𝜅B𝛼SR reduced
the number of CD44+/CD24− stem cells and suppressed
NANOGand SOX2 expression.These results indicate that the
NF-𝜅B pathway controls the tumorigenesis through regula-
tion of stemness of breast cancer cells [169]. TLR4 activation
may also activate TWIST1 and promote the formation of
stem-like cancer cells in the mouse liver via a cooperation
with nanog and STAT3 [170]. TLR9 expanded stem-like
androgen-independent prostate cancer cells through NF-
𝜅B and STAT3 activation, which in turn upregulated the
expression of stemness-associated genes, including NKX3.1,
KLF-4, BMI-1, and COL1A1 [153].
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7. Interplay between Inflammation and
Stemness in Cancer Cells

NF-𝜅B is activated by IL-1𝛽 and TNF-𝛼, which are down-
stream effectors of TLR activation that also increase stemness
in cancer cells. IL-1𝛽 and TGF-𝛽 cooperatively upregu-
late stemness-associated genes, including NESTIN, BMI-
1, NOTCH-2, and LIF in glioma cells, thereby increasing
invasiveness, drug resistance, and tumor growth in vivo [171].
IL-1𝛽 stimulated the expression of the stemness-associated
genes NESTIN and BMI-1 in colon cancer cells, promot-
ing sphere formation and increasing drug resistance. The
expression of the EMT activator ZEB1 increased in IL-1𝛽-
induced sphere cells, suggesting a connection between EMT
and IL-1𝛽-induced CSC self-renewal [172]. In the study,
TNF-𝛼 upregulated SLUG expression through canonical NF-
𝜅B/HIF1𝛼 signaling in human breast cancer cells. SLUG
upregulation was reported to promote stemness in breast
cancer cells, with increased CD44 and Jagged-1 expression,
mammosphere growth, and extracellular matrix invasiveness
[173]. These findings indicate that NF-𝜅B-mediated inflam-
matory responses trigged by TLR, IL-1, and TNF-𝛼 signaling
promote stemness in cancer cells.

In contrast, NF-𝜅B-derived inflammatory responses are
high in stemness-enriched cancer cells. In acutemyelogenous
leukemia, a subpopulation of CD34+ stemness-enriched cells
was reported to exhibit high NF-𝜅B activity, which was not
seen in normal hematopoietic stem cells and leukemia cells.
This study also identified aTNF-𝛼 autocrine pathway forming
a NF-𝜅B/TNF-𝛼 positive feedback loop that maintained NF-
𝜅B activation [174]. TRA-1-60-, CD151-, and CD166-positive
stemness-enriched cancer cells purified from human prostate
tumors exhibited increased NF-𝜅B activity and inflamma-
tory gene expression. These cells recapitulated parent tumor
heterogeneity in serial xenograft experiments, indicating a
hierarchy of human prostate cancer cell development and
elevated NF-𝜅B activity. This may represent a functional
pathway of stemness-enriched cancer cells in human prostate
cancer [22]. NF-𝜅B activation is increased in glioblastoma
CSCs. p65/RelA translocation into nuclei is higher in these
cells than in non-CSCs [21]. A similar phenomenon was
observed in ovarian cancer and breast CSCs. NF-𝜅B activa-
tion and cytokine expression were elevated in ovarian CSCs.
These stemness-enriched ovarian cancer cells were more
resistant to anticancer drugs and were more metastatic than
non-CSCs [175]. Stemness-enriched breast cancer cells have
a CD44+/CD24− phenotype and higher NF-𝜅B activity than
CD44−/CD24+ breast cancer cells [176, 177].

These results indicate a bidirectional interplay between
inflammation and stemness in cancer cells. The activation of
NF-𝜅B-mediated inflammation by extrinsic stimuli, such as
TLR ligands, IL-1, and TNF-𝛼, induces stemness in cancer
cells. The expression of stemness-associated genes is regu-
lated by NF-𝜅B alone or in cooperation with other signaling
pathways, such as STAT3 and NOTCH signaling pathways
[18, 19, 21]. The regulation of EMT genes, such as SNAIL,
SLUG, and TWIST1, promotes an EMT phenotype, which
can initiate the metastasis and dedifferentiation of cancer
cells into CSCs [18, 19, 173]. NANOG, SOX2, and POU5F1

are also regulated and are essential for maintaining the
pluripotency of CSCs [169, 178–180]. Conversely, increased
stemness enhancesNF-𝜅B activation in cancer cells.Thismay
involve the intrinsic dysregulation of inflammatory signaling
pathways in cancer cells.

8. Intrinsically Altered TLR Signaling
Enhances Inflammation during the
Enrichment of Stemness in Cancer Cells

This concept was illustrated by a recent report that demon-
strated the downregulation of negative regulators of TLR
signaling when stemness was enriched in head and neck
squamous cell carcinoma (HNSCC) cells [181]. These down-
regulated negative regulators include COMMD1, SOCS1, and
PDLIM2 control TLR signaling through ubiquitination and
proteasomal degradation (Figure 1 and Table 2). COMMD1
was initially described as mouse U2af1-rs1 region 1 (Murr1)
because it was first discovered in close proximity to U2af1-
rs1 [182]. This protein lacks catalytic activities and was
hypothesized to be an adaptor or scaffold protein with a role
in protein-protein interactions [183, 184]. COMMD1 interacts
with the p65/RelA subunit of NF-𝜅B to promote ubiquitina-
tion and proteasomal degradation of the subunit [96, 97, 185].
SOCS1 acts as a ubiquitin ligase through its SOCSbox domain
leading to ubiquitination and proteasomal degradation of
p65/RelA. Thus, SOCS1 restricts prolonged p65/RelA trans-
activation and terminates NF-𝜅B-mediated inflammatory
gene expression [98, 186]. In addition, TLR activation induces
the expression of SOCS1, which is phosphorylated by Bruton’s
tyrosine kinase, and then targets TIRAP for proteasomal
degradation [95]. SOCS1 also interacts with IRAK to atten-
uate TLR signaling [187]. PDLIM2 functions as E3 ubiquitin
ligase through its LIM domain and facilitates the polyubiq-
uitination of p65/RelA. PDLIM2 binds p65/RelA through its
PDZ domain, sequesters soluble p65/RelA within promyelo-
cytic leukemia protein bodies, and subsequently assists the
proteasomal degradation of p65 [181].

COMMD1 was downregulated by miR-205 during the
enrichment of stemness in HNSCC cells. The reversal of
COMMD1 downregulation correlated with the upregulation
of the expression of NF-𝜅B-controlled inflammatory genes,
including PTGS2, IL8, IL-1A, CXCL2, IL-6, STAT5B, STAT3,
CCL2, IL-1B, CD40, and IL-15. COMMD1 downregulation
in cancer cells induced NF-𝜅B activation and inflammatory
responses in cancer cells and the tumor microenvironment.
In addition, stemness was increased by reduced COMMD1
expression, as shown by increased sphere-forming capabil-
ity and elevated expression of stemness-associated genes.
COMMD1 downregulation promoted tumorigenicity and
tumor growth and increased inflammation and stemness.
Furthermore, COMMD1 downregulation was shown in head
and neck, breast, lung, colon, gastric, and prostate cancers
[181]. These findings indicate that altered TLR signaling
drives a positive feedback interplay between inflammation
and stemness in cancer cells.
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9. Conclusion

Small CSC populations in tumors are key players in malig-
nancy and reduce the success of cancer therapies. Most
tumor tissue is removed by chemotherapy, radiotherapy, and
surgery, but relapses occur if CSCs remain.Thus, understand-
ing the underlying molecular mechanisms of CSC expansion
is crucial for identifying new cancer therapies.

Chronic inflammation has been identified as a major fac-
tor for CSC expansion and tumor progression. As reviewed
in this article, chronic inflammation can be initiated in the
tumor microenvironment by an extrinsic cellular pathway
in which TLRs are stimulated by PAMPs of carcinogenic
microbes and DAMPs released from cancer cells killed
during anticancer treatments.This activates NF-𝜅B-mediated
inflammation and increased stemness in cancer cells. Con-
versely, altered TLR signaling can lead to persistent activation
of NF-kB-mediated inflammation during the enrichment of
stemness in cancer cells.

This bidirectional positive feedback loop of inflammation
and stemness in cancer cells can be a mechanism underlying
malignancy and reduced treatment success. Blocking this
loop by targeting TLR signaling may represent an effective
strategy for inhibiting CSC expansion and tumor progres-
sion.

Competing Interests

The authors declare that they have no conflict of interests
regarding the publication of this manuscript.

Acknowledgments

This work was supported in part by the National Health
Research Institutes, Taiwan (Grant IM-105-PP-02) and Min-
istry of Science andTechnology of Taiwan (GrantsMOST104-
3011-B010-001, MOST 104-2314-B-400-024, and MOST 105-
2320-B-400-013-MY3).

References

[1] F. Colotta, P. Allavena, A. Sica, C. Garlanda, and A. Mantovani,
“Cancer-related inflammation, the seventh hallmark of cancer:
links to genetic instability,” Carcinogenesis, vol. 30, no. 7, pp.
1073–1081, 2009.

[2] D. Hanahan and R. A.Weinberg, “Hallmarks of cancer: the next
generation,” Cell, vol. 144, no. 5, pp. 646–674, 2011.

[3] E. Elinav, R. Nowarski, C. A. Thaiss, B. Hu, C. Jin, and R.
A. Flavell, “Inflammation-induced cancer: crosstalk between
tumours, immune cells and microorganisms,” Nature Reviews
Cancer, vol. 13, no. 11, pp. 759–771, 2013.

[4] S. I. Grivennikov, F. R. Greten, and M. Karin, “Immunity,
inflammation, and cancer,” Cell, vol. 140, no. 6, pp. 883–899,
2010.

[5] M. R. Junttila and F. J. de Sauvage, “Influence of tumour micro-
environment heterogeneity on therapeutic response,” Nature,
vol. 501, no. 7467, pp. 346–354, 2013.

[6] B. Hoesel and J. A. Schmid, “The complexity of NF-𝜅B signaling
in inflammation and cancer,” Molecular Cancer, vol. 12, no. 1,
article 86, 2013.

[7] T. Lawrence, “Thenuclear factorNF-kappaB pathway in inflam-
mation,” Cold Spring Harbor Perspectives in Biology, vol. 1, no. 6,
Article ID a001651, 2009.

[8] A. Mantovani, P. Allavena, A. Sica, and F. Balkwill, “Cancer-
related inflammation,” Nature, vol. 454, no. 7203, pp. 436–444,
2008.

[9] J. A. DiDonato, F. Mercurio, andM. Karin, “NF-𝜅B and the link
between inflammation and cancer,” Immunological Reviews, vol.
246, no. 1, pp. 379–400, 2012.

[10] C. Gasparini and M. Feldmann, “NF-𝜅B as a target for modu-
lating inflammatory responses,”Current Pharmaceutical Design,
vol. 18, no. 35, pp. 5735–5745, 2012.

[11] F. H. Sarkar, Y. Li, Z. Wang, and D. Kong, “NF-𝜅B signaling
pathway and its therapeutic implications in human diseases,”
International Reviews of Immunology, vol. 27, no. 5, pp. 293–319,
2008.

[12] S. Colak and J. P. Medema, “Cancer stem cells—important
players in tumor therapy resistance,” FEBS Journal, vol. 281, no.
21, pp. 4779–4791, 2014.

[13] J. A. Magee, E. Piskounova, and S. J. Morrison, “Cancer stem
cells: impact, heterogeneity, and uncertainty,” Cancer Cell, vol.
21, no. 3, pp. 283–296, 2012.

[14] S. D.Mertins, “Cancer stem cells: a systems biology view of their
role in prognosis and therapy,” Anti-Cancer Drugs, vol. 25, no.
4, pp. 353–367, 2014.

[15] T. Reya, S. J. Morrison, M. F. Clarke, and I. L. Weissman, “Stem
cells, cancer, and cancer stem cells,” Nature, vol. 414, no. 6859,
pp. 105–111, 2001.

[16] J. E. Visvader and G. J. Lindeman, “Cancer stem cells in solid
tumours: accumulating evidence and unresolved questions,”
Nature Reviews Cancer, vol. 8, no. 10, pp. 755–768, 2008.

[17] H. Korkaya, S. Liu, andM. S.Wicha, “Regulation of cancer stem
cells by cytokine networks: attacking cancer’s inflammatory
roots,” Clinical Cancer Research, vol. 17, no. 19, pp. 6125–6129,
2011.

[18] S. Shigdar, Y. Li, S. Bhattacharya et al., “Inflammation and
cancer stem cells,” Cancer Letters, vol. 345, no. 2, pp. 271–278,
2014.

[19] C. Zhou, J. Liu, Y. Tang, and X. Liang, “Inflammation linking
EMT and cancer stem cells,” Oral Oncology, vol. 48, no. 11, pp.
1068–1075, 2012.

[20] R. Birnie, S. D. Bryce, C. Roome et al., “Gene expression
profiling of human prostate cancer stem cells reveals a pro-
inflammatory phenotype and the importance of extracellular
matrix interactions,” Genome Biology, vol. 9, no. 5, article R83,
2008.

[21] J. M. Garner, M. Fan, C. H. Yang et al., “Constitutive activation
of signal transducer and activator of transcription 3 (STAT3)
and nuclear factor 𝜅B signaling in glioblastoma cancer stem
cells regulates the notch pathway,” The Journal of Biological
Chemistry, vol. 288, no. 36, pp. 26167–26176, 2013.

[22] V. K. Rajasekhar, L. Studer, W. Gerald, N. D. Socci, and H.
I. Scher, “Tumour-initiating stem-like cells in human prostate
cancer exhibit increased NF-𝜅B signalling,” Nature Communi-
cations, vol. 2, article 162, 2011.

[23] T. Yamashina, M. Baghdadi, A. Yoneda et al., “Cancer stem-
like cells derived from chemoresistant tumors have a unique
capacity to prime tumorigenic myeloid cells,” Cancer Research,
vol. 74, no. 10, pp. 2698–2709, 2014.

[24] K. Chen, J. Huang, W. Gong, P. Iribarren, N. M. Dunlop, and
J. M. Wang, “Toll-like receptors in inflammation, infection and



Journal of Immunology Research 9

cancer,” International Immunopharmacology, vol. 7, no. 10, pp.
1271–1285, 2007.

[25] K. Hoebe, Z. Jiang, P. Georgel et al., “TLR signaling pathways:
opportunities for activation and blockade in pursuit of therapy,”
Current Pharmaceutical Design, vol. 12, no. 32, pp. 4123–4134,
2006.

[26] A.M. Piccinini andK. S.Midwood, “DAMPening inflammation
by modulating TLR signalling,”Mediators of Inflammation, vol.
2010, Article ID 672395, 21 pages, 2010.

[27] M. P. Belvin and K. V. Anderson, “A conserved signaling
pathway: the Drosophila toll-dorsal pathway,” Annual Review of
Cell and Developmental Biology, vol. 12, pp. 393–416, 1996.

[28] T. Kawai and S. Akira, “Signaling to NF-𝜅B by Toll-like
receptors,”Trends inMolecularMedicine, vol. 13, no. 11, pp. 460–
469, 2007.

[29] C. Hashimoto, K. L. Hudson, and K. V. Anderson, “The Toll
gene of Drosophila, required for dorsal-ventral embryonic
polarity, appears to encode a transmembrane protein,” Cell, vol.
52, no. 2, pp. 269–279, 1988.

[30] T.-H. Chuang and R. J. Ulevitch, “Identification of hTLR10:
a novel human Toll-like receptor preferentially expressed in
immune cells,” Biochimica et Biophysica Acta—Gene Structure
and Expression, vol. 1518, no. 1-2, pp. 157–161, 2001.

[31] F. L. Rock, G. Hardiman, J. C. Timans, R. A. Kastelein, and J.
F. Bazan, “A family of human receptors structurally related to
DrosophilaToll,”Proceedings of theNational Academy of Sciences
of the United States of America, vol. 95, no. 2, pp. 588–593, 1998.

[32] K. Takeda and S. Akira, “TLR signaling pathways,” Seminars in
Immunology, vol. 16, no. 1, pp. 3–9, 2004.

[33] A. O. Aliprantis, R.-B. Yang, M. R. Mark et al., “Cell activa-
tion and apoptosis by bacterial lipoproteins through toll-like
receptor-2,” Science, vol. 285, no. 5428, pp. 736–739, 1999.

[34] P. S. Coelho, A. Klein, A. Talvani et al., “Glycosylphos-
phatidylinositol-anchored mucin-like glycoproteins isolated
from Trypanosoma cruzi trypomastigotes induce in vivo leuko-
cyte recruitment dependent on MCP-1 production by IFN-
gamma-primed-macrophages,” Journal of Leukocyte Biology,
vol. 71, no. 5, pp. 837–844, 2002.

[35] C. A. Janeway Jr. and R. Medzhitov, “Innate immune recogni-
tion,” Annual Review of Immunology, vol. 20, pp. 197–216, 2002.

[36] P. Massari, P. Henneke, Y. Ho, E. Latz, D. T. Golenbock, and L.
M. Wetzler, “Cutting edge: immune stimulation by neisserial
porins is toll-like receptor 2 and MyD88 dependent,” The
Journal of Immunology, vol. 168, no. 4, pp. 1533–1537, 2002.

[37] T. K. Means, S. Wang, E. Lien, A. Yoshimura, D. T. Golen-
bock, and M. J. Fenton, “Human Toll-like receptors mediate
cellular activation by Mycobacterium tuberculosis,” Journal of
Immunology, vol. 163, no. 7, pp. 3920–3927, 1999.

[38] R. Schwandner, R. Dziarski, H. Wesche, M. Rothe, and C. J.
Kirschning, “Peptidoglycan- and lipoteichoic acid-induced cell
activation is mediated by toll-like receptor 2,” The Journal of
Biological Chemistry, vol. 274, no. 25, pp. 17406–17409, 1999.

[39] D. M. Underhill, A. Ozinsky, A. M. Hajjar et al., “The Toll-
like receptor 2 is recruited to macrophage phagosomes and
discriminates betweenpathogens,”Nature, vol. 401, no. 6755, pp.
811–815, 1999.

[40] A.Ozinsky,D.M.Underhill, J. D. Fontenot et al., “The repertoire
for pattern recognition of pathogens by the innate immune
system is defined by cooperation between Toll-like receptors,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 97, no. 25, pp. 13766–13771, 2000.

[41] O. Takeuchi, T. Kawai, P. F. Mühlradt et al., “Discrimination
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Interplay among immune activation and cancer pathogenesis provides the framework for a novel subspecialty known as
immunooncology. In the rapidly evolving field of immunooncology, understanding the tumor-specific immune response enhances
understanding of cancer resistance. This review highlights the fundamentals of incorporating precision medicine to discover new
immune biomarkers and predictive signatures. Using a personalized approach may have a significant, positive impact on the use of
oncolytics to better guide safer and more effective therapies.

1. Introduction

The link between the immune system and cancer has been
widely appreciated for over a century and was first high-
lighted by Rudolph Virchow over 150 years ago [1]. The
underlying basis for this relationship between cancer and
immunity involves three basic principles of how the immune
system acts to defend and protect an individual: it detects
“nonself ” antigens from pathogens or infected/malignant
cells; it encompasses effector functions to specifically target
and destroy the pathogen or infected/malignant cells while
protecting the host; and it develops immunological memory
via the adaptive immune responses for subsequent defense
mechanisms following an injury or an attack against the host
[2]. Through this process, the immune system has acquired
characteristics that give rise to the paradigm known as
immunoediting, which provides a balance between immune
surveillance and cancer progression in the realm of oncology
[3, 4]. This multifaceted mechanism consists of the three
primary phases: elimination, equilibrium, and escape, that
contribute to cancer elimination, dormancy, and progression,
respectively [4]. Interestingly, this ability of cancers to evade
or escape the immune response is now recognized to be one of

the most distinguished cancer hallmarks, which provides the
platform for treatments within the context of immunother-
apies. Although the initial utilization of immunotherapy for
cancer treatments dates back to the early nineteenth century,
suggestive of work done by William B. Coley and colleagues
[1, 5], it was the more recent scientific advances that have
helped elucidate innovative approaches for implementing
immunotherapies to eradicate and/or treat various cancers.
These advances have made the concept of immunooncology
and cancer immunotherapy more clinically relevant. This
review highlights the emerging and evolving findings that
contribute to the understanding of immunooncology, as well
as emphasizing the importance of relevant immunotherapies
for potential therapeutic interventions in cancer treatments.

2. Cancer Biology

Being ranked as the secondmajor cause of death in theUnited
States, incidence of cancer and cancer-related mortality rates
have been on the rise [6]. Onset of cancer stems from several
types of spontaneous and induced genetic mutagenesis, some
of which include altered glycosylation patterns, gain or loss
of chromosomes, and translocation [7]. Altered glycosylation
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patterns contribute to cancer heterogeneity by regulating
growth of cancer cells via glycosylation of certain growth
factor receptors [7].Thesemutations occur in specific types of
genes known as oncogenes or tumor suppressor genes which
are known to promote or inhibit cell growth, respectively [7].
Interestingly, epigenetic alterations such as DNAmethylation
also play a role in cancer pathogenesis [8]. For example,
hypermethylation is known as a mechanism for silencing
tumor suppressor genes [9, 10], whereas, DNA hypomethyla-
tion of mobile DNAs causes gene activation and is observed
to occur in several forms of cancers [9, 10]. These epigenetic
mutations can affect a broad range of tissues or organs
resulting in distinct cancer types such as prostate cancer and
breast cancer [10]. While the onset of cancer can be initiated
by hereditary factors, environmental factors such as diet,
exposure to certain chemicals (carcinogens) or radiation,
and lifestyle choices such as smoking are also contributing
factors. Although the underlying cause for many of these
cancers can be attributed to inherited or acquired genetic
mutations, cancer pathogenesis greatly varies depending on
the tissue or organ that is affected, the molecular/genetic
mechanisms involved, and the treatment options available for
that particular type of cancer.

The terminology used to describe the different forms of
cancer results in another layer of complexity to the field of
oncology. For instance the cancers that remain localized to
their site of origin are referred to as “primary cancer,” while
secondary or metastatic cancers are those that migrate to
other locations of the body [11]. It is important to consider
that the terms “cancer” and “tumor” cannot be substituted
for one another [11]. Tumor refers to the mass of abnormal
cell growth (neoplasms) which can be benign or malignant
(injurious) [11]. These benign tumors remain localized at
their site of origin, whereas malignant tumors are referred
to as being cancerous, and they metastasize to other organs
[11]. Notably, while the metastatic cancers still possess the
transformed cells from the original primary cancer, they do
acquire distinct characteristics over time that help distinguish
them from the primary cancer [12].Themechanism by which
metastasis occurs involves certain transformed cells being
able to detach themselves from the primary cancer growth
(neoplasm) and travel through other sites via lymphatic flow
or blood circulation [11].These metastatic cancer cells secrete
enzymes such as matrix metalloproteinases that degrade
extracellular matrix proteins and utilize chemotaxis to enable
them to migrate to other locations. While not all cancer cells
in circulation survive, the ones that do survive can attach
themselves to endothelial cell lining of the capillary venules or
blood vessels andmigrate to the secondary tissue/organ using
complex signaling pathways [13]. Subsequently, these cancer
cells can proliferate via mechanisms that induce angiogenesis
[14]. Growth of metastatic cancer depends on getting ade-
quate blood supply for nutrients and oxygenation and being
able to efficiently remove cellular waste through a process
known as angiogenesis [14, 15]. The hypoxic environment
of cancers induces expression of proteins such as hypoxia-
inducible factor-1alpha (HIF-1𝛼) that can regulate expression
of angiogenic growth factors like vascular endothelial growth
factor (VEGF) [14, 15], though awide variety of other proteins

such as cytokines, interleukins, and other growth factors also
contribute to angiogenesis for cancer proliferation [15].

Similar to the complexity of cancer pathogenesis and
its terminology, classification of the types of cancers also
remains to be a challenging concept due to various factors
involved. Cancer or tumor can originate from several types
of tissues such as epithelium, mesenchyme (connective tis-
sue/bones), or glands and depending on their site of origin
they are referred to as carcinoma, sarcoma, or adenocar-
cinoma, respectively [16]. Cancers that occur within the
lymphatic system and affect the lymphoid organs are known
as lymphomas [17], whereas tumors that originate in the bone
marrow such as myeloma or leukemia affect the production
of plasma cells in the case ofmyeloma or affect the production
of erythrocytes and leukocytes in leukemia [18]. Interestingly,
the pathophysiology of these cancers can greatly vary among
adults and children [19]. It has been reported that cancers
in children progress faster and tend to be more aggressive
compared to those observed in adults [19]. Such differences
in cancer pathogenesis further contribute to the variability
observed in patient care and treatments.

Due to the complex nature and heterogeneity present in
cancer pathogenesis, treatment for any one particular type of
cancer is difficult to develop. However, huge strides have been
made in developing therapies that can target the six hallmarks
of cancer: evading growth suppressors, activating invasion
and metastasis, enabling replicative immortality, inducing
angiogenesis, resisting cell death, and sustaining prolifera-
tive signaling [20]. While recent advances are focused on
targeting mutations or symptoms associated with these six
cancer hallmarks as potential cancer-specific treatments, the
more beneficial route would be to understand and target a
common key player that is present in cancer as a whole,
such as the immune system. To gain insight into how the
immune system can be exploited as a treatment option for
cancer, it is critical to understand that key components of
the immune system and the role it has in oncogenesis. The
succeeding sections of this review highlight these important
concepts and shed light on how the interaction between
cancer and the immune system resulted in development of
the immunooncology paradigm.

3. Immune System

The immune system is comprised of several types of solu-
ble bioactive molecules, cytokines, proteins, and cells that
collectively form the multifaceted network of biochemical
processes that recognize and defend against “nonself ” pro-
teins or antigens [2]. To provide protection and maintain
the host’s normal state of homeostasis, the immune sys-
tem consists of two forms of immune responses: innate
and adaptive (Figure 1), [2]. Nonspecific and immediate
immune responses are classified as innate due to their fast-
acting nonspecific response against foreign antigens such
as pathogenic microbes, allergenic antigens, or non-self-
proteins or molecules (Figure 1) [2, 21]. While innate immu-
nity is short-lived and not able to form an immunological
memory, it is still able to distinguish between “self” and
“nonself ” or different groups of pathogens via receptors
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Figure 1: Overview of the immune system: innate and adaptive immunity. An evolutionary bridge between both forms of immunity is
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responses include cells and soluble components that are nonspecific, fast-acting, and first responders in inflammation. In contrast, adaptive
immunity encompasses immune components that are more specific for targeted antigens and capable of forming immunological memory
[25, 27, 38].

such as toll-like receptors (TLRs) and others that recognize
specific danger associated or pathogen associated molecular
patterns (DAMPs or PAMPs) [21]. For example, TLR7 is
an intracellular receptor that can recognize single stranded
RNA but it can also suppress induction of T regulatory cells
(Tregs) which is helpful in the tumor environment [1, 22].
Other mechanisms by which the innate immunity imparts
immediate protection to the host involve soluble bioactive
proteins such as cytokines and complement proteins [2].
Notably, the cytokines have various functions depending on
the microenvironment they were secreted in, the cells they
were secreted by, the location of the receptor it binds to,
and the signaling pathways that are activated following their
binding to the receptor [23]. On the other hand, while the
complement proteins have three major signaling pathways
that they are activated by (classical, alternative, and the
lectin pathways), all pathways result in activated complement
proteins. Upon activation, complement proteins function in
opsonization, act as chemoattractant for other immune cells,
and mediate cell/pathogen death by formation of membrane
attack complex for lysis [24].

The key players in cell-mediated innate immune respons-
es involve phagocytes and natural killer (NK cells) [25].These
phagocytes (neutrophils, monocytes, and macrophages)
facilitate immediate host protection by engulfing cells that
express non-self-antigens or altered self-antigens and killing
them with lysosomal enzymes (Figure 1) [25]. On the other
hand, NK cells confer immune protection using major
histocompatibility complex I (MHC class I) proteins which
are universally expressed on cell surface of all nucleated
cells [25]. These NK cells secrete perforin and granzyme to
induce apoptosis of cells that have abnormal or altered MHC
class I expression if the cell has been compromised or a

pathogen is expressed [25]. Other cells such as eosinophils,
basophils, andmast cells that release inflammatorymediators
like chemotactic leukotrienes also contribute to the cellular
innate immunity by recruiting more immune cells to the
inflammation/injured site (Figure 1) [2]. It is important
to note here that, in humans, proteins known as human
leukocyte antigens (HLA) are the equivalent to the MHC
found in most vertebrates. Similar to NK cells, there are also
cells known as NKT cells which possess qualities of both the
NK and the T cells [25].

Contrary to the innate immune response, the adaptive
immunity involves the development of immunological mem-
ory due to specific forms of immune responses targeting the
antigens (Figure 1) [2]. This form of immunity occurs over
time and is not characterized as being a rapid response due
to naı̈ve lymphocytes, such as the T and B cells, gaining the
ability to differentiate andmature into either effectorT cells or
antibody-secreting B cells (plasma cells) (Figure 1) [26].There
are two types of T cells present in the immune system that are
distinguished by their T cell receptor type:𝛼𝛽T cells and 𝛾𝛿T
cells (Figure 1) [27].Only a small subset of T cells are classified
as 𝛾𝛿Tcells and can recognize “nonself ”molecules by pattern
recognition, thereby not requiring MHC-mediated antigen
presentation (Figure 1) [27]. On the other hand, 𝛼𝛽 T cells are
further broken down into two other subsets known as CD4+
T cells and CD8+ T cells (Figure 1) [28, 29]. Maturation of
naı̈ve CD4+ T cells to effector CD4+ T cells involves costim-
ulation between major histocompatibility complex II (MHC
class II) which are only present on antigen-presenting cells
(B cells, macrophages, and dendritic cells) and T cell receptor
on the naı̈ve CD4+ T cells (Figure 1) [28, 29]. Depending
on the cytokine milieu present in the microenvironment and
the presence of certain transcription factors during the time
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at which the costimulatory signal occurs, the CD4+ T cells
can differentiate into several subsets of effector T cells such
as T helper 1 (Th1) cells, T helper 2 (Th2) cells, or Tregs
(Figure 1) [29]. Each of these subsets of CD4+ T effector
cells can produce and secrete certain cytokines that modulate
immune response accordingly [29]. For instance, Th1 cells
produce IFN-𝛾 and interleukin-2 (IL-2) and play a role in
autoimmunity. Notably, Th2 cells produce interleukins 4, 5,
10, 13, and 31 (IL-4, IL-5, IL-10, IL-13, and IL-31) and regulate
immune responses involving extracellular pathogens as well
as allergic diseases [29]. Tregs, on the other hand, help reduce
inflammation via production of transforming growth factor-
beta (TGF-𝛽), interleukin-35 (IL-35), and IL-10 [29]. Similar
to NK cells in innate immunity, naı̈ve CD8+ T cells rely on
MHC class I for maturation into effector cytotoxic T cells
[28]. MHC class I molecules present on nucleated cells can
recognize and bind to peptides derived from nonself antigens
and altered or abnormal self-antigens [2, 28]. CD8+ T cells
via the specific T cell receptor bind to the antigen/MHC class
I complexes on the antigen-presenting cells (i.e., target cells)
resulting in release of perforin and granzymes from CD8+ T
cells and death of the target cell [28]. Both types of T cells
(CD4+ and CD8+) express other cell surface markers such as
CD28 and CTLA-4 that participate in activating or inhibiting
the näıve T cells, respectively, by binding to CD80/CD86 on
antigen-presenting cells during costimulatory signaling [30].
Interestingly, the cell surface marker PD-1 on T cells which
binds to PD-L1 and PD-L2 on antigen-presenting cells also
inhibits T cell activation [30].Notably, certain cancer cells can
also induce PD-L1 expression as mechanism to suppress and
evade the immune system [30].

For maturation and activation of B cells, antibody-
secreting effector functions can be activated by T helper cell-
dependent and cell-independent mechanisms [31] resulting
in a wide range of antibodies which are specific for the type
of immune response that is initiated [31]. Antibodies are
also commonly referred to as immunoglobulins (Ig).They all
possess a fragment antibody binding (Fab) domain that can
bind to numerous antigens and a fragment crystallizable (Fc)
domain that can bind to its corresponding Fc receptors on
effector cells to mediate effector functions such as antibody-
dependent complement cytotoxicity (ADCC) [32]. Whereas
all näıve B cells express membrane-bound IgD and IgM [32],
various other antibody isotypes such as IgA, IgG, and IgE
are also produced by immediate and long-term memory
plasma cells through immunoglobulin class switching, affin-
ity maturation, and somatic hypermutations [32]. Among
these isotypes, certain antibodies such as IgA and IgG also
have different subsets that they can be classified as isotypes
[32]. The various antibody isotypes and subsets can have
distinct functions that they carry out in different conditions
[32]. However, in general, antibodies function to neutralize
the antigen by binding to it, initiatingADCC, interactingwith
components of the classical complement pathway to induce
complement dependent cytotoxicity (CDC), and also binding
to antibody receptors on specific cells to activate their effector
functions [32].

Similar to NK cells present in innate immunity, the
adaptive immune responses also have their own version of

NK cells known as NKT cells. These cells possess qualities of
both the NK and the T cells, because they express NK 1.1, a
natural killer cell-associated surface marker, along with the
expression of T cell receptors (TCRs) [33]. However, some of
their TCRs can differ from the normal TCR, thus classifying
them as invariant NKT cells [33]. These NKT cells are able to
identify and bind to self or nonself lipids/glycolipids through
the expression of CD1d molecule on antigen-presenting cells
after which they secrete several cytokines such as IL-12 and
IFN-𝛾 for activation of other immune response [33].

While innate and adaptive immune responses have dis-
tinct characteristics that distinguish them from one another,
both forms of immunity work in tandem [34]. The innate
immune response is initiated as the first line of defense
prior to adaptive immunity [34]. However, if the innate
immune responses become overwhelmed by the antigens
and are not sufficient for their clearance, then the onset of
adaptive immunity occurs to aid in antigen removal and
form immunological memory for subsequent exposures [34].
Some of the components that serve as linker between innate
and adaptive immunity include dendritic cells, macrophages,
and complement protein. Dendritic cell and macrophages
can both function in innate immunity by phagocytosing
pathogens or innate immunity, but they also contribute to
adaptive immune responses by serving as antigen-presenting
cells for T cell activation [34]. The role of complement
proteins in innate immunity reflects its ability to eradicate
cancer cells by formation of the membrane attack complex
or by CDC [35]. Moreover, in adaptive immune responses,
the complement system can contribute to B cell activation
by lowering the activation threshold and by mediating T cell
activation and differentiation [35, 36]. Other cells like NK
cells, NKT cells, 𝛾𝛿 T cells, macrophages, dendritic cells, and
complement proteins serve as evidence for the evolutionary
bridge between innate and adaptive immunity (Figure 1)
[25, 27, 37].

4. Innate Immunity and Cancer

During cancer pathogenesis several components of the
innate immunity are activated in efforts to minimize cancer-
mediated inflammation [39, 40]. This process also initiates
adaptive immune responses for targeting the cancer via
more specific immune mechanisms [39, 40]. Several studies
suggest the role for genetic and epigenetic modifications in
cancer cells [7]. Notably, these alterations in the cancer cells
correlate with the changes observed in the composition of
their cell surface proteins, resulting in expression of tumor-
associated antigens which can be recognized by complement
proteins [41] and thereby predisposing the cancer cells to
complement-mediated death [41]. Activation of complement
proteins has been reported in local and/or systemic biological
fluids of cancer patients, as well as in cancer tissues from
patients diagnosed with neuroblastoma, lung cancer, ovarian
cancer, and a variety of others [41]. While complement
activation promotes mechanisms that aid in eradicating
cancer cells, the presence of soluble and membrane-bound
complement regulatory proteins (CRPs) that inhibit various
steps in the multiple complement signaling pathways help
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protect cancer cells against complement-mediated injury
[41]. Inhibition of the complement cascade also hinders some
of the effects of adaptive immune responses because com-
plement proteins have also been reported to play a role in B-
and T cell activation/survival [36]. Therefore, CRP-mediated
complement inhibition may also result in insufficient activa-
tion and expansion of B and T cells that can specifically target
the cancer cells [36].

As previously mentioned, genetic and epigenetic modifi-
cations result in modified cell surface markers and patterns
on the surface of the cancer cell [7]. Notably, one such cell
surface marker is MHC class I whose expression becomes
altered or reduced in cancer cells [37]. This aberrant or
reduced MHC class I expression leads to activation of NK
cells via activating receptors present on NK cell surface such
as NKG2D which bind to surface glycoproteins known as
MICA/B thatmay be present on the tumors [37]. NK-induced
programmed cell death (apoptosis) can occur by several
mechanisms such as tumor-necrosis factor-alpha- (TNF-𝛼-
) dependent release of cytoplasmic granules (perforin and
granzymes) that form pores in cell membranes; by antibody-
dependent complement cytotoxicity due to the presence anti-
body receptor (CD16) on NK cell surface; and by the release
of cytokines such as IFN-𝛾 which mediates activation and
maturation of antigen-presenting cells such as dendritic cells
[37]. Cells are resistant to NK-mediated lysis due to normal
expression of MHC class I that activates inhibitor receptors
on NK cells which prevents NK cell induced apoptosis [37].

Other mechanisms by which the innate immunity con-
tributes to cancer pathogenesis include neutrophils which
have been more widely known to promote cancer progres-
sion [42]. Proteases such as neutrophil elastase present in
neutrophil granules facilitate growth of cancer cells [42].
Other proteases in the neutrophil granules assist in cleaving
extracellular matrix proteins, thus allowing cancer invasion
and metastasis [42]. As previously mentioned, these neu-
trophils also contain phagolysosomeswhich contain enzymes
like NADPH oxidase which oxidizes superoxide radicals and
other reactive oxygen species (ROS). It is well documented
that ROS have been reported to not only promote cancer
by genetic modifications via DNA damage, but also initiate
cytotoxicity through disruption of the cell membrane on the
tumors [42].

Various cell types also serve as evolutionary linkers
between the innate and adaptive immunity. These cells in-
clude dendritic cells, 𝛾𝛿 T cells, macrophages, and NKT cells
[33, 37, 43, 44]. For instance, dendritic cells andmacrophages,
which function as phagocytes in innate immune responses,
can also function as antigen-presenting cells for adaptive
immunity [34, 43]. Tumor cells can produce thymic stromal
lymphopoietin which promotes upregulation of OX40 ligand
expression on dendritic cells and other types of APCs [43].
Expression of OX40 is induced on activated T cells and acts
as a secondary costimulatory signal to CD28 signaling on
T cells [45]. As a consequence of OX40 ligand and OX40
expression, direct T cell-APC interactions promote T cell
activation and subsequent differentiation into the Th2 T cell
subset [45]. Additionally, some types of tumor cells have
been known to prevent the antigen-presenting capabilities of

dendritic cells, thereby inhibiting dendritic cell-dependent
T cell activation [43]. One common mechanism by which
NKT cells contribute to immune responses to tumor cells
is through IFN-𝛾 secretion which activates the effector
functions of cells such as NK cells or CD8+ T cells to mediate
tumor lysis via granzymes or perforin [33]. Interestingly,
NKT cells’ interaction with dendritic cells via CD40 ligand-
CD40 signaling, respectively, enables activation and secretion
of IL-12 [33]. CD40 is expressed on several types of antigen-
presenting cells and acts as a costimulatory signal when
bound to CD40 ligand on NK cells, mast cells, macrophages,
B cells, epithelial cells, endothelial cells, and activated T cells
[33, 45]. In addition, IL-12 can activate NK or CD8+ T cells
for tumor lysis and suppression of cancer progression [33].
Similar to NK and CD8+ T cells, the 𝛾𝛿 T cells express
NKG2D which interacts with MICA/B on tumor cells and
promotes secretion of perforin proteins and subsequent
tumor lysis [44]. Other mechanisms implemented by the 𝛾𝛿
T cells for regulating cancer progression involve secretion
of IFN-𝛾 that can activate NK or CD8+ T cells for tumor
lysis, recognition of tumor-associated antigens by CD16
(Fc receptor) to mediate antibody-dependent complement
cytotoxicity, and the ability of 𝛾𝛿 T cell receptors to bind to
self-antigens such as heat shock proteins that are upregulated
in the cancer microenvironment [44].

Though the innate immunity plays a critical part in
regulating cancer pathogenesis, another equally important
aspect in cancer biology is the role of adaptive immunity
[3, 40]. Effector functions of adaptive immunity result in
either tumor eradication or proliferation depending on the
environmental signals [3, 40]. The next section will highlight
the mechanisms by which lymphocytes and APCs promote
tumor progression or regression.

5. Adaptive Immunity and Cancer

Similar to innate immunity, the adaptive immunity is com-
prised of several components that can either eradicate cancer
cells or promote their proliferation [39].This formof immune
response is capable of targeting antigens specific to the cancer
cells by exploiting the effector functions of antibodies, T cells,
B cells, and antigen-presenting cells [38]. The central dogma
behind the cancer immunity concept involves the formation
of neoantigens, such as the new antigens that are formed due
to tumorigenesis/oncogenesis, which are phagocytosed by
antigen-presenting cells (APCs) or pinocytosed by dendritic
cells for antigen processing [39]. MHC class II molecules
present exogenous peptides of tumor antigens, whereas
MHC class I molecules present endogenous peptides derived
from cancer antigens [38]. The processed tumor-associated
antigens are then presented by MHC class II and MHC
class I molecules on the APC to the antigen-specific T cell
receptor on CD4+ T cells or CD8+ T cells, respectively [39].
Activation of CD4+ T cells by MHC class II on APC primes
them for subsequent exposures to that particular antigenic
peptide/MHC class II complex, thus forming memory T cells
[39, 46]. IL-2 is also produced when T cells are activated
and further promotes T cell proliferation [47]. The cytokine
milieu present within the tumor environment at the time
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of CD4+ T cell activation dictates the T cell differentiation
pathway as previouslymentioned [39].While it is known that
B cells can act as APCs to näıve T cells, activated CD4+ T cells
(also known as helper T cells) can also interact with naı̈ve B
cells to promote their activation [31]. This process is known
as thymus-dependent activation of B cells and encompasses
two types of signals between T helper cells and B cells: TCR-
MHC class II with tumor antigen and a costimulatory signal
between CD40 ligand and CD40 [31]. In the absence of this
costimulatory signal, the B cells are not able to be activated
or proliferate [31]. B cells can also be activated by thymus-
independent (TI) mechanisms which involve antigens with
highly repetitive structures [31]. Following TI-independent
B cell activation, antibodies are secreted which can bind to
the tumor-derived antigen. This can initiate tumor cell lysis
via ADCC or CDC and also by [32] binding to Fc receptors
on NK cells [25]. Similarly, activation of CD8+ T cells occurs
by interaction of antigen-specific T cell receptors with MHC
class I/tumor antigen complexes leading to induction of
cytolytic CD8+ T cell-mediated lysis of cancer cells [39].

Within this central dogma of cancer immunity, there are
several regulatory factors that act as immune checkpoints in
the context of adaptive immune responses to mediate either
cancer progression or regression. For instance, during the
first encounter with antigen/MHC class II on the antigen-
presenting cells, it is critical to have two signals delivered
between the APC and T cell: antigen-bound MHC class II
interacting with the T cell receptor and costimulatory signals
[45]. Some of these costimulatory signals include CD28,
ICOS, and CD80 (B7.1)/CD86 (B7.2) [30, 45]. The ICOS lig-
and onAPCs interacts with ICOS receptor onT cells, whereas
CD28 on T cells interacts with CD80 (B7.1)/CD86 (B7.2)
on APCs for costimulation [30, 45]. If these costimulatory
signals are not present when activating the näıve T cells,
then they will not differentiate or proliferate [30]. Lack of
an appropriate costimulatory signal ultimately results in T
cell anergy and a state of immune tolerance to cancer cell-
associated antigens; under this scenario, adaptive immunity
is shut down and cancer progresses [48]. Similarly, immune
tolerance is also initiated by CTLA4 on T cells binding
to the CD80/CD86 proteins on APCs [30, 45]. Contrary
to the binding of CD28 with these proteins, interaction
of CTLA4 on CD4+ T cells with CD80/CD86 on APCs
results in T cell inhibition and mediates downregulation
of immune responses [30, 45]. CTLA4 is also expressed
by several cancers/tumors and this mechanism corresponds
with immune tolerance as seen in cancer progression [49].
Interestingly, the T cells also have a cell surface receptor
molecule known as programed cell death protein 1 (PD-1)
which can bind to its ligand, PD-L1, on APCs and mediates
immunosuppression [30]. Notably, the PD-1 expression has
also been reported in multiple other immune cells such
as B cells, NK cells, monocytes, dendritic cells, and Tregs
[30]. Similar to expression of CTLA4, this PD-L1 protein
is also expressed by various types of cancer cells which
may be a mechanism for how the cancer escapes immunity
[30, 49]. Immune responses in oncogenic environment can
also be suppressed by Tregs [50]. Tumors/cancer cells can
secrete chemokines like CCL22 that recruit Tregs to the

oncogenic site and help suppress effector functions of other
T cells that may be necessary to eradicate cancer cells
[50, 51]. Collectively, the role of these innate and adaptive
immune responses in oncogenesis serves to be the underlying
basis for immune surveillance and cancer immunoediting
[4, 40].

6. Cancer Immunoediting

The role of the immune system in cancer pathogenesis has
been a subject of great interest and debate for many decades
due to its ability to mediate protection against cancer and
promote cancer progression [4, 40]. The role of immune
responses in the context of cancer biology is commonly
referred to as cancer immunosurveillance [4, 40]. While Paul
Ehrlich is recognized as the scientific pioneer behind the
immunosurveillance concept, contradictory reports on this
concept based on studies conducted by Burnet and Thomas
and Stutman’s group brought the concept of immunosurveil-
lance to the forefront in oncology [4, 40]. Due to these
and other inconsistent reports from studies highlighting the
immunosurveillance mechanisms in cancer, the concept was
largely rejected [4]. However, with the scientific advancement
in genetically modified animal models, design of studies to
investigate immunosurveillance was feasible [4, 40]. Conse-
quently, the role of immunity in cancer was reevaluated once
again in the 1990s [4, 40]. Several counterarguments against
the cancer immunosurveillance theories were discarded with
the exploitation of mice models deficient in adaptive immu-
nity (RAG2 knockout mice) or mice lacking components
of interferon-gamma (IFN-𝛾) signaling cascade [4]. Notably,
studies from these and other animal models deficient in
some form of the immune response were highly indicative
of immunity protecting against carcinogenesis and tumor
formation [4, 40]. Moreover, immune-mediated protection
against cancer is not just limited to animal models, rather
it has become increasingly clear that immunosurveillance
is clinically observed in humans as well [40]. Interestingly,
recent reports suggest that a delicate balance between cancer
dormancy and progression exists and this balance is the
foundation for the principle in oncology known as immu-
noediting [52]. Three major phases that comprise the immu-
noediting process in cancer pathogenesis are elimination,
equilibrium, and escape (Figure 2), [4, 40]. These under-
lying immune responses of immunoediting help shape the
immunogenicity of various cancers. The outcome of immu-
noeditingmay be attributed to factors which include the tem-
poral or spatial location of the cancer, molecularmechanisms
involved in transformation fromnormal to transformed cells,
and the inherent genetic factors of the immune system [52].
The elimination phase of the immunoediting process is a
component of the cancer immunosurveillance theory and
refers to the ability of the innate and adaptive immune system
to recognize and eradicate cancer cells (Figure 2) [4, 40,
53]. Mechanisms by which cancer cell lysis occurs are via
secretion of perforin from cytolytic immune cells (i.e., NK
cells, NKT cells, 𝛾𝛿T cells, andCD8+ T cells), ADCC, orCDC
[3].The equilibriumphase focuses on the dynamic state of the
cancer cells to negatively regulate the immune system leading
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Figure 2: The cancer immunoediting process. There are three phases in the cancer immunoediting process: elimination, equilibrium, and
escape [4]. Elimination phase involves effector function of the immune cells to target and eradicate cancer. In the equilibrium phase a balance
is obtained between progression of cancer and cancer elimination by the immune system. If the cancer persists then it overwhelms the
immunity and escapes to go on and metastasize to the other organs [4, 40, 53].

to a block in the elimination phase of immunoediting and a
transition to the equilibrium phase (Figure 2), [4, 40, 53].

In the equilibrium phase, immune responses are still
active against the tumor; immune cells help regulate and
control cancer growth or metastasis while keeping it in the
latent dormant state. The phase of equilibrium is considered
to be the longest phase in the immunoediting process [4,
40, 53]. Despite these control checkpoints that are modu-
lated by the immune system, the heterogeneity and genetic
variations in cancer enable them to acquire the ability to
become immune-evasive and escape the equilibrium state to
expand and become detrimental to the host [4, 40, 53]. This
escape phase is mediated through several immunosuppres-
sive mechanisms one of which includes downregulation or
aberrant expression of MHC class I on the cancer cell surface
protecting it from cytotoxic effector functions of immune
cells in the innate and adaptive immunity (Figure 2) [39, 54].
Multiple mechanisms such as suppression of tumor antigen
expression, induction of antiapoptotic pathways to prevent
cytotoxicity, and cancer-induced immunosuppression aid
in the escape of cancer cells from the elimination and
equilibrium phases of immunity [4, 40, 53]. Notably, it is this
escape of cancer cells from immunity and the mechanisms
involved in this escape that has been the driving force of
investigations focused on the immune-oncology paradigm.
Gaining a detailed understanding of immunoediting process
in cancers will be critical for development of immunothera-
pies for cancer treatments.

7. Precision Medicine

Precision medicine, a novel approach for patient-specific
therapies, is revolutionizing clinical outcomes and standard
of care [55, 56]. Therefore, in efforts to treat various forms
of cancers, scientific advances have been made towards

developing therapies that exploit the immune system [55].
These specific types of cancer treatments that focus on
utilizing innate and adaptive immunity are referred to as
cancer immunotherapies [55]. Due to the paradigm shift
in health care which focuses on precision medicine, more
initiative is directed towards establishing immunotherapy-
based personalized treatments towards individual cancer
patients.These cancer immunotherapies can be classified into
several different categories: vaccines, monoclonal antibodies,
recombinant cytokines, small molecules, and autologous T
cells [55]. The site, the type, and the stage that the specific
cancer is in dictate the type of therapy that is best suited for
the patient.

Several FDA approved and clinical trial immunotherapies
have been developed to treat various forms of cancer [55].
Despite the initial promising success rates of these ther-
apies, the vast majority of patients relapse [56]. This can
be attributed to various factors that distinguish individual
patients such as age, gender, chemotherapy regimen, and
site/type of cancer, all of which play a functional role in
cancer genomics and serve as the fundamentals for precision
medicine [56]. These cancers harbor subset of genetic muta-
tions that may result in distinct molecular characteristics,
thus giving rise to the possibility of predictive biomarkers
for potential therapies. Interestingly, in the realm of cancer
genomics, the term “genetic mutations” is not just limited
to the primary tumor/cancer. Rather, “genetic mutations”
encompass gene mutations that may differ between the
primary and relapse cancers, primary versus metastatic can-
cers, as well as therapy-induced genetic mutations in cancer
patients. All of these factors may contribute to the patients’
resistance to anticancer treatments and/or their relapse [56].
Identifying such genetic mutations may result in identifica-
tion of predictive immune molecular signatures or immune
biomarkers (cancer-specific neoantigens) among individual
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cancer patients which is a key step in developing patient-
specific immunotherapies [55]. Interestingly, by evaluating
specific genetic mutations the patient-specific cancer causing
determinants can be identified and appropriately treated.

To date, several immunotherapies have been developed
to treat cancers. While some of the treatments are already
on the market or have been approved for clinical phase
trials, through the use of high-throughput sequencing tech-
nologies, multiple genetic mutations can be identified to
develop personalized treatments [56], thereby highlighting
the importance of exploiting single-agent versus combination
therapies in personalized cancer treatment plans [56].

The subsequent section in this review focuses on avail-
able immunotherapies for various cancers. However, it is
important to note that through precision medicine efficacy
of immunotherapies and cancer-related clinical outcomes
can be improved by identifying and targeting patient-specific
tumor antigens [55, 56].

8. Immunotherapies

Various cancers have unique triggers that result in their
escape from the immune response making them more resis-
tant to immunity [4]. Therefore, in efforts to treat various
forms of cancers, scientific advances have beenmade towards
developing therapies that exploit the immune system [40].
The specific types of treatments that focus on utilizing innate
and adaptive immunity in oncology are referred to as cancer
immunotherapies [54]. Cancer immunotherapies can be clas-
sified into several different categories: vaccines, monoclonal
antibodies, recombinant cytokines, small molecules, and
autologous T cells [1]. Depending on the location, cancer
type, and the stage that the specific cancer is in, the type of
therapy that is best suited for the patient is dictated.

US Food and Drug Administration (FDA) has approved
Provenge in April 2010 as a therapeutic cancer vaccination
for advanced prostate cancer [57]. It is a form of autologous
cellular immunotherapy that consists of peripheral blood
mononuclear cells, cytokine granulocyte macrophage colony
stimulating factor (GM-CSF), and immunosurveillance of
the tumor antigen-prostatic acid phosphatase (PAP) [54, 57].
Themechanism of action involves the uptake of PAP byAPCs
which is presented to T cells for activation, differentiation,
and initiation of their effector functions [57]. GM-CSF is used
to help stimulate the growth of APCs such as macrophages
[58]. Some cancers, such as cervical cancers, arise from
oncoviruses like human papilloma virus (HPV); therefore
vaccinations against these oncoviruses can be incorrectly
classified as vaccines against cancer [59].

Monoclonal antibodies are also used as cancer im-
munotherapies [60]. In March 2011, Ipilimumab was FDA
approved for treatment of metastatic melanoma (malignant
skin cancer). It is a monoclonal antibody targeting CTLA4
on T cells [54]; thereby it inhibits the suppressive effects
of CTLA4 on T cells and allows activation of T cells
for immune responses against specific cancers (Figure 3)
[54]. Notably, Ipilimumab is also known to inhibit the
immunosuppressive function of Tregs [54]. Similarly, IgG4
monoclonal antibody against PD-1 (Keytruda) has been on

the market for treatment of melanoma patients (Figure 3)
[61]. PD-1 is expressed on T cells and plays a role in immune-
suppression by repressing T cell activation. However treat-
ment with Keytruda prevents the inhibitory effects of PD-1
on T cells, thereby, allowing activation of T cells and immune
responses against melanoma [61]. Similarly, Nivolumab is
an FDA approved IgG4 monoclonal antibody that targets
anti-PD1 in melanoma and squamous non-small-cell lung
cancer patients [61]. It functions in the same manner as
Keytruda [61]. Both of these anti-PD1 immunotherapies can
also facilitate ADCC and result in cancer cell death [39].
In recent years, biotech companies such as Genentech have
made efforts in developing potential monoclonal antibodies
against the ligand for PD-1, PD-L1, as another mechanism to
activate T cell-mediated immune responses and inhibit the
immune-suppressive mechanisms of PD-1 in certain cancers
[39]. There are also monoclonal antibodies conjugated to
chemotherapy drugs or radioactive particles [62]. Zevalin� is
a Yttirum-90 radiolabeledmonoclonal antibody consisting of
Rituximab which targets CD20 for activation of B cells and is
used in treatments for non-Hodgkin’s Lymphoma (Figure 3)
[62]. Interestingly, monoclonal antibody immunotherapy
targeting two different proteins simultaneously has also been
developed and approved by FDA. This drug is known as
Blincyto and it is a monoclonal antibody where one part
attaches to CD19 on B cells and the other part of the antibody
attaches to CD3 on T cells for T cell activation [63]. The
CD19 cell surfacemarker assembles into a complexwith other
markers such as CD81 and CD21 (complement receptor) to
lower the threshold for B cell activation [64]. In this manner,
the normal T cells can recognize and mediate cytotoxicity
on the cancerous B cells in efforts to eradicate them [63].
Immunotherapies utilizingmonoclonal antibodies that target
specific immune modulators or tumor-specific antigens help
exploit the individual’s own immune system to treat certain
cancers.

Another immunotherapeutic approach for cancer treat-
ments involves the use of recombinant cytokines or small
molecules. For example, Proleukin is an FDA approved
recombinant IL-2 cytokine for treatment of renal cancer
and melanoma patients (Figure 3) [54]. This mechanism
of action centers around the ability of IL-2 to promote T
cell activation and the activation of other immune cells
(lymphocytes) that express IL-2 receptors [47, 65]. Through
Proleukin treatment, the immune system is activated and
helps in controlling/killing the cancer cells [54]. A member
of the IFN cytokine family, IFN-𝛼2b, and pegylated IFN-𝛼2b
(Sylatron) were approved by FDA for treatment as adjuvant
therapy in resected melanoma patients [66]. Sylatron is
comprised of IFN-𝛼2b conjugated to polyethylene glycol
[66]. The polyethylene glycol reduces the immunogenicity of
IFN-𝛼2b by concealing it from the immune system until it
reaches its target [66]. IFN-𝛼 cytokine is reported to be anti-
inflammatory in cancer by repressing proliferation of cells,
through induction of tumor suppressor genes and downreg-
ulation of oncogenes, as well as by upregulating MHC class
I expression for immune responses [40]. Recombinant G-
CSF, known as Filgrastim, has also been approved and been
on the market to treat neutropenia in patients with certain
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Figure 3: Immunotherapies in cancer. Several FDAapproved immunotherapies have been approved in themarket to prevent or control cancer
progression [1]. On APCs (such as B cells), monoclonal antibodies targeting CD20 (Rituximab) results in downregulation of B cell activity
[62]. Other antigen-presenting cells (macrophages and dendritic cells) are also activated by Imiquimod, a small molecule agonist for TLR7
[1]. For activation of T cells Keytruda (monoclonal antibody targeting PD-L1- PD-1 interaction) and Ipilimumab (antibody against CTLA4)
are approved and in clinical use [1, 39]. Recombinant cytokines such as Proleukin (IL-2), Leukine (GM-CSF), and Filgrastim (G-CSF) are
approved for stimulation/activation of T cells, myeloid cells, and neutrophils, respectively [1, 67].

forms of leukemia (Figure 3) [67]. Recombinant human G-
CSF can bind to its corresponding receptors on neutrophil
progenitor cells to stimulate neutrophil differentiation and
maturation [67]. Increases in neutrophil production can help
in cancer treatments by mediating cytotoxic effects on cancer
cells, phagocytosing cancer cells, and by secreting cytokines
that recruit other immune cells to the site of inflammation
[2, 21]. However, as previously mentioned, neutrophils have
dual functions in cancer pathogenesis and can have a role
in cancer metastasis [42]. Therefore, Filgrastim should be
used in combination with other anticancer immunotherapies
[67]. Leukine, recombinant GM-CSF, is approved by the FDA
(Figure 3) and functions in similar manner to Filgrastim.
However, due to this also functioning as a macrophage
colony stimulating factor, it helps increase myeloid cells (any
leukocyte that is not B or T cells) in leukemic patients, as well
as in individuals with bone marrow transplant [67].

The use of small molecules in cancer treatment as
immunotherapies has also been increasing [1]. Plerixafor is

a small molecule antagonist that inhibits the binding interac-
tion of stromal cell-derived factor-1 (SDF-1) to the chemokine
receptor, CXCR4 [1, 68]. This can prevent cancer metastasis
and improvemobilization of hematopoietic stem cells in can-
cer patients, particularly pancreatic ductal adenocarcinoma
patents [1]. Interaction of SDF-1 with CXCR4 mediates func-
tions such as attracting lymphocytes in certain conditions and
having critical functions for homing of hematopoietic stem
cells to the bone marrow [69]. For treatment of basal cell
carcinoma, Imiquimod, a small molecule agonist for TLR7
on dendritic cells and macrophages, is being used (Figure 3)
[1]. Imiquimod-mediated TLR7 activation induces secretion
of proinflammatory cytokines, suppresses Tregs, and induces
Th1 cell-mediated activation of NK cells to eradicate cancer
cells [1].

A novel cancer immunotherapy involves the use of a
cancer patient’s own immune cells (such as T cells) which
are collected, genetically altered, proliferated to increase the
number of cells, and transferred back to the patient [54].
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This innovative form of cancer immunotherapy is known as
adoptive T cell transfer. The alteration (via retroviral gene
transfer) of autologous T cells prior to being transferred back
into the patient comes from the concept of chimeric antigen
receptors (CARs) on T cells (CAR-T cells) [70]. CAR-T cells
are comprised of variable regions for identifying various
antigens and have various downstream (intracellular) T cell
signaling components [54]. While no FDA approved CAR-T
cell immunotherapy is on the market just yet, clinical trials
have been testing the CAR-T cell therapy where CAR is
recognizing CD19 on B cells in B cell lymphoma patients [54].
Other common treatments for cancer patients involve the use
of chemotherapy and/or radiation therapy [71]. Chemother-
apy utilizes agents that are cytotoxic to rapidly proliferating
cancer cells but depending on the regimen used can also
be toxic to hematopoietic cells in the bone marrow [71],
whereas radiation therapy exploits ionizing radiation to target
cancer cell death by damaging their DNA. However, this also
damages the adjacent normal healthy cells [71]. In hematolog-
ical cancer malignancies such as leukemia or damage done
to the bone marrow as a result of chemotherapy/radiation
therapy, bone marrow transplants are also commonly per-
formed [72]. While this section has focused on different
forms of cancer immunotherapies as an individual therapy,
the reality is that these cancer immunotherapies may work
more effectively when used in combination [39]. Currently,
cancer patients are being treated by therapy regimens that
include chemotherapy/radiation therapy along with targeted
drugs that can affect various factors in cancer progression
such as immune responses, DNA damage, or growth factors
[73]. Interestingly, there also has been interest in trying to
combine immunotherapies [39], due to the concept of cancers
“escaping” the immune responses during the immune-editing
process [74]. Wolchok’s group conducted a phase I trial
in which Ipilimumab (anti-CTLA4) plus Nivolumab (anti-
PD1) immunotherapies were used together for advanced
melanomapatients [39]. Ipilimumab promotes activation and
priming of T cells andNivolumab prevents interaction of PD-
L1 with PD-1 on the cancer cells. Through these studies, Wol-
chok and colleagues confirmed that Ipilimumab’s targeted
effect, efficacy, and outcome are better when simultaneously
given with Nivolumab [75]. These studies have provided
the foundation for assessing other potential combinations
of immunotherapies in adjunct with chemotherapy/radiation
therapy to potentially improve survival outcomes for cancer
patients.

9. Future Perspectives/Conclusions

Theactive role of the immune system in oncogenesis has been
appreciated for over a century [4]. However, due to cancer
heterogeneity and the distinct immune responses that can be
activated, the field of immune-oncology is constantly evolv-
ing. In the past few decades, several scientific advancements
have been made that increase our understanding of various
immune mechanisms that contribute to cancer pathogenesis.
In addition, the identification of immune biomarkers could
potentially be exploited for cancer immunotherapies [5].
While several forms of immunotherapies have been approved

by the FDA or have entered the early phases of the clinical
trials, there are other forms of immunotherapies that still
merely remain a concept. Research involving the immunoon-
cology paradigm has directed its efforts towards translating
some of these conceptual immunotherapies into treatments
for patients. For instance, in addition to CTLA4 and PD-
1, other antagonistic antibodies can be developed to target
other immunomodulatory receptors on T cell surface that are
inhibitory to its function such as antibodies against LAG-
3, VISTA, and BTLA [54]. All three of these receptors are
repressive to T cells functions; therefore, development of anti-
bodies that target and block immunosuppressive receptors
on T cells will lead to optimal T cell activation and immune
responses against cancer [54]. In contrast, T cells also have
activating receptors such as CD28, OX40, and GITR that can
be targeted with agonistic antibodies to promote T cell acti-
vation [54]. Notably, interest in small molecule inhibitors to
pharmacologically intervene and block immunosuppression
is emerging as another driving force in cancer immunothera-
pies [1]. Currently, phase II clinical trials are being performed
using a small inhibitor against IDO for metastatic melanoma
[1]. IDO is heme-containing dioxygenase that is expressed
by APCs and is upregulated in tumors/cancer cells [1]. It
mediates the conversion of tryptophan to kynurenine [1] and
plays a role in immunosuppression during cancer pathogen-
esis [1], by inducing differentiation of Tregs [1]. Thus, by
inhibiting IDO, Tregs are not induced, resulting in activation
of immune responses [1]. Small molecule inhibitors targeting
chemokine receptors or adenosine pathways are also being
investigated for cancer immunotherapies due to their ability
to recruit or activate tissue-associated macrophages (TAMs),
respectively [1]. These TAMs can promote cancer or tumor
progression via angiogenesis and neovasculature formation
[1].

Despite the progresses made in this field, one of the big-
gest challenges that still remains is understanding how im-
munooncology and cancer immunotherapies differ between
adults and children [19].While research involving the role for
the immune system in pediatric cancer has been on the rise,
drug development and cancer immunotherapies for children
diagnosed with cancer significantly lags behind when com-
pared to adult cancer treatments [19]. Due to the variability
associated with the type of cancer, the cancer location, and
the somewhat different composition of the immune cells in
adults versus children, it becomes imperative to elucidate
what immune cell differences are so that the proper cancer
immunotherapies are selected to target specific patients [19].
Similarly, it is also becoming increasingly evident that even if
two individuals of the same age group (adults or children) are
diagnosed with the same form of cancer, the type of immune
responses controlling/promoting the cancer and the type of
immunotherapies to treat the cancer may still vary among
these two individuals. This variability in cancer pathogenesis
and treatment between individuals can be attributed to
factors such as genetic polymorphisms which can differen-
tially regulate the immunoediting process involved in cancer
pathogenesis, as well as differentially regulating the efficacy
of various cancer immunotherapies [60, 76]. Consequently,
the next frontier in immunooncology will be focused on
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developing personalized cancer immunotherapies tailored to
each individual patient.
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Objective. Herein, we aimed to study the mechanism whereby poly-L-arginine (PLA) and lipopolysaccharide (LPS) can synergis-
tically induce the release of interleukin-6 (IL-6) and IL-8 in NCI-H292 cells. Methods. NCI-H292 cells were divided into control,
PLA, LPS, and PLA+LPS groups. At various time points, the phosphorylation of JNK in each group was measured by western
blotting. Additionally, the productions of IL-6 and IL-8 were assessed using an enzyme-linked immunosorbent assay (ELISA).The
effects of SP600125, an inhibitor of the JNK pathway, on the increase of p-JNK, IL-6, and IL-8 were also studied. Results. Our results
showed that either PLA or LPS treatment alone can significantly increase the phosphorylation level of JNK in NCI-H292 cells. Of
interest was the combined use of PLA and LPS that has a synergistic effect on the phosphorylation of JNK, as well as synergistically
inducing the release of IL-6 and IL-8 in NCI-H292 cells. Furthermore, SP600125 significantly inhibited the activation of JNK signal,
as well as reducing the productions of IL-6 and IL-8 in response to PLA+LPS stimulation. Conclusions. The JNK signaling pathway
contributes to the release of IL-6 and IL-8, which is stimulated by the synergistic actions of PLA+LPS in NCI-H292 cells.

1. Introduction

Bronchial asthma is a pulmonary disease that is characterized
by recurrent episodes of reversible airway stenosis, airway
hyperresponsiveness (AHR), and chronic airway inflamma-
tion, which is associated with various cells and cellular
components [1].

Airway epithelial cells, which can release proinflamma-
tory cytokines, such as IL-6 and IL-8, via autocrine and
paracrine mechanisms [2, 3], may accelerate the develop-
ment and progression of asthma under the actions of both
immunologic and nonimmunologic stimuli [4, 5]. Moreover,
cytokines can promote the migration of inflammatory cells
and aggravate airway inflammation in asthmatic patients.

Eosinophils are a key effector cell type that play an impor-
tant role in the pathogenesis of asthma [6]. The presence

of eosinophils in the airway lumen and lung tissues is often
regarded as a defining feature of asthma [7]. The infiltration
of eosinophils has been reported in the peripheral blood,
bronchial tissues, and bronchoalveolar lavage fluid (BALF)
of asthmatics, and a correlation between the number of
eosinophils and extent of damage in the airway epithelium
has been established [8]. The role of eosinophils in asthma is
a consequence of their abilities to secrete eosinophil granule
proteins, including major basic protein (MBP), which is
highly basic and cationically charged [9]. MBP released from
activated eosinophils may generate AHR by either direct
effects on airway myocytes or indirect effects [10] through
the release of epithelial-derived mediators [11–13], resulting
in increased epithelial permeability [14], cytotoxicity [15], or
the inhibition of muscarinic M2 receptors [16]. The effects
of MBP can be mimicked by PLA, a synthetic cationic
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polypeptide. PLA can damage cell membrane structure
and function of the airway epithelium by creating many
pores, resulting in a reduction in the number of desmo-
somes and the induction of an inflammatory pathology
[17].

LPS, an endotoxin derived from Gram-negative bacteria,
can be found ubiquitously in our environment in places such
asmilk, tobacco smoke, textiles, and particulate air pollution.
Recent studies have suggested that inhaled endotoxin plays
a vital role in the pathogenesis of asthma. A conspicuous
increase in inflammatory cell counts of eosinophils and
neutrophils, as well as the levels of IL-6, IL-8, and eosinophil
cationic protein, was observed following LPS plus dust
mite challenge [18]. LPS coadministered with ovalbumin
prolonged responses to histamine and induced increased
numbers of inflammatory cells in guinea pigs [19]. These
findings suggested that LPS exposure may exacerbate airway
inflammation in asthma.

MAPK signaling pathways are critical to many cellular
processes, and their activation induces inflammatory cell
factor and chemokine production in bronchial epithelial cells
[20]. The c-Jun NH2 terminal kinase (JNK) is one of three
MAPK subfamilies, among which the JNK pathway is associ-
ated with chronic inflammation. As Wang et al. showed, LPS
can induce the inflammation of bronchial epithelial cells via
JNK signaling [21] and induced the release of the cytokines
IL-6 and IL-8 [22, 23]. Our previous study has established
that PLAacted synergisticallywith LPS to promote the release
of IL-6 and IL-8 via the P38/ERK signaling pathway in NCI-
H292 cells [24]. Therefore, we hypothesized that intracellular
JNK pathways may be also involved in the LPS-PLA-induced
release of proinflammatory factors by airway epithelial cells.
As the phosphorylation of JNKwas blocked, expression levels
of IL-6 and IL-8were also either reduced or absent, suggesting
a potential role for JNK signaling pathways in the LPS-PLA-
induced release of proinflammatory factors by human airway
epithelial cells.

2. Materials and Methods

2.1. Reagents. LPS, PLA, and SP600125 were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide,
which was also purchased from Sigma-Aldrich, was used as
a solvent for SP600125. Fetal bovine serum was purchased
from Life Technologies Corporation (Carlsbad, CA, USA).
Anti-JNK was purchased from Zhong Shan-Golden Bridge
(Beijing, China). Anti-phospho-JNK and anti-𝛽-actin were
purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Chemiluminescence reagents were purchased from
Thermo Scientific (Rockford, IL, USA). ELISA kits for the
detection of IL-6 and IL-8 were purchased from Senxiong
(Shanghai, China).

2.2. Cell Culture. NCI-H292 cell lines and lymphnodemetas-
tases of a pulmonary mucosa epithelial cell carcinoma were
purchased from the cell bank of the Type Culture Collection
of the Chinese Academy of Science (Shanghai, China).

NCI-H292 cells were cultured and propagated in RPMI-
1640 medium (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (Life Technologies) in a humidified
atmosphere of 5% CO

2
/95% air at 37∘C.The culture medium

was changed every 48–72 h. Optimal cellular behavior was
obtained at 70%–80% confluence, and when cells reached
this density, they were digested with trypsin, centrifuged,
counted, and seeded into 24-well culture plates at a density
of 3 × 105 cells/well and then cultured. At 80% confluence,
500𝜇L per well serum-free RPMI-1640 medium was added
to maintain the cells for 24 h for mediator quantification.
Previously, our group has shown that the optimal concen-
tration of LPS or PLA for inducing airway epithelia cell
inflammation was 5𝜇g/mL. NCI-H292 cells were exposed to
5 𝜇g/mLLPS or/and 5𝜇g/mLPLA for the indicated periods of
time. Cells were incubated with signaling pathway inhibitors
prior to LPS or/and PLA treatment under the specified
conditions.

2.3. Western Blotting. NCI-H292 cells were divided into
groups of cells treated with LPS, PLA, or PLA+LPS; specif-
ically, each group was treated with 5 𝜇g/mL LPS or/and
5 𝜇g/mL PLA for 0, 15, 30, 45, 60, 90, or 120min. In
other experiments, NCI-H292 cells were divided into con-
trol, PLA, LPS, PLA+LPS, PLA+SP600125, LPS+SP600125,
PLA+LPS+SP600125, and SP600125 groups. Before stimula-
tion with 5𝜇g/mL LPS or/and 5 𝜇g/mL PLA for 60min, cells
were preincubated for 2 h with SP600125 (30𝜇M), a p-JNK
signaling pathway inhibitor.

After incubations, cells werewashedwith cold phosphate-
buffered saline (PBS) 2-3 times, and whole cell protein
lysates were extracted in RIPA buffer (0.1% SDS, 1% Nonider-
P40, 150mM NaCl, 0.5% deoxycholic acid, and 50mM Tris-
HCl [pH 7.4]) that contained the protease inhibitor phenyl-
methanesulfonyl fluoride (PMSF). Total protein extracts
were separated by 15% SDS–PAGE and transferred onto a
polyvinylidene fluoride (PVDF)membrane. Eachmembrane
was blocked with 5% nonfat milk in Tris-buffered saline with
Tween 20 (TBS-T) at room temperature for 2 h, then was
washed with TBS-T every 10min three times, and incubated
overnight with respective primary antibodies at appropriate
dilutions (1 : 250 for rabbit anti-human JNK or mouse anti-
human p-JNK antibodies or 1 : 500 for mouse anti-human
𝛽-actin antibody) at 4∘C. Then, membranes were washed
with TBS-T, treatedwith corresponding IgG-HRP conjugated
secondary antibody (1 : 6000 for goat anti-rabbit secondary
antibody for rabbit anti-human JNK antibody, 1 : 2000 for
goat anti-mouse secondary antibody for mouse anti-human
p-JNK antibody, or 1 : 10,000 for goat anti-mouse secondary
antibody for mouse anti-human 𝛽-actin antibody) at room
temperature for 2 h, washed with TBS-T, and incubated with
general chemiluminescence reagents (ECL, Thermo Scien-
tific) to detect the respective protein bands. Each experiment
was repeated at least three times.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). NCI-
H292 cells in 24-well culture plates were washed with
RPMI-1640 medium without fetal calf serum. Cells were
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Figure 1: Activation of the JNK signaling pathway by PLA or LPS inNCI-H292 cells.The JNK signaling pathway is activated by 5 𝜇g/mL PLA,
5 𝜇g/mL LPS, or 5 𝜇g/mL PLA + 5 𝜇g/mL LPS in NCI-H292 cells. Western blot analysis showed expression of JNK and the phosphorylated
form of JNK (p-JNK) at various time points (0, 15, 30, 45, 60, 90, and 120min). 𝛽-actin was used as an internal protein loading control.
((a) and (b)) The expression level of phosphorylated JNK in NCI-H292 exposed to PLA was increased. ((c) and (d)) The expression level of
phosphorylated JNK in NCI-H292 exposed to LPS was increased. ((e) and (f)) The expression level of phosphorylated JNK in NCI-H292
exposed to PLA+LPS was increased prominently. Statistical analyses were compared with the beginning time point: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01,
and ∗∗∗𝑃 < 0.001.

divided into control, PLA (5 𝜇g/mL), LPS (5 𝜇g/mL), PLA
(5 𝜇g/mL) + LPS (5 𝜇g/mL), PLA (5𝜇g/mL) + SP600125
(30 𝜇M), LPS (5 𝜇g/mL) + SP600125 (30 𝜇M), PLA (5 𝜇g/mL)
+ LPS (5 𝜇g/mL) + SP600125 (30 𝜇M), and SP600125 (30 𝜇M)
groups. Prior to stimulation with LPS or/and PLA for 60min
in RPMI-1640 medium that lacked fetal calf serum for
24 h, NCI-H292 cells were incubated with SP600125 (30 𝜇M)
for 2 h. Then, cell culture supernatants were centrifuged
and collected. ELISA commercial kits were used to detect
the levels of IL-6 and IL-8 in samples according to the

manufacturer’s instructions. All assays were completed in
duplicate and mean values were calculated.

2.5. Data Analysis. Statistical analyses were performed using
SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). All values
were displayed as means ± standard error of the mean. One-
way Analysis of Variance (ANOVA) was applied for com-
parisons of more than two groups, and LSD was used when
equal variance was assumed between groups or Dunnett’s T

3

was used when no equal variance was observed. 𝑃 values less
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Figure 2: Synergistic effect of PLA+LPS on JNK signaling in NCI-H292 cells. The expression levels of p-JNK and JNK were measured by
western blotting in NCI-H292 cells stimulated with 5 𝜇g/mL PLA, 5 𝜇g/mL LPS, or 5 𝜇g/mL PLA + 5 𝜇g/mL LPS for 60min; 𝛽-actin was used
as an internal control. The PLA+LPS group showed a further increased level of p-JNK, which was greater than that of LPS or PLA alone.
Significant differences are shown as follows: compared with the control group, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001; compared with PLA+LPS group,
###
𝑃 < 0.001.

than 0.05 were considered to denote statistically significant
differences.

3. Result

3.1. PLA and LPS Activate the JNK Signaling Pathway in NCI-
H292 Cells. To test whether PLA or LPS could activate the
JNK signaling pathway in NCI-H292 cells, protein expres-
sion levels of p-JNK and JNK were measured by western
blotting. The protein bands on blots were normalized to
the corresponding 𝛽-actin band. The expression level of
phosphorylated JNK in NCI-H292 exposed to 5 𝜇g/mL PLA
for 15, 30, 45, 60, 90, and 120min was increased compared
with that of the control group, most prominently at 45min
(𝑃 < 0.01, Figures 1(a) and 1(b)). A similar result was found
in NCI-H292 cells stimulated with 5𝜇g/mL LPS (𝑃 < 0.05,
Figures 1(c) and 1(d)) or 5 𝜇g/mL PLA + 5𝜇g/mL LPS (𝑃 <
0.001, Figures 1(e) and 1(f)). Notably, the ratio of p-JNK to
JNK in NCI-H292 cells exposed to PLA+LPS for 30min was
greater than that of other time points.

3.2. PLA+LPS Synergistically Activates the JNK Signaling Path-
way. NCI-H292 cells were incubated with 5 𝜇g/mL PLA,
5 𝜇g/mL LPS, or 5 𝜇g/mL PLA + 5𝜇g/mL LPS for 60min.We
detected a significant increase of p-JNK as that of compared
with the control group (𝑃 < 0.01). The PLA+LPS group
showed a further increased level of p-JNK, which was greater
than that of LPS or PLA alone (𝑃 < 0.001; Figure 2).

3.3. Synergistic Effects of PLA+LPS AreMediated by Activation
of the JNK Signaling Pathway. Increased levels of p-JNK
in NCI-H292 cells stimulated with PLA+LPS, PLA, or LPS
for 60min were blocked by SP600125, an inhibitor of the
JNK signaling pathway (𝑃 < 0.001, Figures 3(a) and
3(b)).We measured the levels of IL-6 (Figure 3(c)) and IL-
8 (Figure 3(d)) stimulated by PLA+LPS, or either PLA or
LPS for 60min in supernatants by ELISA. Both PLA and
LPS alone induced the releases of IL-6 (PLA, 𝑃 < 0.01;

LPS, 𝑃 < 0.001) and IL-8 (𝑃 < 0.001) contrast with the
control cells. PLA+LPS stimulated significantly more IL-6
and IL-8 production than either PLA or LPS treatment alone
(𝑃 < 0.001). After preincubated SP600125 (30 𝜇M) for 2 h,
the NCI-H292 cells released less IL-6 (PLA, 𝑃 < 0.01; LPS
and PLA+LPS, 𝑃 < 0.001) and IL-8 (𝑃 < 0.001) when
stimulated by PLA+LPS, or either PLA or LPS alone. Thus,
the synergistic effects of PLA+LPS on the release of IL-6 and
IL-8 could be blocked by the inhibition of the JNK signaling
pathway.

4. Discussion

Previously, we have shown that LPS can exaggerate PLA-
induced IL-6 and IL-8 production by airway epithelial cells
via an uncharacterized mechanism [25]. This present study
aimed to assess whether the JNK signal transduction pathway
is involved in enhanced IL-6 and IL-8 production by NCI-
H292 cells stimulated with PLA+LPS.

Allergic bronchial asthma is a chronic inflammatory
disorder of the airways in which various cells and cellular
components act. This disease entity represents a hetero-
geneous group of different airway inflammation patterns
that show different latent underlying immune mechanisms
[26]. Many inflammatory mediators have been shown to
regulate the maintenance and chronicity of inflammatory
reaction through the secretion of cell factors from epithelial,
endothelial, and constitutive mesenchymal and immune cells
[27]. The airway epithelium is a key contributor to the
pathogenesis of asthma and has been shown to generate
excess inflammatory andproinflammatorymediators, such as
IL-6 and IL-8 [28]. Neveu and colleagues also established that
airway epithelial cells are the main producers of IL-6 in the
lung upon exposure to allergens in vivo [29]. IL-6 is generally
considered to be a nonspecific inflammatory marker and an
active modulator of the immune response that can inhibit
Th1 cell differentiation and exacerbate the imbalance between
Th1 and Th2 cells [30]. Overexpression of IL-8 causes both
neutrophil recruitment and chemotaxis, which is a sign of
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Figure 3: The JNK pathway inhibitor SP600125 alters the release of IL-6 and IL-8 by NCI-H292 cells. NCI-H292 cells were stimulated with
5 𝜇g/mL PLA, 5 𝜇g/mL LPS, or 5 𝜇g/mL PLA + 5 𝜇g/mL LPS for 60min after preincubation with SP600125. The expressions of p-JNK and
JNK were measured using western blotting. 𝛽-actin was used as an internal control. Production of IL-6 and IL-8 was measured by ELISA.
((a) and (b)) The expression level of phosphorylated JNK in NCI-H292 exposed to PLA, LPS, or PLA+LPS was inhibited effectively by
the inhibitor SP600125. ((c) and (d)) PLA+LPS stimulated significantly more IL-6 and IL-8 production than either PLA or LPS treatment
alone. The synergistic effects of PLA+LPS on the release of IL-6 and IL-8 could be blocked by SP600125. Significant differences are shown as
follows: compared with the control group, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001; compared with the PLA+LPS group, ###𝑃 < 0.001; PLA compared with
PLA+SP600125, LPS compared with LPS+SP600125, and PLA+LPS compared with PLA+LPS+SP600125, ###𝑃 < 0.001.

virus-induced asthma exacerbation [31, 32]. Both IL-6 and IL-
8 can exacerbate asthmatic inflammation.

LPS is known to exert its effects by binding to the TLR4
receptor on the surface of airway epithelial cells [33] to induce
the transcription and translation of various proinflammatory
cytokines and chemokines, including IL-6 and IL-8 [34, 35].
After the exposure of NCI-H292 cells to PLA+LPS, there
was a marked increase of IL-6 and IL-8 compared with
cells treated with PLA or LPS alone, indicating there was a
synergistic effect of PLA+LPS on the expression of IL-6 and
IL-8.

Other studies have shown that the JNK pathway has
crucial roles in the regulation of LPS-induced inflammation
[22]. After exposure to PLA, LPS, or PLA+LPS for various
amounts of time, the activation of JNK could be detected
in NCI-H292 cells. Our western blot results showed the
JNK signal transduction pathway was activated in NCI-
H292 cells with maximal expression of P-JNK/JNK at 45min
when induced by PLA or LPS, and at 30min when induced
by PLA+LPS. Thus, we confirmed that the JNK signal
transduction pathway was activated in NCI-H292 cells by
PLA, LPS, or PLA+LPS. Importantly, the synergistic effect
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of PLA+LPS on the activation of JNK signaling was demon-
strated by measurements of p-JNK in NCI-H292 cells stim-
ulated by PLA, LPS, PLA+LPS for the same amount of time
(60min). Notably, p-JNK expression was most pronounced
upon stimulation with PLA+LPS compared with PLA or LPS
alone.

Using genetic inhibitors, Holtmann et al. have shown that
JNK activation regulates IL-8 production at the transcrip-
tional and translational levels in human embryonic kidney
cells [36]. Additionally, in a human airway epithelial cell line,
JNK regulated IL-8 promoter activity in a NF-𝜅B-dependent
manner [22]. Binding of LPS to its cognate receptors on
immune cell membranes, such as in RAW 264.7 macrophage
cells, activated several signaling pathways, including the
JNK signaling [37] cascade that promotes the expression of
proinflammatory cytokines, including IL-6 [38]. These data
demonstrated that the JNK pathway is vital to the LPS-
induced generation of IL-6 and IL-8. When SP600125, a
specific JNK inhibitor, was used to preincubate with NCI-
H292 cells, we found that the expression levels of IL-6 and IL-
8 induced by PLA, LPS, or PLA+LPS displayed an apparent
reduction.The specific JNK inhibitor prevented the increased
release of IL-6 and IL-8 that was induced by PLA+LPS.
Therefore, we conclude that JNK signaling contributes to the
increased expression levels of IL-6 and IL-8 induced by PLA,
LPS, PLA+LPS.

In conclusion, we provide evidence that LPS acts syn-
ergistically with PLA to activate the release of the proin-
flammatory cytokines IL-6 and IL-8 in NCI-H292 cells,
and JNK signaling contributes to this process. However,
according to the existing studies [39], the JNK inhibitor
SP600125 also acts as an antagonist of the aryl hydrocarbon
receptor which played a role in modulation of inflammatory
signals, including altered expression of proinflammatory
cytokines and deregulated expression of principle enzymes
producing inflammatory mediators [40]. This effect may
be synergistic with JNK signaling pathway comediating
release of the proinflammatory cytokines IL-6 and IL-8.
Therefore, further studies are needed to fully elucidate
the molecular mechanism for increased IL-6 and IL-8
production.
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IgE is an immunoglobulin that plays a central role in acute allergic reactions and chronic inflammatory allergic diseases. The
development of a drug able to neutralize this antibody represents a breakthrough in the treatment of inflammatory pathologies with
a probable allergic basis. This review focuses on IgE-related chronic diseases, such as allergic asthma and chronic urticaria (CU),
and on the role of the anti-IgEmonoclonal antibody, omalizumab, in their treatment.We also assess the off-label use of omalizumab
for other pathologies associated with IgE and report the latest findings concerning this drug and other new related drugs. To date,
omalizumab has only been approved for severe allergic asthma and unresponsive chronic urticaria treatments. In allergic asthma,
omalizumab has demonstrated its efficacy in reducing the dose of inhaled corticosteroids required by patients, decreasing the
number of asthma exacerbations, and limiting the effect on airway remodeling. In CU, omalizumab treatment rapidly improves
symptoms and in some cases achieves complete disease remission. In systemic mastocytosis, omalizumab also improves symptoms
and its prophylactic use to prevent anaphylactic reactions has also been discussed. In other pathologies such as atopic dermatitis,
food allergy, allergic rhinitis, nasal polyposis, and keratoconjunctivitis, omalizumab significantly improves clinical manifestations.
Omalizumab acts in two ways: by sequestering free IgE and by accelerating the dissociation of the IgE-Fc𝜀 receptor I complex.

1. Introduction

IgE has unique properties among immunoglobulin isotypes
and plays a central role in the pathophysiology of acute
allergic reactions and chronic inflammatory allergic diseases.
In genetically susceptible individuals, exposure to specific
allergens results in an increase of specific IgE, which can bind
onto effector cells through a high affinity receptor known as
Fc𝜀RI expressed in mast cells and basophils [1].

IgE is very short-lived in plasma (about 1 day), but
receptor-bound IgE can remain fixed to cells in tissues for
weeks or months. Moreover, IgE binding to Fc𝜀RI increases
cell survival and receptor upregulation [2, 3] and upon con-
tact with a specific allergen induces the release of pharmaco-
logically active mediators stored in the granules of mast cells
(MC) and blood basophils (BS), resulting in clinical manifes-
tations of type 1 hypersensitivity. In type 1 hypersensitivity,
in the initial phase, an antigen (the allergen) is presented
to antigen-specific CD4+ Th2 cells, which stimulate B-cell
production of IgE antibodies that are also antigen-specific.

During sensitization, the IgE antibodies bind to Fc𝜀RI on
the surface of tissue MC and blood BS. Later exposure to
the same allergen cross-links the bound IgE on sensitized
cells, resulting in degranulation and secretion of preformed
pharmacologically active mediators such as histamine. All of
this occurs as an immediate reaction, startingwithin seconds.
A late reaction caused by the induced synthesis and release
of leukotrienes, chemokines, and cytokines by the acti-
vated mast cells allows the recruitment of other leukocytes,
eosinophils, basophils, and Th2 lymphocytes to the site of
inflammation. The allergic reaction includes symptoms like
cough, bronchospasm, wheezing, diarrhea, and urticaria due
to this process [1, 4].

IgE-mediated chronic diseases have classically been
treated with antihistamines, corticoids, and other anti-
inflammatory medications, but a number of patients do not
respond to these treatments. The discovery and characteriza-
tion of the pathways that drive different asthma phenotypes
and our growing understanding of the pathophysiology of
chronic urticaria (CU) have opened up new avenues for
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their treatment. To target the IgE with biological drugs has
been pursued in the treatment of more severe cases of these
pathologies.

The use of omalizumab (OmAb), an anti-IgE drug, is
approved in severe allergic asthma not controlled by conven-
tional treatment and in CU [5, 6]. IgE is known to be involved
in other pathologies, and for this reason omalizumab is
currently being assessed in conditions such as allergic
rhinitis, atopic dermatitis, food allergies, mastocytosis, and
eosinophilic gastrointestinal disease [7].

At present, the most interesting feature of omalizumab
is its efficacy in conditions in which no successful treatment
has previously been reported [5]. Perhaps unexpectedly, some
reports have noted the drug’s beneficial role in conditions,
which apparently are not IgE-mediated [8]. If this efficacy is
demonstrated, the uses of this biological drug may be
extended to the treatment of other diseases.

In recent years, a number of other anti-IgE drugs have
been developed. They will be discussed in this review, but it
is by no means clear whether they will eventually be used in
humans.

2. IgE-Related Chronic Diseases

2.1. Asthma

2.1.1. Clinical Manifestations and Epidemiology. Asthma is a
chronic inflammatory disease of the airways characterized
by intermittent chest symptoms, variable airway obstruction,
and bronchial hyperresponsiveness. In recent years, there
has been a shift in the conception of asthma, which is no
longer seen as a single disease but as a chronic condition with
marked clinical heterogeneity over time [9]. Today, asthma
is considered a complex syndrome with different phenotypes
that share similar clinical manifestations but probably have
different etiologies. The circumstances in which the symp-
toms appear are important because they can explain whether
the condition is related to exposure to cold air, to pollen,
or to other stimuli. Asthma symptoms occur paroxistically;
that is, the patient is healthy for long periods although in
severe cases the clinical manifestations persist. Various cells
and inflammatory mediators are involved in this pathogenic
process, which is conditioned partially by genetic factors
[10]. Approximately 300 million people worldwide currently
have asthma. In childhood, this disease is more frequent in
males, but, in puberty, both sexes are affected equally and, in
adulthood, it ismore common inwomen.Mortality is around
180,000 deaths every year [11].

Classically, asthma has been divided into extrinsic and
intrinsic phenotypes. Extrinsic asthma is characterized by
hypersensitivity to a foreign molecule (substances, proteins)
and is always associated with allergy. Intrinsic asthma covers
all cases of asthmanot attributable to allergies, such as asthma
caused by sinus infections, chronic sinusitis, nasal polyps,
acute bronchitis, colds, stress, or exercise. The attempts
to understand the complexity of asthma presentation and
the emergence of biological agents have led to a renewed

interest in identifying clinically significant phenotypes. Cur-
rently, the study of asthma phenotypes is evolving, with
a growing focus on their genetic base and corresponding
biomarkers; but rather than creating an ever-expanding list
of specific phenotypes, future research is likely to center on
dissecting out the clinically relevant ones. The elucidation of
asthma phenotypes has been further refined by the study of
endotypes, which has provided information on the patho-
physiological mechanisms present in different phenotypes
[9, 12].

2.1.2. Pathophysiology. Asthma has largely been viewed
as a Th2-mediated process strongly linked to atopy and
eosinophilic inflammation.However, a significant proportion
of asthma cases do not present an increase in Th2 cytokines
[13]. Non-Th2-mediated asthma is not as well understood as
Th2-mediated asthma. In this review, we focus on Th2-
mediated asthma, in which the role of IgE is well known.

Phenotyping studies have identified an early-onset aller-
gic Th2-asthma phenotype (usually during preadolescence)
and several late-onset Th2-related phenotypes (often at the
age of 20 or later).The clinical phenotype of exercise-induced
asthma (EIA) is also likely to have aTh2 component, given its
eosinophil- and mast cell-related profile [14].

Early-onset allergic Th2 asthma is the most studied
phenotype, accounting for 50% of subjects with asthma, and
it is linked with other allergic diseases such as allergic rhinitis
and atopic dermatitis. The impairment it causes ranges from
mild to severe [15]. This phenotype is associated with an
increase in total and specific IgE [16]. There appears to be a
genetic component to early-onset asthma, as evidenced by the
family history of asthma in this group [17]. In allergic asthma,
the allergen can directly activate sentinel dendritic cells
(DC) present in the airway epithelium [18, 19] (Figure 1).
However, bacterial epitopes or other injuries caused by virus
or pollutants can act as initiators, as they can activate airway
epithelial cells. These cells secrete several cytokines such
as thymic stromal lymphopoietin (TSLP), IL25, and IL33,
which can directly activateDC [20–22], and chemokines such
as monocyte chemoattractant protein-1 (MCP1/also called
CCL2) andmacrophage inflammatory protein-3 (MIP3a/also
called CCL20), which recruit basophils (BS).This also causes
an increase in mast cells (MC) in the area [23] but it is not
clear whether this is due to recruitment of MC progenitors,
mainly by stem cell factor (SCF), or to proliferation of
resident MC. DC then migrate to secondary immune organs
and, via major histocompatibility complex class II (MHCII)
and OXO40L, activate GATA3 transcription by naı̈ve T-cells.
The resultingTh2 cells will promote IgG to IgE switching of B-
cells. In germinal centers, IL4 and IL13 cytokines, secreted by
Th2 cells, cause IgE+ B-cells to become IgE plasma cells and
to secrete soluble IgE against allergens. Soluble IgE, together
withTh2 cells, return to the pulmonary tissue [24].These IgE
bind to Fc𝜀RI on the MC and BS cell surface. IgE-allergen
complex promotes MC and BS degranulation of preformed
mediators (histamine, tryptase, etc.) and secretion of de novo
soluble components, including leukotrienes, prostaglandins,
and other Th2 cytokines, which contribute to the prolonged
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Figure 1: Pathophysiology of allergic asthma. Volatile allergens and/or other irritants can activate sentinel dendritic cells and/or epithelial
cells in the airway epithelium that will also recruit and activate dendritic cells. The activation of dendritic cells will trigger Th2 responses,
leading to the accumulation of soluble IgE as well as several cytokines. These cytokines will recruit mast cell progenitors, as well as basophils
and eosinophils, which will be activated and secrete proinflammatory cytokines and other soluble factors such as histamine, tryptase,
prostaglandins, and leukotrienes. As a consequence, there will be an increase in mucus production and bronchoconstriction (for mechanistic
details, see text). If this activation ismaintained, the airwaywill suffer persistent structural changes thatwill cause chronic bronchoconstriction
due to fibrosis in the subepithelium and smooth muscle hypertrophy. mIgE: membrane IgE; PAF: platelet-activating factor.

inflammation and to the recruitment of more immune cells
[25, 26].Th2 cell-secreted IL9 cytokine contributes to thisMC
and BS activation [27].

Secretion of IL4 by Th2 cells promotes ICAM-1 and
VCAM-1 expression on the surface of blood vessels [28],

which allows eosinophils to attach and to be recruited,
attracted by the action of eosinophil-attractant chemokines
secreted by MC, BS, and Th2 cells such as IL5, eotaxin 1
and eotaxin 2, or RANTES, which also increase BS and MC
recruitment and proliferation [29, 30]. All these cytokines
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and soluble molecules secreted by T-cells, MC, BS, and
eosinophils cause inflammation, increase in goblet cell-
produced mucus, and bronchoconstriction characteristic of
an acute exacerbation. However, if this situation persists,
these substances cause permanent epithelial damage and lead
to structural changes, known as airway remodeling. This
airway remodeling is marked by subepithelial fibrosis, due to
an increase in the epithelial-mesenchymal trophic unit and
collagen deposition characterized by eosinophil andmast cell
infiltration, as well as smooth muscle hypertrophy, leading to
chronic bronchoconstriction and reduced airway responses
to bronchodilators [31] (Figure 1).

Late-onset Th2 asthma is characterized by marked
eosinophilia, less atopy, and recurrent exacerbations. This
form of asthma is believed to be unrelated to allergic triggers.
A family history of this asthma is also less commonly
observed and the genetics of this phenotype have not been
specifically studied. The lack of clinical allergy in this pheno-
type suggests that theTh2process differs from and is probably
more complex than the early-onset allergic phenotype [13].
Aspirin-exacerbated respiratory disease (AERD) is a sub-
phenotype of persistent eosinophilic asthma and is widely
believed to be an endotype. It comprises a type of adult-onset,
highly eosinophilic asthma with inflammation of nasal and
bronchial tissues and non-IgE-mediated response to aspirin
or other cyclooxygenase-1 inhibitors. AERDpathophysiology
is characterized by increased cysteinyl leukotriene produc-
tion [32].

Furthermore, numerous environmental factors such as
smoking, hormonal changes, infections, and obesity are
comorbidities and confounders that can alter asthma phe-
notypes and influence the underlying immunoinflammatory
process.

2.2. Chronic Urticaria

2.2.1. Clinical Manifestations, Classification, and Epidemiol-
ogy. Urticaria is characterized by pruriticwheals that develop
quickly with a central edema and a surrounding area of
erythema. The size of the wheals is variable and the lesions
last fromone to 24 hours.Thediseasemay be accompanied by
angioedema, defined as cutaneous or mucosal swelling that
is generally nonpruritic but is painful and lasts from one
to three days [6]. Urticaria can be divided into two groups
on the basis of its clinical manifestations: the acute form,
which lasts less than six weeks and is often allergic, and
chronic spontaneous urticaria (CSU), also known as chronic
spontaneous/idiopathic urticaria, which presents daily or
almost daily wheals for more than six weeks. This condition
affects 0.1%–0.8% of the population [33, 34]. It includes a
subpopulation of patients with positive autoimmune serology
(up to 30%) to the IgE receptor, IgE, and antithyroid anti-
bodies [35]. The persistence and severity of the symptoms
correlate with positive autoimmune serology, more intense
inflammation in skin biopsy, and resistance to antihistamines
[36]. A third general form of the condition is known as
inducible urticaria (physical, cold, cholinergic urticaria, or
dermatographism) but will not be addressed here.

2.2.2. Pathophysiology. Chronic spontaneous urticaria may
occur as a result of mast cell and basophil release of bioactive
mediators. However, the mechanism of mast cell degranu-
lation in urticaria patients remains unclear. Currently, we
know that immunological and nonimmunological factors are
involved.The key role in the pathogenesis of CSU is played by
the vasoactive mediators released from dermal mast cells.
Histamine is themost prominent of thesemediators although
there are others such as eicosanoids, cytokines, and proteases.
Histamine acts on H1 receptors (85%) and onH2 (15%) in the
skin. Histamine binding to H1 receptors provokes pruritus,
vasodilatation, and edema [37]. Mechanisms other than
histamine release which have been implicated in CSU include
autoimmunity and abnormalities in basophil signal transduc-
tion and basopenia [37].

In terms of pathophysiology, three categories of CSUhave
been defined (Figure 2).

(1) Allergic. In this case, an allergen acts by stimulating the
production of IgE, which binds to the Fc𝜀RI, leading to mast
cell and basophil degranulation.

(2) Autoimmune. An autoimmune etiology is suggested by
several findings. Autologous intradermal injection of sera
from patients with CSU causes wheal and flare reactions [38].
Moreover, the analysis of urticaria patients’ sera reveals IgG
autoantibodies to the alpha subunit of Fc𝜀RI or to IgE itself
[39]. IgG autoantibodies against IgE or the IgE high affinity
receptor are produced in almost half of the patients with
CSU. The autoantibody cross-linking against the alpha sub-
unit of Fc𝜀RI induces degranulation of the mast cells and
blood basophils, which is followed by the release of histamine
[40]. IgG

1
and IgG

3
are the main anti-Fc𝜀RI autoantibody

subclasses found in CSU [41]. The role of complement has
been demonstrated, since the presence of C5a increases the
histamine released by anti-Fc𝜀RI autoantibodies in normal
human mast cells and basophils in vitro [42].

Furthermore, a small percentage of blood basophils,
histamine-releasing autoantibodies, and HLA-DR alleles that
are generally associated with autoimmune diseases are fre-
quently increased in CSU [43].

(3) Nonimmunological. The mechanisms are independent of
IgE and Fc𝜀RI. This group includes inducible urticaria and
urticaria secondary to drugs. Moreover, other CSU patients
without autoimmunity or increased serum IgE could also be
included: in these cases, the trigger is not known, but it may
involve alterations in other unknownmolecularmechanisms.

3. Anti-IgE-Based Treatments

Since the identification of IgE as major stimuli in the inflam-
matory cascade, the development of agents to target IgE has
thrived. Among them, the anti-IgE biological omalizumab
has been one of the most successful.

3.1. Anti-IgE Drug Omalizumab: Mechanism of Action. Oma-
lizumab (OmAb) is a recombinant humanized monoclonal
antibody that was designed to bind to IgE on the Fc (constant
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Figure 2: Pathophysiology of urticaria. In CSU patients, stimulation of mast cells (MC) and basophils (BS) can be triggered by IgE against
autoantigens, by IgG against Fc𝜀RI or IgE against IgE itself, or by complement. Moreover, MC and BS can be stimulated bymolecules secreted
by other immune cells or neurons. Once activated, MC and BS secrete several preformed mediators, such as histamine or tryptase, and
other de novo mediators, such as prostaglandins and leukotrienes, will promote inflammation, vascular permeability, and vasodilatation, as
well as neuron stimulation. These effects are transduced into edema and pruritus. Secretion of cytokines by MC and BS triggers migration
of other immune cells to the skin, which will contribute to skin inflammation. MBP: major basic protein; NFG: nerve growth factor; PAF:
platelet-activating factor; NO: nitric oxide.

fragment) portion, C epsilon 3 locus, in the same domain
where IgE is bound to Fc𝜀RI [44, 45]. This drug was syn-
thetized with the aim of sequestering free IgE and reducing
allergic inflammation [5]. The drug is administered subcuta-
neously and is absorbed slowly. The peak of serum concen-
tration is reached after 7-8 days [5] and it is eliminated via
the reticuloendothelial system, having a half-life of around
26 days.

It has been accepted for a long time that OmAb acts on
the free IgE (mechanism (1) in Figure 3) and may abolish
the binding of IgE to Fc𝜀RI+ or Fc𝜀RII+ (CD23) cells, B-
cells, dendritic cells (DC), eosinophils (Eo), and monocytes.
Interestingly, in recent years, the drug’s action has been
shown to go further, dissociating bound IgE from the IgE-
Fc𝜀RI complex (mechanism (2) in Figure 3) [46, 47]. Thus,
at a physiological concentration range, OmAbmay accelerate
the dissociation of the preformed IgE-Fc𝜀RI complex on
the surfaces of mast cells and basophils in addition to its
ability to neutralize the free IgE, leading to an impairment of
the IgE-inflammatory signaling cascade [47]. Moreover, the
density of Fc𝜀RI expression on basophils, mast cells, and
dendritic cells falls notably in patients receiving anti-IgE
treatment within the first week of OmAb application [8].
This may be because the IgE stabilizes the receptor on
the cell surface and prevents its internalization; thus, a

reduction of the immunoglobulin leads to a decrease in
receptor expression [48–50]. All these eventsmake these cells
unresponsive to IgE triggering and reduce symptoms such as
inflammation, edema, and pruritus. Finally, this leads to a
reduction in MC/BS numbers. Interestingly, the reduction
in Fc𝜀RI expression has also been demonstrated in dendritic
cells [51].

Likewise, as a complementary mechanism, it has been
proposed thatOmAb-IgE complexes can bind to antigens and
act as competitive inhibitors (mechanism (3) described in
Figure 3) [52].

It has also been published that OmAb may target
membrane-IgE (mIgE) in IgE+ B-cells, reducing IL4R expres-
sion and IgE synthesis and decreasing the number of these
cells, possibly by causing B-cell anergy [53] (mechanism (4)
described in Figure 3). OmAb has also been reported to cause
eosinophil apoptosis [54], a finding that is in agreement with
the fall in blood eosinophilia found in asthma patients after
OmAb administration [55]. However, it is not clear whether
this is due to a direct effect of OmAb or is caused by the
reduction of IgE or the reduced secretion of cytokines by T-
cells.

To sum up, OmAb may act via several mechanisms,
which appear to affect not only IgE-triggered events, but
also the viability of the different cells, involved in these
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(1) OmAb sequesters free IgE and prevents its binding to Fc𝜀RI

(2) OmAb dissociates prebound IgE

Free IgE

Eosinophil

Mast cell/basophil

OmAb

mIgE

(3) OmAb-IgE complex can trap allergens

Dendritic cell

Monocyte

↓ Fc𝜀RI expression

↓ Fc𝜀RI expression

Fc𝜀RI

Fc𝜀RII (CD23)

↓ Fc𝜀RI-bound IgE

(4) IgE+ B-cell anergy?

↓ Eo apoptosis

IgE+B-cell

↓ MC/BS IgE-mediated responses
↓ Other immune cell recruitment

↓ MC/BS numbers
↓ IgE+B-cells numbers and

IgE synthesis

Figure 3: Mechanism of action of OmAb. The two main described mechanisms of action of OmAb are (1) its ability to sequester free IgE
and block its binding to IgE receptors (Fc𝜀RI) and (2) its ability to accelerate the dissociation of IgE bound to Fc𝜀RI in mast cells (MC)
and basophils (BS). As a consequence, there is a reduction of IgE-triggered responses, as well as a reduction of the number of eosinophils
(Eo), mast cells (MC), and basophils (BS). As a complementary mechanism, IgE complexed with OmAb may trap allergens (3). Another less
understood mechanism would lead to a reduction of IgE+ B-cell numbers and a decrease of IgE synthesis (4). mIgE: membrane IgE.

pathologies. This leads to a rapid and prolonged reduction of
the symptomatology.

3.2. Omalizumab in Asthma. While most asthma is con-
trolled with anti-inflammatory and bronchodilator medi-
cations irrespective of phenotype, a minority of patients,
around 10%, respond poorly. Thus, the definition of “severe”
asthma is applied to patients whose symptoms or exacerba-
tions require the use of a high-dose inhaled corticosteroid
plus a second controller, or whose disease persists in spite
of treatment [56, 57]. The understanding of asthma phys-
iopathology has allowed the design of treatments for these
persistent cases based on anti-IgE monoclonal antibodies
such as OmAb.

Many clinical studies have reported the effectiveness of
OmAb and the use of the drug has been extensively reviewed
in the literature. Among the largest studies, a systematic
study in 2006 analyzed its efficacy in allergic asthma, based
on data obtained from 14 studies including a total of 3,143
patients. The results showed that inhaled corticosteroid ther-
apy, which is the mainstay of asthma therapy, was reduced
by more than 50% in a significant number of patients after
OmAb treatment, and some patients were able to discontinue

inhaled corticosteroid therapy entirely [58]. Other clinical
trials carried out in recent years have confirmed that OmAb
treatment improves symptoms and reduces the frequency of
asthma exacerbations and the need for high doses of inhaled
corticosteroids [8].

In several real-life studies, the use of omalizumab has
been associated with an absence of exacerbations and an
improvement in quality of life, which is reflected in reduced
hospital admissions and emergency visits [8].

In an attempt to elucidate the drug’s mechanism of
action, another placebo-controlled trial was conducted in 41
adult patients with severe, nonatopic refractory asthma.
Interestingly, OmAb regulated Fc𝜀RI expression negatively
on basophils and plasmacytoid dendritic cells and increased
forced expiratory volume in the first minute (FEV1) com-
pared with baseline after 16 weeks in patients with severe
nonatopic asthma, as it does in severe atopic asthma [59].This
finding points to a possible role of IgE in nonatopic asthma.

The standard duration of treatment with OmAb has
not been established to date. A follow-up study showed
that, after six years of OmAb treatment, most patients had
mild and stable asthma in the ensuing three years after
treatment discontinuation [60]. It has been suggested that
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the persistence of the effects of OmAb may be due to its
ability to curtail airway remodeling in patients with asthma.
In fact, it has been found that OmAb significantly decreased
the airway wall area, the percentage of wall area, and the
luminal area of the right apical bronchial segments, whereas
no change was achieved with conventional therapy [61]. After
one year of OmAb treatment, a significant mean reduction in
eosinophilic infiltrationwas recorded as well as a reduction in
reticular base membrane in bronchial biopsies from patients
with severe persistent allergic asthma.These findings indicate
that OmAbmay modify the course of the disease due to their
possible influence curtailing airway remodeling.

3.3. Omalizumab in Chronic Urticaria. Nowadays, several
options are available for treating chronic urticaria. Prac-
tical measures include the avoidance of aggravating fac-
tors such as drugs (nonsteroidal anti-inflammatory drugs,
NSAIDs), alcohol, stress, and local heat and friction. Cur-
rently, the guidelines recommend a stepwise approach, which
includes nonsedating antihistamines as a first line of treat-
ment or combinations with oral corticosteroids. Control
is often insufficient and additional therapies have included
leukotriene antagonists or cyclosporine, and more recently
OmAb has been added if symptoms persist [6].

The use of OmAb in urticaria has focused mainly on
CSU with autoimmune form [62]. The effect of OmAb on
CSU with or without angioedema has been demonstrated
in several double-blinded randomized placebo-controlled
studies including almost 1200 patients, with relatively few side
effects [63–66]. Although the OmAb dose for CSU is set at
300mg every 4 weeks, a dose of 150mg every 4 weeks also
achieves an effect in some patients, and in other cases the dose
needs to be increased to 300mg every two weeks. In some
cases, signs and symptoms of urticaria cease after a few days
of treatment, a faster effect than in asthma, which begins to
present improvement after a week at the earliest [62]. These
findings suggested another mechanism of action for OmAb,
apart from its ability to sequester free IgE. Lowering free IgE
levels may downregulate the levels of IgE receptor expression
density on the surface of mast cells in the long term, but this
would not appear to be responsible for the rapid improvement
reported in the clinical symptoms; a more likely reason is
OmAb’s ability to dissociate prebound IgE from FcÆŘRI
[46, 47]. Nevertheless, it is still unclear how OmAb works in
CSU: in addition, the fact that OmAb is not effective in all
patients suggests the involvement of mechanisms/pathways
in CSU other than the IgE cascade.

Interestingly, OmAb has also been reported to be effective
in treating other forms of urticaria: cold urticaria, solar
urticaria, cholinergic urticaria, delayed pressure, and symp-
tomatic urticaria factitia, although the role of IgE in these
urticarial conditions is unknown [67–71].

3.4. Off-Label Use of Omalizumab in Other Diseases

3.4.1. Systemic Mastocytosis, Hyperimmunoglobulin E Syn-
drome, and Eosinophilic Gastroenteritis. Mastocytosis is a

heterogeneous disorder that results from abnormal prolifer-
ation and accumulation of mast cells in one or more organs.
When this infiltration extends to extracutaneous organs such
as bone marrow, liver, spleen, and gastrointestinal tract in
spite of the cutaneous infiltration, systemic mastocytosis is
diagnosed. Increased local concentration of soluble mast cell
growth factors in lesions is believed to stimulate mast cell
proliferation. Impaired mast cell apoptosis and interleukin-
6 have also been implicated, as evidenced by BCL-2 upreg-
ulation and high IL6 levels in tissue. Most patients with the
systemic form present an activating point mutation in the c-
kit gene in codon 816 (D816V), which is thought to contribute
to the abnormal proliferation of mast cells and enhanced
mast cell survival [72]. OmAb has been reported to be
safe and effective in preventing recurrent anaphylaxis [73].
Since OmAb reduces the expression of Fc𝜀RI on circulating
basophils and mast cells, it seems to lower their activity and
thus reduces their potential reactivity [74, 75]. Curiously,
there is no evidence of the capacity of OmAb to decrease
mast cell numbers, because the serum tryptase levels in
several patients with mastocytosis do not vary during the
period of response [76]. In another study, serum tryptase
was reported to decrease during OmAb therapy in two
mastocytosis patients, but it remained unchanged in two
others [77]. The mechanisms underlying the symptomatic
improvement in patients with systemic mastocytosis treated
with OmAb are still not fully understood.

Hyperimmunoglobulin E syndrome (HIES) is a hetero-
geneous group of immune disorders characterized by very
high levels of serum IgE, dermatitis, and recurrent skin
and lung infections.There are two forms of HIES: a dominant
form caused by mutations in STAT3 and a recessive form
for which a genetic cause is unclear. These syndromes
have distinct presentations, courses, and outcomes but both
present clear increases in IgE levels. Studies report clinical
improvements in patients with high serum IgE levels and
presenting severe atopic eczema and in patients presenting
several other symptoms after OmAb treatment [78, 79].

Eosinophilic gastroenteritis is characterized by patchy
or diffuse eosinophilic infiltration of any part of the gas-
trointestinal tract. Anti-IgE treatment with OmAb is asso-
ciated with a 35–45% drop in peripheral blood eosinophil
count and decreases in duodenal and antral eosinophils. It
effectively blocks CD23-mediated allergen binding to B-cells
[80].

3.4.2. Allergic Rhinitis, Nasal Polyposis, and IgE-Related Respi-
ratory Diseases. There is a close relationship between asthma
and allergic rhinitis. For this reason, OmAb was expected
to be effective in the treatment of concomitant rhinitis in
patients with asthma. Indeed, in one trial, the odds ratio for a
positive effect on rhinitis was 3.56, indicating that the prob-
ability of improvement was three and a half times higher
in subjects treated with OmAb [81]. In a 2002 double-
blinded, randomized trial, combination therapy of OmAb
with specific immunotherapy (SIT) for birch and pollen
reduced symptom load over two pollen seasons by 48%
compared with SIT alone [82].
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In nasal polyposis, the results of using OmAb are less
obvious since this condition appears in nonallergic patients.
Significantly, high levels of IgE in polyps have been related
to Staphylococcus aureus enterotoxin acting as a superantigen
rather than atopy. Interestingly, IgE antibodies against S.
aureus enterotoxin were found in a significant higher concen-
tration in severe asthma patients compared to controls sug-
gesting a relationship between these antibodies and asthma
severity [83]. In this context, several studies with OmAb have
also demonstrated clinical efficacy in the treatment of nasal
polyps with comorbid asthma [84, 85].

Omalizumab has also demonstrated its clinical relevance
in patients with allergic bronchopulmonary aspergillosis
(ABPA), an allergic reaction to Aspergillus characterized by
high IgE levels, which usually occurs in combination with
cystic fibrosis (CF) [86, 87]. Several case series have also
reported success with OmAb in ABPA patients without CF
[88, 89].

3.4.3. Atopic Dermatitis and Bullous Pemphigoid. Atopic der-
matitis (AD) is one of the most frequent chronic inflamma-
tory skin disorders associated with elevated serum IgE levels.
Acute AD skin lesions are characterized by intensely pruritic,
erythematous papules associated with epidermal intercellular
edema as well as increased Langerhans cells, inflammatory
dendritic epidermal cells, macrophages, eosinophils, and
activated CD4-positive Th2 cells. The results with the use of
OmAb for atopic dermatitis are controversial: several case
reports investigating anti-IgE therapy in patients with AD
have found symptomatic improvement [90, 91], but others
report negative responses in patients with severe AD treated
with a four-month course of OmAb [92], or a favorable
response in only 6 of 11 patients [78]. More randomized
controlled trials including a placebo control group are needed
to validate the effectiveness of OmAb for AD.

Bullous pemphigoid (BP) is an acquired autoimmune
disease presenting subepidermal blistering, eosinophilia, and
severe itching. It is characterized by the presence of autoan-
tibodies against the 230 kDa bullous pemphigoid antigen
within basal keratinocytes and the 180 kDa type XVII col-
lagen in the basement membrane zone lying between the
epidermis and dermis. IgE-specific antibodies against type
XVII collagen were detected in sera and biopsy samples from
themajority of BP patients and these IgE autoantibodies have
been shown to be pathogenic. Clinical trials with OmAb
showed effectiveness in several cases [93, 94].

3.4.4. Food Allergy and Food-Related Anaphylaxis. OmAb
induced a significant increase in the threshold dose for an
oral food challenge with peanuts causing allergic symp-
toms [95]. OmAb has also been useful in introducing oral
immunotherapy (OIT) in food-allergic patients. In a pilot
study with children with clinical reactions to cow’s milk,
OmAb treatment combined with oral milk desensitization
permitted rapid milk dose escalation in the majority of
subjects. [96]. OmAb was also reported to be effective in
tolerability of various food allergies during an OIT protocol
in 25 patients [97]. Thus, OmAb in combination with oral

desensitization has a potential value for the treatment of food
allergy.

3.4.5. Atopic Keratoconjunctivitis. Atopic keratoconjunctivi-
tis is a severe ocular disorder of the cornea with immediate
and delayed hypersensitivity reactions, which can produce
loss of visual acuity and blindness. In an open-label trial, six
patients treated with OmAb showed an improvement in their
ocular symptoms [98].

3.5. Other Anti-IgE-Based Therapies

3.5.1. C𝜀mX Monoclonal Antibodies. Membrane-bound IgE
(mIgE) is part of the IgE-BCR and is essential for gener-
ating isotype-specific IgE responses. On mIgE+ B-cells, the
membrane-bound 𝜀-chain exists predominantly in the long
isoform, thus providing an attractive site for immunologic
targeting of mIgE+ cells. C𝜀mX-specific antibodies have
proved potentially useful for targeting mIgE+ cells to control
IgE production [99]. These were the bases for the production
of quilizumab, a humanized IgG1 monoclonal antibody that
binds to theM1-prime segment present only onmIgE, but not
on soluble IgE in serum. In phase I and II studies, quil-
izumab reduced serum total IgE by approximately 25%.These
decreases were sustained for at least six months after the
last dose, in contrast to OmAb, which must be administered
every 2–4 weeks to maintain reduced IgE levels [100]. Unfor-
tunately, in adults with uncontrolled allergic asthma, a 36-
week treatment with quilizumab did not have a clinically
significant impact on exacerbation rate, lung function, or
quality of life [101]. Nor did its use in patients with refractory
CSU achieve a clinically significant improvement, although it
reduced median serum IgE by approximately 30% [102].

3.5.2. Ligelizumab. Ligelizumab (QGE031) is a humanized
IgG1 monoclonal antibody that binds with higher affinity to
the C epsilon 3 domain of IgE. Designed to achieve greater
IgE suppression than OmAb, it may overcome some of the
limitations associated with OmAb dosing and achieve better
clinical outcomes. Data from preclinical experiments and
two phase I randomized, double-blind, placebo-controlled
clinical trials showed QGE031 to be superior to OmAb in
suppressing free IgE and basophil surface expression of Fc𝜀RI
and IgE.These effects allowed almost complete suppression of
the skin prick response to the allergen, which was superior in
extent and duration compared to the case with OmAb [103].

3.5.3. Bispecific Antibodies and Designed Ankyrin Repeat
Proteins (DARPins). Some studies have shown that the use of
bispecific antibodies that cross-link Fc𝜀RI and the low-
affinity IgG receptor (Fc𝛾RIIb) on mast cells and basophils
inhibits allergen-induced cell degranulation [104, 105].

DARPins are genetically engineered proteins that typi-
cally exhibit highly specific and high affinity target protein
binding. One study reported a specific anti-IgE DARPin
(DE53-Fc) fused to the Fc part of a human IgG1, which
inhibited allergen-induced basophil activation in samples of
different donors via Fc𝛾RIIb [106]. For its part, DARPin
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E2 79 is able to block IgE:Fc𝜀RI interactions and actively
stimulates the dissociation of preformed ligand-receptor
complexes [107].

Bispecific antibodies and DARPins represent promising
drug candidates for the treatment of IgE-related diseases but
their potential for use in humans is still to be confirmed.

3.5.4. IgE-R419N-Fc3-4. Structural studies of OmAb have
facilitated the design of an IgE-Fc3-4 mutant (IgE-R419N-
Fc3-4) that is resistant to OmAb neutralization but is able
to bind Fc𝜀RI and Fc𝜀RII. The IgE-R419N-Fc3-4 mutant,
in combination with OmAb, can effectively exchange cell-
bound IgE for IgE-R419N-Fc3-4 and this dual inhibitor
treatment blocks basophil activation more powerfully than
either inhibitor alone.This approach, involving simultaneous
depletion of antigen-specific IgE while engaging Fc𝜀RI and
Fc𝜀RII receptors with an IgE variant, can be used to further
test the role of IgE-dependent regulatory pathways during
anti-IgE treatment andmay provide a promising way forward
for enhancing current anti-IgE therapies [108].

4. Conclusion

A better understanding of asthma and chronic urticaria
phenotypes and endotypes will allow us to select treatments
based on the likelihood of response, thereby improving the
control and quality of life of these patients. The number of
biological treatments for these diseases continues to grow.

Targeting IgE has proved to be a successful approach to
IgE-related diseases with poor response to traditional treat-
ments. Although the indications for OmAb are currently lim-
ited to allergic asthma and CSU, its potential in the treatment
of other allergic comorbidities is becoming increasingly clear.
In fact, the off-label uses of OmAb have shown promising
results in a variety of diseases in which IgE has a limited or
unconfirmed role. The knowledge of OmAb’s mechanism of
action may help to elucidate the relationships between all the
factors interacting in IgE-mediated pathologies andmay shed
some light on some others that are not IgE-mediated.

Thus, more studies are needed to uncover the molecular
insights of these pathologies and the mechanism of action
of anti-IgE biological drugs such as OmAb and to test the
efficacy of new IgE-targeted drugs in humans.

Competing Interests

The authors declare that there are no competing interests
regarding the publication of this paper.

Acknowledgments

This work was supported by Fondo de Investigaciones San-
itarias, Ministerio de Economı́a y Competitividad (Grant
PI120032).

References

[1] H. C. Oettgen, “Fifty years later: emerging functions of IgE
antibodies in host defense, immune regulation, and allergic
diseases,” Journal of Allergy and Clinical Immunology, vol. 137,
no. 6, pp. 1631–1645, 2016.

[2] K. Asai, J. Kitaura, Y. Kawakami et al., “Regulation of mast cell
survival by IgE,” Immunity, vol. 14, no. 6, pp. 791–800, 2001.

[3] J. Kalesnikoff, M. Huber, V. Lam et al., “Monomeric IgE
stimulates signaling pathways in mast cells that lead to cytokine
production and cell survival,” Immunity, vol. 14, no. 6, pp. 801–
811, 2001.

[4] K. Ishizaka, “Basic mechanisms of IgE-mediated hypersensitiv-
ity,” Current Opinion in Immunology, vol. 1, no. 4, pp. 625–629,
1989.

[5] K. S. Babu, R. Polosa, and J. B. Morjaria, “Anti-IgE—emerging
opportunities for Omalizumab,” Expert Opinion on Biological
Therapy, vol. 13, no. 5, pp. 765–777, 2013.

[6] T. Zuberbier, W. Aberer, R. Asero et al., “The EAACI/
GA2LEN/EDF/WAOGuideline for the definition, classification,
diagnosis, and management of urticaria: the 2013 revision and
update,” Allergy, vol. 69, no. 7, pp. 868–887, 2014.

[7] M.Mauro, C. Incorvaia, C. Formigoni, R. Elia, M. Russello, and
D. Pellegrino, “The anti-IgE antibody omalizumab as a probe
to investigate the role of IgE in pathology,” Panminerva Medica,
vol. 54, no. 4, pp. 305–312, 2012.

[8] C. Incorvaia, M. Mauro, M. Russello, C. Formigoni, G.
G. Riario-Sforza, and E. Ridolo, “Omalizumab, an anti-
immunoglobulin E antibody: state of the art,” Drug Design,
Development andTherapy, vol. 8, pp. 197–207, 2014.

[9] M. Desai and J. Oppenheimer, “Elucidating asthma pheno-
types and endotypes: progress towards personalized medicine,”
Annals of Allergy, Asthma & Immunology, vol. 116, no. 5, pp.
394–401, 2016.
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[70] K. Krause, E. Ardelean, B. Keãler et al., “Antihistamine-resistant
urticaria factitia successfully treated with anti-immunoglobulin
E therapy,” Allergy, vol. 65, no. 11, pp. 1494–1495, 2010.

[71] M.Metz, P. Bergmann, T. Zuberbier, andM.Maurer, “Successful
treatment of cholinergic urticaria with anti-immunoglobulin E
therapy,” Allergy, vol. 63, no. 2, pp. 247–249, 2008.

[72] J. Robyn and D. D. Metcalfe, “Systemic mastocytosis,” Advances
in Immunology, vol. 89, pp. 169–243, 2006.

[73] J. A. Douglass, K. Carroll, A. Voskamp, P. Bourke, A. Wei, and
R. E. O’Hehir, “Omalizumab is effective in treating systemic
mastocytosis in a nonatopic patient,” Allergy, vol. 65, no. 7, pp.
926–927, 2010.

[74] L. Kibsgaard, T. Skjold, M. Deleuran, and C. Vestergaard,
“Omalizumab induced remission of idiopathic anaphylaxis in
a patient suffering from indolent systemic mastocytosis,” Acta
Dermato-Venereologica, vol. 94, no. 3, pp. 363–364, 2014.

[75] G. Paraskevopoulos, E. Sifnaios, K. Christodoulopoulos, F.
Mantopoulou, M. Papakonstantis, and D. Sabaziotis, “Suc-
cessful treatment of mastocytic anaphylactic episodes with
reduction of skin mast cells after anti-IgE therapy,” European
Annals of Allergy and Clinical Immunology, vol. 45, no. 2, pp.
52–55, 2013.

[76] M. C. Carter, J. A. Robyn, P. B. Bressler, J. C. Walker, G. G.
Shapiro, and D. D. Metcalfe, “Omalizumab for the treatment of
unprovoked anaphylaxis in patients with systemic mastocyto-
sis,” Journal of Allergy and Clinical Immunology, vol. 119, no. 6,
pp. 1550–1551, 2007.

[77] G. J. Molderings, M. Raithel, F. Kratz et al., “Omalizumab
treatment of systemic mast cell activation disease: experiences
from four cases,” Internal medicine, vol. 50, no. 6, pp. 611–615,
2011.

[78] B. Belloni, M. Ziai, A. Lim et al., “Low-dose anti-IgE therapy
in patients with atopic eczema with high serum IgE levels,”The
Journal of Allergy and Clinical Immunology, vol. 120, no. 5, pp.
1223–1225, 2007.

[79] L. Chularojanamontri, S. Wimoolchart, P. Tuchinda, K.
Kulthanan, and N. Kiewjoy, “Role of omalizumab in a patient



12 Journal of Immunology Research

with hyper-IgE syndrome and review dermatologic manifes-
tations,” Asian Pacific Journal of Allergy and Immunology, vol.
27, no. 4, pp. 233–236, 2009.

[80] K. D. Stone and C. Prussin, “Immunomodulatory therapy of
eosinophil-associated gastrointestinal diseases,” Clinical and
Experimental Allergy, vol. 38, no. 12, pp. 1858–1865, 2008.

[81] M. Humbert, L. P. Boulet, R. M. Niven, Z. Panahloo, M. Blogg,
and G. Ayre, “Omalizumab therapy: patients who achieve
greatest benefit for their asthma experience greatest benefit for
rhinitis,” Allergy, vol. 64, no. 1, pp. 81–84, 2009.

[82] J. Kuehr, J. Brauburger, S. Zielen et al., “Efficacy of combina-
tion treatment with anti-IgE plus specific immunotherapy in
polysensitized children and adolescents with seasonal allergic
rhinitis,” Journal of Allergy and Clinical Immunology, vol. 109,
no. 2, pp. 274–280, 2002.

[83] C. Bachert, P. Gevaert, P. Howarth, G. Holtappels, P. Van
Cauwenberge, and S. G. O. Johansson, “IgE to Staphylococcus
aureus enterotoxins in serum is related to severity of asthma,”
The Journal of Allergy and Clinical Immunology, vol. 111, no. 5,
pp. 1131–1132, 2003.

[84] P. Gevaert, L. Calus, T. Van Zele et al., “Omalizumab is effective
in allergic and nonallergic patients with nasal polyps and
asthma,” Journal of Allergy andClinical Immunology, vol. 131, no.
1, pp. 110.e1–116.e1, 2013.

[85] M. D. C. Vennera, C. Picado, J.Mullol, I. Alobid, andM. Bernal-
Sprekelsen, “Efficacy of omalizumab in the treatment of nasal
polyps,”Thorax, vol. 66, no. 9, pp. 824–825, 2011.

[86] S. Lehmann, C. Pfannenstiel, F. Friedrichs, K. Kröger, N. Wag-
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The presented article studies the role of selected inflammatory and anti-inflammatory serum markers of psoriatic patients in the
pathogenesis of metabolic syndrome (MS) and psoriasis. The study is based on the comparison between the group of psoriatic
patients (74) and the control group (65). We found significantly higher BMI (𝑝 < 0.05) and diastolic blood pressure (𝑝 < 0.05) in
the psoriatic patients.The values of waist circumference and BMIwere significantly higher (𝑝 < 0.05) in themale patients compared
to themen in the control group.The analysis revealed significantly higher CRP (𝑝 < 0.001), Lp-PLA2 (𝑝 < 0.001), leptin (𝑝 < 0.01),
and resistin (𝑝 < 0.01) levels in the psoriatic patients. Significantly higher levels of CRP (𝑝 < 0.01), Lp-PLA2 (𝑝 < 0.001), leptin
(𝑝 < 0.01), and resistin (𝑝 < 0.05) were found in the patients with MS compared to the controls with MS. The level of adiponectin
was significantly lower (𝑝 < 0.01) in the patients withMS. Finally, we found significantly higher level of Lp-PLA2 (𝑝 < 0.001) in the
group of patients without MS compared to the controls without MS. In conclusion, observed inflammatory and anti-inflammatory
markers (CRP, adiponectin, leptin, resistin, and Lp-PLA2) are involved in both pathogenesis of MS and pathogenesis of psoriasis.
The level of Lp-PLA2 indicates the presence of subclinical atherosclerosis (cardiovascular risk) in psoriatic patients.

1. Introduction

Psoriasis is a multifactorial chronic inflammatory disease
with the prevalence of 2-3% in Europeans [1]. The pathogen-
esis of psoriasis is complex and the exact mechanism remains
elusive. The disease is thought to result from a combination
of genetic, epigenetic, and environmental influences. Pso-
riasis affects primarily the skin and/or joints and is char-
acterized by keratinocyte hyperproliferation, angiogenesis,
and immunopathological inflammation, which is clinically

manifested under the picture of erythematous plaques with
scaling on the skin [2, 3].

Recently, psoriasis has been recognized as a systemic dis-
ease associated with multiple comorbidities [4–6], including
Crohn’s disease, ulcerative colitis, diabetes, chronic neuropa-
thy, depressions, lymphomas, multiple sclerosis, malignant
processes, especially lymphoproliferation and nonmelanoma
skin cancers, metabolic syndrome (MS) [7, 8], and cardiovas-
cular diseases, such as hypertension, myocardial infarction,
and stroke [9]. For comorbidity and mainly for the increased
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risk of cardiovascular disease, the risk of shortening the life of
psoriatic patients is 5 years [10]. The systemic inflammatory
state seems to be the common denominator for all these
comorbidities [4].

The white adipose tissue is now recognized as the central
player in the low-grade inflammatory state characterizing
the metabolic processes such as obesity [11]. Adipose tissue
and resident macrophages are the source of a number
of secreted biologically active proteins; therefore, adipose
tissue is recognized as an endocrine organ. These proteins
are known as adipokines [12, 13]. Adipokines possess both
effects, pro- and anti-inflammatory, and they act through
autocrine, paracrine, and endocrine mechanisms.The unbal-
anced production of pro- and anti-inflammatory adipokines
in obesity contributes to the development of a chronic low-
grade inflammation state, which seems to favour worsen-
ing of psoriasis lesion [11]. Increased production of most
adipokines in obese people has an impact on multiple func-
tions such as appetite and energy balance, immunity, insulin
sensitivity, angiogenesis, blood pressure, lipid metabolism,
and haemostasis, all of which are linked to cardiovascular
diseases.

Presented article studies the role of selected proinflam-
matory and anti-inflammatory serum markers in the patho-
genesis of psoriasis and MS with special attention to the
risk of atherosclerosis. From the group of adipokines, we
chose adiponectin, leptin, and resistin. Adiponectin is highly
expressed by adipocytes with potent anti-inflammatory prop-
erties. Low serum levels of adiponectin are associated with
adverse metabolic states such as diabetes, metabolic syn-
drome, atherosclerotic cardiovascular disease, and psoriasis
[14]. Leptin, a protein secreted by adipose tissue, plays
important roles in metabolism and has proinflammatory
effects. It activates monocytes and macrophages to produce
proinflammatory IL-6 and TNF-𝛼. Leptin also enhances the
production of proinflammatoryTh1 cytokines and suppresses
the production of anti-inflammatory Th2 cytokines at the
same time [15]. Resistin is another adipocyte-specific proin-
flammatory polypeptide synthesized mostly by macrophages
and monocytes contained in fat tissue. It was named for its
ability to induce insulin resistance [14].

Our group of adipokines was completed by determining
of nonspecific inflammatory biomarker, C-reactive protein
(CRP), which is one of the most important reactants of the
acute phase. Metabolic inflammation increases the level of
CRP which strongly correlates with the degree of obesity
[16, 17]. For the atherosclerosis risk evaluation, we selected
lipoprotein-associated phospholipase A2 (Lp-PLA2), which
is also preferentially secreted bymonocytes andmacrophages
[16].

2. Materials and Methods

2.1. Observed Groups. In total, 74 patients with psoriasis and
65 healthy blood donors (control group) were enrolled in
this case-control study. Patients with psoriasis (PP), suffering
from active plaque psoriasis not treated by systemic drugs,
were hospitalized at the Department of Dermatology and
Venereology, University Hospital Hradec Kralove (Czech

Republic) in the years 2012–2014. The group consisted of
33 women and 41 men (average age 50.6 years, age range
18–80 years, 30 smokers and 44 nonsmokers). The subjects
with insulin resistance, diabetes, and cardiovascular diseases
(under medication) were included into the study; however,
the subjects with infections or other inflammatory diseases
were excluded. Our patients were not treated by any drugs
influencing inflammatory reaction. Patients suffering from
psoriatic arthritis were excluded from the study.

The control group (CG) consisted of 32 women and
33 men (average age 51,6 years, age range 20–65 years, 20
smokers and 45 nonsmokers). The CG consists of healthy
blood donors (obtained from the Department of Transfusion
Medicine, University Hospital Hradec Kralove). The subjects
with insulin resistance, diabetes, and cardiovascular diseases
(under medication) were included into the study; however,
the subjects with infections or other inflammatory diseases
were excluded. Also those who suffer from arthritis were
excluded. The persons (CG) were not treated by any drugs
influencing inflammatory reaction.

The study was approved by the Ethics Committee of
the University Hospital in Hradec Kralove, Czech Republic.
Informed written consent was obtained from each person in
the PP and the CG.

2.2. Metabolic Syndrome, Body Mass Index, and PASI Score.
Samples of peripheral blood were collected from the cubital
vein from the patients with psoriasis and from the control
group (BD Vacutainer sampling tubes). Blood serum was
isolated by centrifugation and stored under −70∘C until
analysis. Repeated thawing and freezing were avoided. The
blood samples were examined for the following: fasting
glucose, high-density lipoprotein, and triglyceride (analyzed
by standard method).

Metabolic syndrome (MS) was determined in the PP
and in the CG by accepting the criteria for diagnosis of
the MS, developed by the National Cholesterol Education
Program Adult Treatment Panel (NCE/ATPIII) [18]. When
a subject has three of the five listed criteria, a diagnosis of the
metabolic syndrome can be made. The criteria listed include
(1) glucose intolerance presenting higher fasting glucose
≥5.6mmol/l or known treatment for diabetes; (2) increased
waist circumference (WC) or abdominal obesity (≥102 cm for
men and ≥88 cm for women); (3) raised triglyceride (TAG)
levels ≥ 1.7mmol/l; (4) reduced high-density lipoprotein
(HDL) < 1.03mmol/l for men and <1.30mmo/l for women;
and (5) elevated blood pressure (systolic blood pressure,
SBP ≥ 130mmHg, and/or diastolic blood pressure, DBP ≥
85mmHg).

Body mass index (BMI) was calculated as the ratio of
weight and height squared (kg/m2). The state of disease
was calculated from basic characteristics of actual disease
status (erythema, desquamation, and skin infiltration) and
expressed as the PASI score (Psoriasis Area and Severity
Index) [19].

2.3. Selected Inflammatory Markers. The blood samples
were examined for the following: C-reactive protein (CRP),
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Table 1: Demographics and laboratory findings in the patients (PP) and the controls (CG).

Variable PP (𝑛 = 74) CG (𝑛 = 65) 𝑝 value
Age 50.4 (18–80) 51.6 (20–65) NS
Gender (male : female) 41 : 33 33 : 32 NS
BMI (kg/m2) 28.6 (32.9–24.0) 26.8 (29.8–24.5) <0.05
BMI (kg/m2) male 30.7 (37.7–24.8) 26.8 (30.0–24.5) <0.05
BMI (kg/m2) female 27.5 (30.4–23.7) 26.8 (29.5–24.3) NS
Waist circumference male (cm) 110 (128.5–93) 99 (107–93) <0.05
Waist circumference female (cm) 94 (103.5–80.5) 85.5 (101.2–80.2) NS
DBP (mmHg) 90 (91–80) 84 (92–77) <0.05
SBP (mmHg) 140 (150–129) 140 (148–127) NS
HDL male (mmol/l) 1.1 (1.40–0.9) 1.0 (1.3–0.9) NS
HDL female (mmol/l) 1.2 (1.4–1.0) 1.1 (1.2–0.9) NS
Triglyceride (mmol/l) 1.5 (2.2–1.0) 1.2 (1.7–0.9) NS
Glucose (mmol/l) 5.8 (7.2–5.1) 5.6 (6.6–4.9) NS
Notes: all data (except age) are presented as medians and upper and lower quartiles in brackets. The age is presented as an average and range in brackets; BMI:
body mass index, DBP: diastolic blood pressure, SBP: systolic blood pressure, and HDL: high density lipoprotein.

adiponectin, leptin, resistin, and lipoprotein-associated phos-
pholipase A2 (Lp-PLA2).

The level of CRP was assessed by immunonephelom-
etry on IMMAGE 800 (Beckman, USA) and results were
expressed in milligrams (mg) per liter of serum with detec-
tion limit of 1.0mg per liter.

The level of adiponectin was detected by sandwich
ELISA method using commercial kit Quantikine Human
Total Adiponectin/Acrp30.The concentration of adiponectin
was expressed in milligrams (mg) per liter of serum with
detection limit of 0.0246mg/l. Leptin was assessed by ELISA
technique using kit Quantikine Human Leptin with detec-
tion limit 0.78 micrograms (𝜇g) per liter. Serum levels of
resistin were determined using ELISA kit QuantikineHuman
Resistin with detection limit 0.026 nanograms (ng) per
milliliter of serum. All kits were manufactured by R&D
Systems (USA) and used according to the manufacturer’s
instructions.

The serum lipoprotein-associated phospholipase A2
(LpPLA2) concentrations were determined by a sandwich
enzyme-linked immunosorbent assay (ELISA) technique
using kit for Human LpPLA2 (Cloud-Clone Corporation,
USA) according to the manufacturer’s instructions.The limit
of detection of the LpPLA2 was 0.263 nanograms (ng) per
milliliter. Absorbance values were read at 450 nm using a
Multiskan RCELISA reader (Thermo Fisher Scientific, USA).

2.4. Statistical Analysis. The differences between the PP
and CG were compared by two-sided 𝑡-test (for normally
distributed data). For non-normally distributed data, we used
nonparametric Mann–Whitney U or Kolmogorov-Smirnov
test. Height, weight, and waist circumference were evaluated
separately in men and women. The Kruskal-Wallis nonpara-
metric analysis of variance and post hoc Dunn’s multiple
comparison test with Bonferroni modification were used to
compare inflammatory levels in the patients and the controls
with/without MS.

3. Results

In the group of 74 PP, 12 patients (16.2%) had mild psoriasis
(PASI < 10), 44 patients (59.5%) had moderate (PASI 10–
20) psoriasis, and 18 patients (24.3%) were diagnosed with
the severe form of psoriasis (PASI > 20). Median (upper and
lower quartile) of PASI score was 15.3 (19.9–12.0).

We found MS in 61% (𝑛 = 45) of PP: 25 men (56%) and
20 women (44%). In the CG, we found MS in 48% (𝑛 =
31): 17 men (55%) and 14 women (45%). The differences in
the number of men and women between the groups were
insignificant.

Table 1 summarizes demographic and laboratory findings
in the patients and the controls.We found significantly higher
BMI (𝑝 < 0.05) and DBP (𝑝 < 0.05) values in the PP
compared to the CG. The values of WC (𝑝 < 0.05) and BMI
(𝑝 < 0.05) in males with psoriasis (PP) were significantly
higher than in males without psoriasis (CG).

Table 2 shows parameters of inflammation in the whole
groups (PP and CG). We found significantly higher CRP
(𝑝 < 0.001), Lp-PLA2 (𝑝 < 0.001), leptin (𝑝 < 0.01), and
resistin (𝑝 < 0.01) values in the PP compared to the CG.The
difference between adiponectin levels in the PP and the CG
was insignificant.

Table 3 describes parameters of inflammation in PP and
in CG with MS. We found significantly higher CRP (𝑝 <
0.01), Lp-PLA2 (𝑝 < 0.001), leptin (𝑝 < 0.01), and resistin
(𝑝 < 0.05) in the PP with MS compared to the CG with MS.
The level of adiponectin was significantly lower (𝑝 < 0.01) in
the PP with MS.

Table 4 displays parameters of inflammation in the PP
and in the CGwithoutMS.We found significantly higher Lp-
PLA2 (𝑝 < 0.001) in the PP without MS compared to the
CG without MS. CRP, adiponectin, leptin, and resistin were
insignificantly higher in the PP without MS.

Table 5 describes parameters of inflammation in PP
with and without MS. We found insignificantly higher CRP,
resistin, and Lp-PLA2 in the PP with MS compared to the PP
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Table 2: Inflammatory markers in the patients (PP) and the controls (CG).

Variable PP (𝑛 = 74) CG (𝑛 = 65) 𝑝 value
CRP (mg/l) 6.1 (9.2–2.6) 2.2 (3.8–1.4) <0.001
Adiponectin (mg/l) 9.3 (16.1–4.8) 10.8 (19.1–6.9) NS
Leptin (ug/l) 20.7 (34.7–8.3) 10.4 (18.1–4.9) <0.01
Resistin (ng/ml) 11.7 (16.8–8.4) 9.6 (11.8–7.9) <0.01
Lp-PLA2 (ng/ml) 999.7 (1244.5–732.5) 631.0 (790.5–424.0) <0.001
Notes: all data are presented as medians and upper and lower quartiles in brackets; CRP: C-reactive protein, Lp-PLA2: lipoprotein-associated phospholipase
A2.

Table 3: Inflammatory markers in the patients (PP) and the controls (CG) with metabolic syndrome.

Variable PP with MS (𝑛 = 45) CG with MS (𝑛 = 31) 𝑝 value
CRP (mg/l) 6.6 (11.0–2.9) 2.4 (5.4–1.5) <0.01
Adiponectin (mg/l) 6.0 (11.7–4.1) 12.9 (19.5–7.7) <0.01
Leptin (ug/l) 26.0 (38.1–12.4) 10.5 (20.6–5.7) <0.01
Resistin (ng/ml) 11.8 (15.6–8.4) 9.5 (10.8–8.1) <0.05
Lp-PLA2 (ng/ml) 1007 (1245–761) 636 (887–486) <0.001
Notes: all data are presented as medians and upper and lower quartiles in brackets; CRP: C-reactive protein, Lp-PLA2: lipoprotein-associated phospholipase
A2.

without MS. The level of adiponectin was significantly lower
(𝑝 < 0.001) and the level of leptin (𝑝 < 0.05) was significantly
higher in the PP with MS.

4. Discussion

As it was mentioned before, the psoriasis is associated with
several comorbidities. It is believed that 73% of psoriatic
patients have at least one comorbidity [4].

Metabolic syndrome is a combination of factors of car-
diovascular risks, including central obesity, increased blood
pressure, glucose intolerance, and dyslipidemia [19, 20]. In
the presented study, we found significantly higher diastolic
blood pressure in PP (DBP, 𝑝 < 0.05). Our findings were
consistent with the results of other authors [19]. In a group of
psoriatic patients with comparable average age (53.7 years),
they found higher level of blood pressure.

The prevalence of theMS is increased in psoriatic patients
and occurs in 40% or even 65% of them [20]. In our
experimental groups, we found very high occurrence of MS
(61% in the PP and 48% in the CG). This high level of
occurrence may be partially attributed to the higher age of
the respondents (average age of 51.6 years) and also to the fact
that almost 85%of the patientswere diagnosedwithmoderate
and severe form of psoriasis.

Balci et al. 2010 demonstrated that visceral fat area (VFA)
is increased in psoriatic patients and is associated with the
presence of psoriasis [21]. They also demonstrated that VFA
is associated with the presence of metabolic syndrome in
patients with psoriasis. Therefore, the increased accumula-
tion of visceral adipose tissue, which releases proinflamma-
tory cytokines, is a potential mechanism linking psoriasis to
itsmetabolic comorbidities andmaybe amajor contributor to
the unfavourable cardiovascular risk in psoriasis. It was also
substantiated that overweight is an independent risk factor
for developing psoriasis and that obesitymay increase the risk

more than twice [20]. In our study, we found significantly
higher BMI levels (𝑝 < 0.05) in the PP when compared
to the CG. Naito and Imafuku suggest that men are more
likely to acquire psoriasis if they have mild obesity in middle
or older age [22]. In our study, the average values of waist
circumference and BMI of the male psoriatic patients were
significantly higher than in the controls (𝑝 < 0.05). However,
significant differences were not found in females.

It seems that the processes of initiation and development
of psoriasis and overweight/obesity are associated with var-
ious forms of chronic inflammation. Moreover, Ryan and
Kirby summarized that suppression of systemic inflamma-
tion in psoriasis could also reduce metabolic inflammation
[23]. The presented study was focused on inflammatory
and anti-inflammatory mediators accompanying the pso-
riasis which leads to metabolic dysfunction, obesity, and
atherosclerosis.

Metabolic inflammation and excessive adipose mass
(obesity) increase the level of nonspecific inflammatory
biomarkers, such as CRP [24, 25]. The level of CRP can also
serve as amarker of psoriasis severity. Patients withmoderate
and heavy psoriasis have significantly higher levels of CRP
than the healthy controls [26–28]. In our study, we found
significant elevation of serum CRP levels in the PP when
compared to the CG (𝑝 < 0.001; Table 2). Vadakayil et al.
2015 described elevated levels of CRP in psoriatic patients
with themetabolic syndrome in comparisonwith the patients
without metabolic syndrome [29]. We also found higher yet
insignificant level of CRP in the PP with MS compared to
the PP without MS (Table 5). Our psoriatic patients with MS
have an average level of CRP significantly higher than the
controls with MS (𝑝 < 0.01; Table 3), while the difference
in the mean levels of CRP between the patients without MS
and the controls without MS was not significant (Table 4).

It is now well established that adipose tissue is not
only involved in energy storage but also serves as an
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Table 4: Inflammatory markers in the patients (PP) and the controls (CG) without metabolic syndrome.

Variable PP without MS (𝑛 = 29) CG without MS (𝑛 = 34) 𝑝 value
CRP (mg/l) 3.9 (7.4–1.8) 2.2 (3.6–1.4) NS
Adiponectin (mg/l) 13.4 (23.8–7.5) 9.7 (18.0–4.7) NS
Leptin (ug/l) 12.1 (26.5–5.8) 9.2 (15.0–3.9) NS
Resistin (ng/ml) 11.4 (20.3–9.3) 9.8 (12.7–7.9) NS
Lp- PLA2 (ng/ml) 942 (1242–660) 579 (719–408) <0.001
Notes: all data are presented as medians and upper and lower quartiles in brackets; CRP: C-reactive protein, Lp-PLA2: lipoprotein-associated phospholipase
A2.

Table 5: Inflammatory markers in the patients (PP) with and without metabolic syndrome (MS).

Variable PP with MS (𝑛 = 45) PP without MS (𝑛 = 29) 𝑝 value
CRP (mg/l) 6.6 (11.0–2.9) 3.9 (7.4–1.8) NS
Adiponectin (mg/l) 6.0 (11.7–4.1) 13.4 (23.8–7.5) <0.001
Leptin (ug/l) 26.0 (38.1–12.4) 12.1 (26.5–5.8) <0.05
Resistin (ng/ml) 11.8 (15.6–8.4) 11.4 (20.3–9.3) NS
Lp-PLA2 (ng/ml) 1007 (1245–761) 942 (1242–660) NS
Notes: all data are presented as medians and upper and lower quartiles in brackets; CRP: C-reactive protein, Lp-PLA2: lipoprotein-associated phospholipase
A2.

endocrine organ that secretes various bioactive compounds
called adipokines [30, 31]. Adiponectin represents one of
the typical representatives of adipokines. The adiponectin
increases insulin sensitivity and displays antiatherogenic
and anti-inflammatory effects [32]. Additionally, it has been
proposed that adiponectin may play a protective role against
the development of hypertension [33, 34]. Low levels of
adiponectin are associated with adversemetabolic states such
as diabetes, metabolic syndrome, atherosclerosis cardiovas-
cular disease, and psoriasis [35]. Unfortunately, previously
published data on adiponectin levels in patientswith psoriasis
are still inconsistent.We can see that most of the studies show
significantly decreased serum adiponectin levels in these
patients compared to the controls [25, 26, 35, 36]. However,
some studies have reported no significant difference of
adiponectin levels in the psoriatic patients compared to the
healthy controls [37, 38] and some recently published works
found even increased levels of adiponectin in the patients
compared to the controls [20, 39–41].

When we compared our experimental groups (PP and
CG) without distinguishing them as the persons with and
without MS, the level of adiponectin in the PP was insignif-
icantly decreased (Table 2). After the division into the group
of patients with MS and the group of controls with MS, we
found significantly lower level of adiponectin (𝑝 < 0.01) in
the group of patients with MS (Table 3). When comparing
the group of patients without MS and the group of controls
without MS, we found in the group of patients without MS
even higher (nevertheless insignificant) level of adiponectin
(Table 4).

Another representative of the group of adipokines is
leptin. The level of this protein is increased in obesity in
proportion to the fat mass. It is well known that this hormone
regulates the central nervous system to reduce food intake by
regulating neuropeptides in the hypothalamus [42]. Regula-
tory function of leptin is lost in long-term obese individuals,

in whom leptin resistance is detected [43]. Several studies
found significantly higher leptin level in psoriatic patients
in comparison with controls [25, 26, 44]. Similar results
are shown in the presented study. We found significantly
increased level of leptin in the psoriatic patients compared
to the controls (𝑝 < 0.01; Table 2) and in the psoriatic
patients with MS compared to the controls with MS (𝑝 <
0.01; Table 3). Although the patients without MS had also
higher leptin level than the controls, the difference between
the values was insignificant (Table 4).

High serum leptin levels may play a relevant role
in obesity-associated cardiovascular diseases including
atherosclerosis. Elevated serum concentration of leptin has
been found in patients with cardiovascular risk factors and
obesity status [15]. It has been suggested that leptin may
be a marker of severity of psoriasis [20]. It is assumed that
adiponectin and leptin may be the links between psoriasis
and their comorbidities. They are associated with obesity
and metabolic syndrome, which in turn may contribute to
increased risk of psoriasis and its exacerbations [20]. In the
presented work, the level of leptin was significantly higher in
the PP with MS compared to the PP without MS (𝑝 < 0.05;
Table 5). Likewise, we found the level of adiponectin was
significantly lower in the PP with MS compared to the PP
without MS (𝑝 < 0.001; Table 5).

Adipokine resistin is an important factor linking obesity
with diabetes [45]. Besides its contribution to the insulin
resistance, it has been shown that resistin can trigger a
proinflammatory state by regulating various biological pro-
cesses, thus contributing to inflammatory diseases [46, 47].
Macrophages are the main source of resistin and obesity
causes a significant macrophage infiltration of visceral white
adipose tissue [30, 42]. Resistin has also been reported to
be expressed in chronic disease states, such as rheumatoid
arthritis, atherosclerosis, obesity, diabetes, and inflammatory
bowel disease [40, 48]. Several studies reported higher levels
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of serum resistin in psoriatic patients compared to controls
[26, 36, 49]. Our results are in accordance with the afore-
mentioned literature data. We found significantly increased
level of resistin in the PP compared to the CG (𝑝 < 0.01;
Table 2) and in the PP with MS compared to the controls
with MS (𝑝 < 0.05, Table 3). The patients without MS
had also higher resistin level than the controls; however,
the difference was insignificant (Table 4). Scientific literature
demonstrated that increased resistin levels in patients with
psoriasis were independent of their obesity [14]. Comparable
levels (nonsignificant difference) of resistin in our patients
withMS andwithoutMS (Table 5) support these conclusions.

Lipoprotein (a) is composed of a low density lipoprotein-
(LDL-) like particle to which apolipoprotein is linked by a
disulfide bond [50]. Lipoprotein (a) is considered as the risk
factor for ischemic cardiovascular disease serving there as a
potent DAMP (damage-associated molecular pattern) signal
inducing the inflammatory response [16]. It is evidenced
that the transition from the safe pattern to DAMP is caused
by the content of oxidized phospholipids in the lipoprotein
(a). Lipoprotein-associated phospholipase A2 (Lp-PLA2)
enzyme is bound to several plasma lipoproteins including
LDL and HDL [50]. Lp-PLA2 is responsible for the biodegra-
dation of phospholipids in plasma lipoproteins. Previously
thought Lp-PLA2 was producing abnormal phospholipids
with atherogenic and proinflammatory potential. Indeed, Lp-
PLA2 is elevated in patients with hypercholesterolemia [16,
50]. However, this enzyme is also able to catalyze the further
degradation of already oxidized risky phospholipids [50]. To
summarize, Lp-PLA2 is displaying Janus face. When bound
to LDL lipoproteins, proatherogenic, proinflammatory, and
anti-inflammatory activities are seen. When bound to HDL
lipoproteins, Lp-PLA2 confers clear antiatherogenic protec-
tion with pronounced anti-inflammatory and antioxidative
activity [50].

Lp-PLA2 is expressed in macrophages of atherosclerotic
plaques and can serve as a biomarker of cardiovascular risk
(CVD) [51–53]. Increased Lp-PLA2 activity is associated with
MS and incidence of fatal and nonfatal CVD [54].

Unfortunately, there is still not enough information
available regarding psoriasis and corresponding level of Lp-
PLA2. We found two scientific articles describing increased
level of Lp-PLA2 activity in patients with psoriasis [55, 56].
In accordance with these studies, we observed significantly
increased level of Lp-PLA2 in the psoriatic patients compared
to the controls (𝑝 < 0.001; Table 2), in the patients with
MS compared to the controls with the MS (𝑝 < 0.001;
Table 3), and in the patients without MS compared to the
controls without MS (𝑝 < 0.001; Table 4). It should be
noted that we found insignificantly higher level of Lp-PLA2
in the patients with MS compared to the patients without
MS (Table 5). Holzer et al. observed that the activity of
Lp-PLA2 was significantly increased in the psoriasis group
[55, 56]. Interestingly, antipsoriatic (anti-inflammatory) ther-
apy tended to recover Lp-PLA2 activities, suggesting the
other antiatherogenic potentials [56]. All these facts support
assumption about the presence of subclinical atherosclerosis
(cardiovascular risk) in the patients with psoriasis, regardless
of the presence of MS.

We would like to notice that the evaluation of the
differences of inflammatory markers in the entire groups (PP
CG, Table 2) was carried out with the knowledge that the
numbers of people with MS are different in these groups.
This follows from the literary findings, which indicate that the
incidence of MS in PP is higher than that among the general
population from which the CG was selected [20, 57].

Finally, we would like to do a short recapitulation.
Rajappa et al. observed higher levels of proinflammatory
adipokines (leptin and resistin) and lower levels of anti-
inflammatory adipokines (including adiponectin) in patients
with psoriasis [58]. Zhu et al. found significantly higher
leptin level in the patients with psoriasis compared to the
controls [59]. Li et al. reported significantly lower level
of adiponectin and insignificantly higher level of leptin in
psoriatic patients [60]. Coimbra et al. described significantly
higher levels of leptin and CRP and significantly lower level
of adiponectin in psoriatic patients [61]. We can say that the
outputs of our study are consistent with the results of all
aforementioned authors. From the results in Tables 3 and
4, it is apparent that the combination of MS and psoriasis
significantly increases the expression of inflammatory and
anti-inflammatory cytokines and increases the risk of CVD.
The presented data support general opinion that cytokines
produced by adipocytes (adiponectin, leptin, and resistin)
are involved in the pathogenesis of MS as well as in the
pathogenesis of psoriasis.

5. Conclusion

We have demonstrated that selected inflammatory and anti-
inflammatory markers (CRP, adiponectin, leptin, resistin,
and Lp-PLA2) are involved in both pathogenesis ofmetabolic
syndrome and pathogenesis of psoriasis. In addition, the level
of Lp-PLA2 indicates the presence of subclinical atheroscle-
rosis (cardiovascular risk) in psoriatic patients.
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Specific immunotherapy (SIT) reverses the symptoms of seasonal allergic rhinitis (SAR) in most patients. Recent studies report
type I interferons shifting the balance between type I T helper cell (Th1) and type II T helper cells (Th2) towardsTh2 dominance by
inhibiting the differentiation of naiveT cells intoTh1 cells. As SIT is thought to cause a shift towardsTh1dominance,we hypothesized
that SIT would alter interferon type I signaling. To test this, allergen and diluent challenged CD4+ T cells from healthy controls and
patients from different time points were analyzed. The initial experiments focused on signature genes of the pathway and found
complex changes following immunotherapy, which were consistent with our hypothesis. As interferon signaling involves multiple
genes, expression profiling studies were performed, showing altered expression of the pathway. These findings require validation
in a larger group of patients in further studies.

1. Introduction

Specific immunotherapy (SIT) is a clinically safe method
to achieve tolerance in patients with allergies by repeatedly
exposing them to increasing doses of a specific allergen
administered either sublingually, subcutaneously [1], or intra-
lymphatically [2]. It is thought to shift the immune response
from an excessiveTh2 response to aTh1 response and induce
T regular cells (Tregs), which is supported by the findings
of decreasing IL-4, IL-5, and IL-13, as well as increasing IL-
10 [1]. Increasing levels of IFN𝛾 and decreasing levels of
IL4R in response to SIT [3] provide additional support to

the theory. The mechanism of tolerance is, however, not fully
understood.

Type II interferons, specifically interferon gamma, are
typically associated with a Th1 response. Type I interferons,
however, are classically known to suppress allergen- and
microbial-specific Th2 responses [4] and to be required for
the induction of the production of IFN𝛾 during viral infec-
tions [5], but recent findings show that chronic interferon
type I signaling suppresses the de novo formation ofTh1 cells
[6].

We sought to understand whether aberrant interferon
type I signaling indirectly plays a part in the disproportionate
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Th2 response by suppressing the de novo formation of Th1
cells in patients with seasonal allergic rhinitis, and if so, is this
rectified by sublingual immunotherapy (SLIT)?

For this purpose, we analyzed paired samples from 4
patients with SAR before and after one year of SLIT, as well
as from 4 of healthy controls whom were collected simul-
taneously with the patient samples before treatment. The
results showed that, although levels differed greatly among
patients before treatment and healthy controls, after one
year of SLIT, the gene expression of the patients resembled
those of the controls (Principal Component Analysis, PCA).
A novel strategy was developed to analyze the expression
of the whole pathway as opposed to just a handful of
genes, and type I interferon pathway was highlighted. The
new strategy was supported by Ingenuity Pathways Analysis
(IPA) of the paired patients after two years of SLIT, which
indicated a SLIT-induced change of the activity of the type I
interferon pathway. Because of the importance of elucidating
immunotherapy-inducedmechanisms of tolerance in allergic
inflammation further studies in larger materials are war-
ranted to examine the role of the type I interferon pathway.

2. Materials and Methods

2.1. Ethics Statement. A written, informed consent was
obtained from all patients and healthy controls and the
study was approved by the ethics committee of Linkoping
University.

2.2. Subjects. Four patients with SAR, who were allergic to
birch pollen, and four healthy controls were included. The
median age of patients was 48.75 ± 6.13 and all were women,
while the median age of healthy controls was 34.0 ± 1.0
and 2 were women. All patients had a positive history for
birch pollen-induced SAR for at least two years. In addition,
sensitivity to birch pollen was also confirmed with skin prick
test with extracts from birch and 2 other pollens, 3 animals,
2 mites and 2 moulds (ALK Abelló, Hørsholm, Denmark)
and by an ImmunoCap Rapid Test (Phadia, Thermo Fisher
Scientific, Uppsala, Sweden), which tests for birch, grass,
and house dust mite sensitivity in all subjects. All healthy
controls were negative for all tested allergen sources including
birch pollen and house dust mite. All patients were clinically
evaluated by the same physician (JB) before, after one year,
and after two years of SLIT treatment.This included contacts
during or close to the pollen seasons. All patients responded
favorably to treatment.

2.3. Allergen Challenge Assay. Peripheral bloodmononuclear
cells (PBMCs) obtained from 4 patients and 4 controls were
challenged with diluent (D; PBS) or allergen extracts (A)
from birch pollen (ALKAbelló, 100 𝜇g/mL) at a density of 106
cells/mL for 7 days inRPMI 1640 supplementedwith 2mML-
glutamine (PAA Laboratories, Linz, Austria), 5% human
AB serum (Lonza, Switzerland), 5𝜇M 𝛽-mercaptoethanol
(Sigma-Aldrich, St. Louis, Missouri, USA), and 50𝜇g/mL
gentamicin (Sigma- Aldrich, St. Louis, Missouri, USA) [7].

2.4. Flow Cytometry. PBMCs were collected after 7 days with
or without allergen challenge (in vitro) from patients before
and after SLIT as well as in healthy controls. Cell sorting was
performed on a FACS Aria flow cytometer (BD Biosciences,
SanDiego, CA, USA) and the data was analyzed by FlowJo 7.6
(Tree Star, Inc., SanCarlos, CA). Human IgG (Sigma-Aldrich,
St Louis,MO,USA) at a final concentration of 200𝜇g/mLwas
used to block cells prior to staining.Mouse anti-humanCD4-
FITC and all matched isotype controls were purchased from
BD Pharmingen (San Diego, CA, USA). Mouse antihuman
CD3-Pacific Blue� and all matched isotype controls were
purchased from Biolegend (San Diego, CA, USA).

2.5. RNA Preparation and cDNA Synthesis. The typical purity
of sorted CD4+ T cells was >98%. Total RNA was extracted
using a miRNeasy Minikit (QIAGEN, Valencia, CA, USA)
according to the manufacturer’s instructions. The quantity of
RNA was measured with a NanoDrop ND-1000 UV Spec-
trophotometer (NanoDrop Technologies, Wilmington, DE,
USA). cDNA synthesis was performed with a High-Capacity
cDNA Reverse Transcription Kit (Allied Business Intelli-
gence, Inc., New York, USA).

2.6. Gene Expression Microarray Analysis. CD4+ T cells were
isolated using flow cytometry and the quantity and quality
of RNA was examined as described before. Gene expression
microarrays (Illumina, SanDiego, CA, USA) were performed
as previously described [8, 9].

2.7. Statistics. A ranked list of geneswas prepared for the gene
expression microarray (GEM) data by fitting the data to a
linear model to compare each of the different time points.
This was performed in the statistical programming language
R using LIMMA package [10]. Principal component analysis
(PCA) was used to obtain an overview of gene expression
changes before SLIT, after one year of SLIT and controls,
based on the results of the LIMMA analyses. A fold change
± 1.5 and 𝑝 < 0.05 (Two-tailed T-test) were used to identify
differentially expressed genes, as previously described [11].
Pathway analysis was performed using AMIGO. A 𝑝 value
<0.05 was considered significant. The list of genes of all time
points of patients and controls (as described before) with
their respective log fold changes and 𝑝 values obtained was
uploaded into Ingenuity Pathways Analysis (IPA) application
software.Then the analysis for the upstream regulators of the
significant differentially expressed genes was performed [12].

3. Results and Discussion

Clinically, all of the patients in our study experienced
improvement of their symptoms after the first and second
years of treatment, based on evaluation by the samephysician,
which agrees with previous studies [13, 14]. In order to
more comprehensively examine gene expression changes,
we performed expression profiling studies of four healthy
control and four paired patient samples, taken before and
after one year of SLIT. Principal component analysis (PCA)
based on the gene expression microarray data showed that
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Figure 1: The sublingual immunotherapy alters the signaling of type I interferons in patients with seasonal allergic rhinitis. (a)The principal
component analysis (PCA) plot gives an overview of the differentially expressed genes in patients before and one year after treatment as
well as healthy controls. (b) The workflow of the selection of putative genes regulated by SLIT. (c) GO term enrichment of genes reacting to
SLIT treatment using AMIGO. The numbers in the bars represent numbers of genes identified for each term. The 𝑝 value comes from the
comparison of patients before SLIT and after one year of SLIT in step 3 in (b). Red line is 𝑝 value 0.05 (−log

10
= 1.3).

the samples taken before treatment were grouped and clearly
distinguished from the healthy controls, whereas the samples
taken one year after the initiation of SLIT resembled the
healthy controls more than the patients’ own samples before
treatment (Figure 1(a), ArrayExpress: A-MEXP-2320). The
PCA result showed a clear difference between the patient
samples before and the patient samples after treatment. It is
possible that variations in age and gender could confound the

result. However, inclusion of these two factors in the PCA
plot did not support this possibility (supplementary Figure 1
and Table 1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/5153184).

To be able to clearly see the potential SAR-associated
genes affected by SLIT a novel strategy to select genes from
the gene expression microarray material for pathway analysis
was designed (Figure 1(b)). The expression of genes reacting
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Figure 2: Sublingual immunotherapy causes complex changes of the key genes of the interferon pathway. (a) The diagrammatic sketch of
potential involvement of type I interferons in T cell differentiation and sublingual immunotherapy. (b) The comparison of expression of
upstream regulators, STAT1, STAT2, IFN𝛼, IFN𝛽, and IFNG, in the diluent- and allergen-challenged cells of healthy controls and patients
before treatment, after one year of SLIT, and after two years SLIT. Results are presented as –log (𝑝 value). The 𝑝 value comes from the
Fisher exact test done between the different comparisons for that particular gene significance. (c) The activation Z-score of expression of
upstream regulators, STAT1, STAT2, IFN𝛼, IFN𝛽, and IFNG, in the diluent- and allergen-challenged cells of healthy controls and patients
before treatment, after one year of SLIT, and after two years of SLIT.

when challenged with allergen differed greatly, but not
completely, between patients before treatment and healthy
controls.This is in agreement with previous studies by us and
others showing that CD4+ T cells from healthy controls also
respond to allergen challenge [15, 16].

As outlined in Figure 1(b), our strategy is based on a series
of steps to select putative genes regulated by SLIT. In step 1,
we excluded genes that showed similar expression changes in
response to allergen challenge in patients and controls.

In step 2, the genes whose expressions were significantly
different in patients compared to healthy controls were
selected to distinguish the genes which are putative SAR-
associated genes. These genes contained three different cat-
egories: genes only responding to allergen in patients, genes
only responding to allergen in controls, and genes responding
to allergen in both patients and controls (but the response

is significantly different) and all three are equally important.
Thegeneswhich are silenced in patients but present in healthy
controls are the genes that should be reacting in patients but
for some reason do not.

In step 3, we eliminated the genes whose expression was
not altered by SLIT, since wewere interested in the treatments
effect on the remaining genes. The final list consisting of
putative genes regulated by SLIT underwent a GO biological
processes enrichment analysis with AMIGO and was found
to be enriched for several pathways connected to type
I interferon signaling, namely, type I interferon signaling
pathway (𝑝 = 2.05 × 10−4), cellular response to type I
interferon (𝑝 = 2.05×10−4), and response to type I interferon
(𝑝 = 2.29 × 10−4) (Figure 1(c) and supplementary Figures 2
and 3).
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Type I interferons induce intracellular signaling via
both the STAT1 : STAT2 heterodimer and the STAT1 : STAT1
homodimer [5], in addition to their ability to inhibit the
differentiation of naive T cells to Th1 [5]. Signaling via the
STAT1 : STAT1 homodimer can also be induced by type II
interferons, especially IFN𝛾, which is commonly associated
with Th1 cells [5] (Figure 2(a)). There are many type I IFNs,
including IFN𝛼 and IFN𝛽, and all type I IFNs bind a common
cell-surface receptor, which is known as the type I IFN
receptor [17–19]. IFN𝛾 binds a different cell-surface receptor,
which is known as the type II IFN receptor [20, 21].

For the further validation, we continued recruiting the
same patient after the second year’s therapy and did the
same challenge and gene expression profiling but analyzed
the high-throughput data using Ingenuity Pathways Analysis
(IPA). Focusing on type I interferon pathway, the –log𝑝
value of the upstream regulators STAT2 was differentially
expressed in patients before treatment comparedwith healthy
controls but showed no difference either one year or two
years after the SLIT (Figure 2(b)). However, STAT1 differed
in expression in patients both before and after one year SLIT
compared with controls, but not after two years (Figure 2(b)).
A possible explanation is that STAT2 is a part only of type
I interferon pathway, while STAT1 is a part in both type I
and type II interferon pathways. The IFN𝛼 showed the same
change as STAT1 (Figure 2(b)), which also supports that type
I interferon pathway changed after SLIT, which may play
an important role in the tolerance. However, the expression
change of IFN𝛽 and IFN𝛾 was complex. Meanwhile in
activation Z-score analysis, STAT2 had no significant change
in all time points; STAT1 and IFN𝛽 only changed significantly
after one year of SLIT compared with the other time points;
IFN𝛼 and IFN𝛾 kept the same trend showed before and after
one-year treatment were more different than after two-year
treatment and controls (Figure 2(c)). Limited material size
and variability in response to treatment are both possible
explanations. Another possible explanation could be that the
differentially expressed genes were identified based on our
previously described criteria (a 1.5-fold change and𝑝 < 0.05).
These criteria have been and are also used by many others
but do not involve correction for multiple inference. On the
other hand, pathway analysis showed statistically significant
enrichment of the genes that were identified by those crite-
ria. Finally, different programs for pathway analyses could
affect the results. However, comparisons between different
programs have shown that they have similar performance
[22].

4. Conclusions

In summary, a decrease of interferon type I-mediated sig-
naling is a possible cause of the shift from Th2 to Th1 in
response to allergen in patients suffering from seasonal aller-
gic rhinitis treatedwith sublingual immunotherapy; however,
this requiresmore extensive investigations in largermaterials.
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Background. The myelodysplastic syndrome (MDS) comprises a group of clonal hematopoietic stem cell diseases characterized by
cytopenia, dysplasia in one or more of the major myeloid lineages, ineffective hematopoiesis, and increased risk of development
of acute myeloid leukemia (AML). Macrophages are innate immune cells that ingest and degrade abnormal cells, debris, and
foreign material and orchestrate inflammatory processes. We analyzed the role of macrophages from MDS patients in vitro.
Methods. Macrophages were induced from peripheral blood of patients with MDS via granulocyte macrophage colony-stimulating
factor (GM-CSF). Phagocytic capacity of macrophages was measured with carboxyfluorescein succinimidyl ester and fluorescent
microspheres. CD206 and signal regulatory protein alpha (SIRP𝛼) on macrophages were detected by flow cytometry. Inducible
nitric oxide synthase (iNOS) was measured by ELISA method. Results. Compared with normal control group, the number of
monocytes increased inMDS patients. However, themonocytes showed impaired ability to inducemacrophages and the number of
macrophages induced fromMDS samples was lower. Further, we demonstrated that the ex vivo phagocytic function ofmacrophages
from MDS patients was impaired and levels of reorganization receptors CD206 and SIRP𝛼 were lower. Levels of iNOS secreted by
macrophages in MDS were increased. Conclusions. Monocyte-derived macrophages are impaired in myelodysplastic syndromes.

1. Background

Myelodysplastic syndrome (MDS) is an incurable hema-
tological malignancy in which clonal hematopoietic stem
cells proliferate and expand within bone marrow, leading to
cytopenia, dysplasia in one or more of the myeloid lineages,
ineffective hematopoiesis, and increased risk of development
of acutemyeloid leukemia (AML). Clinical studies and exper-
imental mouse models indicate that the bone marrowmicro-
environment and immune system play important roles in
pathogenesis of MDS [1, 2].

Macrophages are innate immune cells that are positioned
throughout the body tissues, where they ingest and degrade
abnormal cells, debris, and foreign material and orchestrate
inflammatory processes. When monocytes migrate from the
circulation and extravasate through the endothelium, they
differentiate into macrophages. Monocytes and macrophages
are professional phagocytic cells. The various macrophage
subsets play either a protective or a pathogenic role in
antimicrobial defense, allergy and asthma, autoimmunity,

antitumor immune responses, tumorigenesis, metabolism
and obesity, atherosclerosis, fibrosis, and wound healing [3,
4].

The role of macrophages in the pathophysiology of
humanmalignancies has received increasing interest. In solid
tumors, 5%–40% of tumor mass consists of tumor-associated
macrophages (TAMs). The TAMs are now known to be
important for development and progression of malignant
diseases, owing to suppression of antitumor immunity. Fur-
thermore, infiltration by TAMs is related to poor outcome in
most human malignancies [5–8].

In this article, we have investigated the role of monocyte-
induced macrophages in the pathogenesis of MDS.

2. Methods

2.1. Patients. Twenty-four patients diagnosedwithMDSwere
enrolled in this study, as per the criteria of World Health
Organization (WHO) (2008). The study was carried out at
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Table 1: Clinical characteristics of MDS patients.

Case Sex/age Diagnosis Cytogenetics IPSS
1 Female/61 5q− Good Int-1
2 Female/79 RAEB-2 Good Int-2
3 Female/68 RAS Good Int-1
4 Female/49 RAEB-2 Good Int-1
5 Male/25 RCMD Good Int-1
6 Female/62 RAEB-2 Good Int-2
7 Male/57 RAEB-2 Good Int-2
8 Male/42 RAS Good Low
9 Female/70 RAEB-2 Good Int-2
10 Male/30 RAEB-2 Int High
11 Female/29 RAEB-2 Poor High
12 Male/58 RAEB-1 Poor Int-2
13 Male/58 RAEB-2 Good Int-2
14 Female/69 RAEB-2 Good Int-2
15 Male/76 RAEB-2 Good Int-2
16 Male/59 RAEB-2 Good Int-2
17 Male/61 RAEB-2 Good Int-2
18 Female/60 RAEB-2 Good Int-2
19 Male/49 RA Good Low
20 Male/16 RCMD Int Int-1
21 Male/50 RCMD Good Int-1
22 Female/41 RCMD Int Int-1
23 Female/64 RCMD Good Low
24 Male/69 RCMD Int Int-1

the Hematology Department of General Hospital, Tianjin
Medical University, Tianjin, China, from September 2014
to December 2015. Basic characteristics of the patients are
described in Table 1. Briefly, 1 case of refractory anemia (RA),
2 cases of RA with ringed sideroblasts (RARS), 6 cases of
RA with multilineage dysplasia (RCMD), 1 case of RA with
excess blasts (RAEB)1, 13 cases of RAEB2, and 1 case of
5q− syndrome were included in the study. According to the
International Prognostic Scoring System (IPSS), there were
3 cases with low-, 8 cases with intermediate 1-, 11 cases with
intermediate 2-, and 2 cases with high-risk MDS. There were
13males and 11 females withmedian age of 58.5 (range: 16–79)
years. Fifteen healthy blood donors were selected as controls,
including 10males and 5 females (median age of 46; age range:
25–56). The study was approved by the Ethics Committee of
the General Hospital, Tianjin Medical University. Informed
written consent was obtained from all patients or their
guardians in accordance with the Declaration of Helsinki.

2.2. Cell Culture:Morphology andCounting. Peripheral blood
mononuclear cells (PBMCs) were separated from fresh hep-
arinized blood samples (5mL).The PBMCswere seeded at 3–
5million cells/mL in sterile RPMI 1640 (Invitrogen, Carlsbad,
CA, USA) and cultured for 7 days with the addition of gran-
ulocyte macrophage colony-stimulating factor (GM-CSF)
(Huabei Pharmacy, Shijiazhuang, China). The macrophages
became attached to the bottom of the culture dishes during

the course of the culture. On day 7, the cells were observed
under the microscope and collected for counting.

2.3. In Vitro Phagocytosis Assays. Normal PBMCs were labe-
ledwith 0.5 𝜇Mcarboxyfluorescein succinimidyl ester (CFSE;
Molecular Probes, Leiden, Netherlands) and incubated with
either MDS or normal human derived macrophages for
2 hours with gentle shaking at 37∘C. The cells were then
analyzed by fluorescence microscopy to determine the
phagocytic index (PI, number of cells ingested per 100
macrophages).

2.4. Phagocytic Capacity of Cultured Macrophages for Detect-
ing Fluorescent Microspheres. The fluorescent microspheres
(80 𝜇L) were first incubated with 8mL of 1% fetal bovine
serum (FBS) at 37∘C for 30min and then added to a 6-
well plate containing preprocessed macrophages. Each well
contained 4–6 × 105 macrophages and 1 × 107 preconditioned
fluorescent microspheres. The macrophages were incubated
with microspheres at 37∘C in the dark for 1.5 hours and were
then harvested for flow cytometric analysis. Samples were
acquired on a FACSCalibur and analyzed using CellQuest
software version 3.1 (Becton Dickinson, Franklin Lakes, NJ,
USA).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). The level
of inducible nitric oxide synthase (iNOS) in the supernatant
of macrophage cultures was measured by human ELISA kit
(Elabscience Biotechnology, Wuhan, China). In addition, the
expression of iNOS was stimulated by lipopolysaccharide
(LPS) and IFN-𝛾.

2.6. Measurement of Effector Proteins in Macrophages. The
effector proteins of macrophages were measured in periph-
eral blood samples from patients with MDS and normal
controls.The cells were stainedwithCD14, CD68, andCD206
or signal regulatory protein alpha (SIRP𝛼) antibodies at 4∘C
for 20min. The stained cells were then analyzed by flow
cytometry.TheCD206 and SIRP𝛼 expressed onmacrophages
were analyzed.The fluorophore-conjugatedmonoclonal anti-
bodies (mAb) including CD14-FITC, CD68-PE, CD206-
APC, and SIRP𝛼-APC and relevant human isotype controls
were purchased (BectonDickinson, Franklin Lakes,NJ,USA)
and used in the assays.

2.7. Statistical Analysis. All analyses were performed using
SPSS 18.0 software (SPSS Science). Data were presented as
mean ± SE. Student’s 𝑡-test was used for two independent
groups. Mann–Whitney test was used for two groups of
paired data. A 𝑝 value < 0.05 was considered statistically
significant.

3. Results

3.1. Increase in the Number of Peripheral Blood Monocytes in
MDS. The number of monocytes was (659.2 ± 38.6) × 106/L
inMDSpatients, while that in the controlswas (294.0± 17.4)×
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Figure 1: Quantity of monocytes increased in MDS patients (𝑝 <
0.01).

106/L.The quantity of monocytes inMDS patients was higher
than that in the controls (𝑝 < 0.01) (Figure 1).

3.2. Reduction in the Number of Monocyte-Induced Macroph-
ages inMDS. ThePBMCs fromMDSgroup showed impaired
capacity to induce macrophages. The macrophages were
observed under the microscope and collected for subsequent
experiments. The induced macrophages (CD14+CD68+) in
the MDS group and normal controls were 10.06% ± 2.04%
and 75.29% ± 5.94%, respectively (𝑝 < 0.05) (Figure 2).

3.3. Impairment of Macrophage Phagocytosis in MDS. The
monocyte-differentiated macrophages in the MDS group
showed lower phagocytic capacity than those from the
normal controls by fluorescent microspheres.

To determine the role of macrophages, the monocyte-
differentiated macrophages from patients with MDS and
normal controls were evaluated. The phagocytic percentage
(PP, the count of macrophages engulfing fluorescent micro-
spheres/total macrophage cell number × 100%) of monocyte-
differentiated macrophages (23.69% ± 3.22%) was signifi-
cantly decreased in the MDS group compared to that in
normal controls (42.75% ± 2.13%, 𝑝 < 0.05).The PI (the total
number of swallowed fluorescent microspheres/total macro-
phage number) was also dramatically decreased in the MDS
group (0.45 ± 0.08 versus 0.92 ± 0.07, 𝑝 < 0.05) (Figure 3).

The ability of macrophages to engulf CFSE-labeled nor-
mal PBMCs was decreased in the MDS group compared to
the normal controls, as evidenced by immunofluorescence
microscopy.

We applied another method to confirm the impaired
phagocytosis of macrophages in MDS patients. The CFSE-
labeled normal PBMCs were incubated with macrophages
from MDS patients or normal controls and then assessed for
phagocytosis by immunofluorescence microscopy. The PI of
macrophages in the MDS patients (0.24 ± 0.04) was signif-
icantly lower than that in the normal controls (0.48 ± 0.06,
𝑝 < 0.05) (Figure 4).

3.4. Reduction of CD206 Expression on Macrophages in
MDS. The expression of the macrophage mannose receptor
(CD206) on macrophages in MDS patients was significantly
reduced compared to that in normal controls (9.73% ± 2.59%
versus 51.15% ± 10.82%, respectively; 𝑝 < 0.05) (Figure 5).

3.5. Reduction of SIRP𝛼 Expression on Macrophages in MDS.
The expression of SIRP𝛼 on macrophages in MDS patients
was significantly reduced compared to that in normal con-
trols (0.51% ± 0.09% versus 0.77% ± 0.06%, respectively; 𝑝 <
0.05) (Figure 6).

3.6. Increased iNOS Secretion by Macrophages in MDS. The
level of iNOS in the supernatant ofmacrophage cultures from
MDS patients was increased compared to that in normal
controls (35.87 ± 6.25 pg/mL versus 22.05 ± 3.67 pg/mL,
respectively; 𝑝 < 0.05) (Figure 7).

4. Discussion

Cancer development is a multistep process involving sequen-
tial mutations in oncogenes and tumor suppressor genes of
normal cells, resulting in the transformation into a tumor cell
[9]. Subsequent uncontrolled cell division typically progres-
ses fromprecancerous lesions tomalignant tumors. However,
in addition to alterations in tumor cells, the microenviron-
ment is essential for driving the progression of malignancies.
Themicroenvironment surrounding the tumormass contains
excessively proliferating tumor cells along with several host
components, including stromal cells, an expanding vascula-
ture, and a characteristic inflammatory infiltrate associated
with the constant tissue remodeling. Experimental data
demonstrate the role for these individual components in
promoting tumor growth and progression. Specific examples
include endothelial cells [10], macrophages [11], and cancer-
associated fibroblasts [12]. It appears thatmost components of
the immune system are endowed with potential dual func-
tions. For example, immune cells exhibit the ability to reject
tumors on one hand by producing antitumor cytokines,
thereby directly destroying tumor cells. On the other hand,
these immune cells can be recruited by tumor cells to help in
progression of cancer.Moreover, immune cells that have infil-
trated a tumor mass can create a microenvironment produc-
ing cytokines, chemokines, growth factors, and angiogenic
factors that promote tumor progression [13].

Traditionally, macrophages have been described as tumo-
ricidal cells. Macrophages have a pleiotropic biological role
that includes antigen presentation, target cell cytotoxicity,
removal of debris and tissue remodeling, regulation of infla-
mmation, induction of immunity, thrombosis, and various
forms of endocytosis. Increasing evidence indicates that
macrophages can also adopt a protumor phenotype in both
primary tumors andmetastases, as they can promote growth,
angiogenesis, metastasis, and immunosuppression [3, 4, 14].
In the setting of tumors, TAMs have a range of functions with
the capacity to affect diverse aspects of neoplastic tissues
including angiogenesis and vascularization, stroma forma-
tion and dissolution, and modulation of tumor cell growth
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Figure 2: Ability of monocytes to induce macrophages was lower in MDS patients. (a) Monocyte-induced macrophages (CD14+) derived
from peripheral blood of patients with MDS and normal controls were measured by flow cytometry. (b) Quantity of CD14+CD68+ cells
decreased in MDS patients (𝑝 < 0.01).
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Figure 3: Phagocytosis of monocyte-induced macrophages as demonstrated by fluorescent microspheres. (a) Phagocytic capacity of
differentiated macrophages derived from peripheral blood from patients with MDS and normal controls was tested with fluorescent
microspheres by flow cytometry. In the picture, the left represents the macrophages not engulfing the fluorescent microspheres; the
right represents the macrophages engulfing the fluorescent microspheres. R3 suggests that the macrophages are swallowing a fluorescent
microsphere; R4 suggests that the macrophages are swallowing two fluorescent microspheres; R5 suggests that the macrophages are
swallowing three fluorescent microspheres; R6 suggests that the macrophages are swallowing four fluorescent microspheres. (b) The PI and
PP of monocyte-induced macrophages fromMDS and normal controls are shown, respectively (𝑝 < 0.01).
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Figure 4: Phagocytosis of monocytes-induced macrophage as demonstrated by CFSE. CFSE-labeled normal PBMCs were incubated with
monocyte-inducedmacrophages from either normal controls (a) or patients withMDS (b).These cells were assessed by immunofluorescence
microscopy for the presence of fluorescently labeled normal PBMCs within the macrophages (indicated by arrows). (c) Phagocytic capacity
of differentiated macrophages from patients with MDS and normal controls was tested by immunofluorescence microscopy. The PI of
differentiated macrophages fromMDS and normal controls are shown (𝑝 < 0.01).

(enhancement and inhibition). When activated, they can
induce neoplastic cell death (cytotoxicity and apoptosis) and/
or elicit tumor destructive reactions through alterations of the
tumor microvasculature [5, 6].

In our study, we observed that although the number of
monocytes in majority of the MDS patients was increased,
the macrophages derived from MDS monocytes were fewer
and exhibited impaired phagocytosis. This suggested that
the ability of abnormal monocytes to develop into normal
macrophages was inhibited inMDSpatients.Moreover, when
abnormal MDS clonal cells arise, the macrophages fail to
phagocytose them. In addition, macrophages and monocytes
could be partly progenies of MDS clone in most cases, which
leads to bone marrow protumor microenvironment.

We observed that the levels of CD206 and SIRP𝛼 were
decreased in MDS patients compared with those in normal
controls. CD206, which is a macrophage mannose receptor,
enables themacrophage to bind tomicroorganisms and inter-
nalize themduring the process of phagocytosis [15, 16]. SIRP𝛼
is an immunoglobulin superfamily protein that binds to the
protein tyrosine phosphatases SHP-1 and SHP-2 through its
cytoplasmic region. CD47, another immunoglobulin super-
family protein, is a ligand for SIRP𝛼, with the two pro-
teins constituting a cell-cell communication system (the

CD47-SIRP𝛼 signaling system) [17, 18]. This might explain
the observation that macrophages originating from MDS
patients could not bind to or phagocytose “tumor cells” as
competently as those from normal controls. Therefore, we
may speculate that the impaired macrophages from MDS
patients might be a result of the biological behavior of tumor
growth and progression.

In this study, we found that iNOS expression was upregu-
lated inMDS patients, compared to normal controls. Human
carcinomas are associated with upregulation of iNOS, which
is otherwise generally not expressed in normal (noncancer-
ous) tissues, with the exception of the kidney, brain, and pla-
centa [19]. Human carcinomas exhibiting high levels of iNOS
expression include those in stomach, liver, and lung. This
synthase is involved in many physiological and pathological
processes. Moreover, its expression is closely related to the
biological behavior of tumor growth, progression, metastasis,
and prognosis. A key function of iNOS is the enzymatic
conversion of arginine to generate a locally high concentra-
tion of nitric oxide (NO). From a tumorigenic perspective,
the iNOS-mediated increase in NO supports cancer devel-
opment [20]. The above evidence indicates that iNOS con-
tributes to the development of MDS.
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Figure 5: Expression of CD206 (CD206+/CD14+CD68+) on macrophages from peripheral blood from patients with MDS and normal
controls was tested by flow cytometry (𝑝 < 0.01).
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controls was tested by flow cytometry (𝑝 < 0.01).

5. Conclusions

In this study, we explored the role of macrophages in the
pathogenesis of MDS by inducing the monocytes to become
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Figure 7: Comparison of levels of iNOS in the supernatant of
macrophage cultures from either MDS patients or normal controls,
as measured by ELISA (𝑝 < 0.05).

macrophages. Compared with normal controls, the macro-
phage phagocytosis activity in MDS patients was abnormal.
The expressions of recognized receptors CD206 and SIRP𝛼
were lower in macrophages in MDS patients, but the level of
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iNOS was increased. These results suggested that macroph-
ages in MDS patients could not recognize, phagocytose, and
kill the MDS clonal cells. Our study provides a new insight
for the research ofmacrophages inMDS patients, while it also
offers a new therapeutic strategy targeting macrophages.
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The study investigated the association between disease activity and serum 25-hydroxyvitamin D3 (25(OH)-D3), B cell activation of
the tumor necrosis factor family (BAFF), or 𝛽2microglobulin in patients with primary Sjogren’s syndrome (SS). Sixty-nine primary
SS patients and 22 sicca control patients were included in the study. Disease activity was measured with EULAR Sjogren’s syndrome
disease activity index (ESSDAI). Serum levels of 25(OH)-D3 and 𝛽2microglobulin weremeasured by radioimmunoassay and BAFF
was measured by an enzyme-linked immunosorbent assay. Serum levels of 25(OH)-D3 were significantly lower in SS patients
compared to the sicca controls (𝑝 = 0.036). Serum levels of BAFF tended to be higher (𝑝 = 0.225) and those of 𝛽2 microglobulin
were significantly higher in patients with SS than in sicca controls (𝑝 = 0.023). In univariate regression analyses, ESSDAI was
significantly associated with serum levels of 25(OH)-D3, BAFF, and 𝛽2 microglobulin. After stepwise backward multivariate linear
regression analyses including age and acute phase reactants, ESSDAI was associated with 25(OH)-D3 (𝛽 = −0.042, 𝑝 = 0.015) and
BAFF (𝛽 = 0.001, 𝑝 = 0.015) in SS patients. In SS patients, ESSDAI is negatively associated with serum levels of 25(OH)-D3 and
positively associated with BAFF.

1. Introduction

Sjogren’s syndrome (SS) is a chronic autoimmune disease
affecting the exocrine glands that manifests as sicca symp-
toms including dry eyes and dry mouth. SS often involves
extraglandular organs including joints, liver, lung, brain, and
kidney. The extraglandular manifestations are mediated in
part by the overproduction of multiple autoantibodies that
are often directed against nuclear antigens such as antinuclear
antibody (ANA) and anti-Ro/La antibodies, which lead to
hypergammaglobulinemia due to chronic polyclonal B cell
activation [1]. Lymphocytes or autoantibodies lead to the
inflammation of the target tissues directly or due to the
formation of immune complexes. Chronic B cell activation
plays an important role in the pathogenesis of SS [2]. Factors
associated with B cell activation were reported to correlate
with SS disease activity; these include serum levels of B

cell activating factor belonging to the tumor necrosis factor
family (BAFF) [3], 𝛽2 microglobulin [4, 5], and free light
chains of immunoglobulin [6].

VitaminD3has an immunomodulatory function [7]. Low
serum vitamin D3 levels have been associated with several
autoimmune diseases including multiple sclerosis, type 1
diabetes mellitus, rheumatoid arthritis (RA), systemic lupus
erythematous (SLE), Behcet’s disease (BD), and idiopathic
inflammatory myopathies [8–13]. In RA and SLE patients,
vitamin D3 levels negatively correlate with disease activity
[14, 15]. Data on vitaminD3 levels in SS have been conflicting.
Some studies reported that vitamin D3 levels were similar
between SS patients and healthy controls [16] and did not
correlate with EULAR Sjogren’s syndrome disease activity
index (ESSDAI), but the number of enrolled SS patients was
small (𝑛 = 30) [17]. Other studies showed that vitamin D3
levels were significantly lower in SS patients compared to
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healthy controls [18] and low levels of vitamin D3 were
associated with the presence of peripheral neuropathy and
lymphoma [19].

The aim of the present study was to investigate the asso-
ciation between SS disease activity and serum 25(OH)-D3,
BAFF, and 𝛽2 microglobulin.

2. Material and Methods

2.1. Study Population. Sixty-nine patients with primary SS
according to the American-European Consensus Classifica-
tion Criteria [20] and 22 age- and sex-matched patients with
sicca as a control group were recruited from the Rheuma-
tology Clinic of Seoul National University Hospital. Primary
SS patients did not have any other autoimmune diseases and
the control patients had dry mouth and/or dry eyes but were
not diagnosed with SS. This study was performed between
November 2012 and February 2013. The study protocol
was approved by the Ethics Committee of Seoul National
University Hospital. All patients gave informed consent.

2.2. Assessment of SS Activity and Serological Parameters.
Clinical and laboratory data were obtained from medical
records.Disease activity of SS expressed as ESSDAIwas ascer-
tained at the time of blood sampling [21]. Serum levels
of 25(OH)-D3 and 𝛽2 microglobulin were measured by
radioimmunoassay (RIA) (Immunotech, Sao Paulo, Brazil,
and DiaSorin, Minneapolis, MN, USA, resp.). Serum levels
of BAFFwere determined by enzyme-linked immunosorbent
assay (ELISA) (R&D Systems, Minneapolis, MN, USA).
Serum antinuclear antibody (ANA) was detected by indirect
immunofluorescence (Bio-Rad, Hercules, CA, USA), anti-
Ro/La antibodies were detected by ELISA (Zeus Scientific,
Somerville, NJ, USA), and RF was detected by immunotur-
bidimetry (Roche, Mannheim, Germany).

2.3. Statistical Analyses. Data are expressed as mean ± stan-
dard error of mean (SEM) for continuous variables and as
percentages for categorical variables. The Student t-test was
used to compare continuous variables and chi-square test or
Fisher’s exact test was used to compare categorical variables.
Correlation between ESSDAI scores and levels of serological
parameters was analyzed by Spearman’s correlation. Multi-
variate analyses by the stepwise backward method were used
to evaluate the association between serological parameters
and ESSDAI. 𝑝 values < 0.05 were considered statistically
significant. All statistical analyses were performed using SPSS
version 19 software (IBM, Chicago, IL, USA) and graphics
were generated in GraphPad Prism version 5 (GraphPad, San
Diego, CA, USA).

3. Results

3.1. Clinical and Laboratory Characteristics of Patients with
SS and Sicca. Sixty-nine primary SS patients and 22 sicca
patients were enrolled. The mean age (±SEM) of the SS
and sicca patients was 56.7 ± 1.32 and 58.0 ± 2.66 years,
respectively.Themajority of both groupswere females (98.6%
in the SS group, 95.5% in the sicca group).Themean duration
after diagnosis was 8.7±0.78 and 5.7±1.09 years, respectively.

Serum autoantibody positive rates were significantly higher
in SS patients than in sicca patients: ANA 87.0% versus 13.6%,
anti-Ro (SSA) 91.3% versus 0.0%, and anti-La (SSB) 62.3%
versus 0.0% (all, 𝑝 < 0.001).Themean ESSDAI was 1.5±0.17
in SS patients and none in sicca patients (Table 1). In SS, all
patients took hydroxychloroquine. In addition, 36.2% (𝑛 =
25) and 17.4% (𝑛 = 12) of patients received nonsteroidal
anti-inflammatory drugs (NSAIDs) and low dose steroids
(prednisolone equivalent ≤ 10mg/day), respectively.

3.2. Erythrocyte Sedimentation Rate (ESR) and Levels of
Serum C-Reactive Protein (CRP), 25(OH)-D3, BAFF, and 𝛽2
Microglobulin in SS and Sicca Patients. ESR (26.6 ± 2.50
versus 11.5 ± 1.64mm/hr, respectively; 𝑝 < 0.001) and 𝛽2
microglobulin (1.57 ± 0.08 versus 1.19 ± 0.08mg/L, respec-
tively; 𝑝 = 0.023) were significantly higher in SS patients
compared to sicca patients. CRP levels were not significantly
different in both groups (0.24 ± 0.06 versus 0.13 ± 0.10mg/dL,
respectively; 𝑝 = 0.368). 25(OH)-D3 levels were significantly
decreased in SS patients compared to sicca patients (22.0 ±
1.32 versus 28.0 ± 2.69 ng/mL, respectively; 𝑝 = 0.036). Levels
of BAFF tended to be higher, albeit nonsignificant, in SS
patients compared to sicca patients (1543 ± 141 versus 1200 ±
182 pg/mL, respectively; 𝑝 = 0.225) (Table 1). There were no
significant differences in levels of 25(OH)-D3, BAFF, and 𝛽2
microglobulin according tomedications (NSAIDs or steroids
in patients with SS, data not shown).

Extraglandular involvement was present in 35 patients
of SS (50.7%). We analyzed age and serological parameters
according to extraglandular organ involvement in SS patients.
ESSDAI and levels of CRP and BAFF were significantly
higher in the group of extraglandular involvement. But
levels of 25(OH)-D3 tended to be lower in this group (see
Supplementary Table 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/5781070).

3.3. Correlation between ESSDAI Scores and Serological Pa-
rameters. ESSDAI tended to correlate with levels of ESR (𝑟 =
0.228, 𝑝 = 0.059) or CRP (𝑟 = 0.237, 𝑝 = 0.052). ESSDAI
was inversely correlated with serum levels of 25(OH)-D3
(𝑟 = −0.444, 𝑝 < 0.001) (Figure 1). But levels of 25(OH)-
D3 were not significantly correlated with age, ESR, levels of
CRP, BAFF, and 𝛽2 microglobulin in SS patients (Table 2).
There was a positive correlation between ESSDAI and levels
of BAFF (𝑟 = 0.340, 𝑝 = 0.018) or 𝛽2 microglobulin
(𝑟 = 0.362, 𝑝 = 0.007) (Figure 1). Levels of BAFF were not
significantly correlated with age, levels of CRP, 25(OH)-D3,
and 𝛽2 microglobulin, except ESR in SS patients. Levels of
𝛽2 microglobulin were not significantly correlated with age,
levels of 25(OH)-D3, and BAFF, except ESR and levels of CRP
in SS patients (Table 2).

3.4. Associations of ESSDAI with Serological Parameters by
Univariate and Multivariate Linear Regression. In univariate
regression analyses, 25(OH)-D3, BAFF, and𝛽2microglobulin
were significantly associated with ESSDAI. To identify fac-
tors associated with ESSDAI, multivariate linear regression
analyses were performed considering age, ESR, and CRP
in addition to 25(OH)-D3, BAFF, and 𝛽2 microglobulin.
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Figure 1: Correlation of ESSDAI with levels of ESR, serum CRP, 25(OH)-D3, BAFF, and 𝛽2 microglobulin in patients with primary Sjogren’s
syndrome. Each dot represents individual value (correlation coefficient and 𝑝 value by Spearman’s rank correlation test).
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Table 1: Clinical and laboratory characteristics of primary Sjogren’s syndrome and sicca patients.

Features Sjogren’s syndrome (𝑛 = 69) Sicca (𝑛 = 22) 𝑝 value
Age at diagnosis, years 56.7 ± 1.32 58.0 ± 2.66 0.651
Sex, female (%) 68 (98.6) 21 (95.5) 0.427
BMI (kg/m2) 21.9 ± 0.34 22.5 ± 0.63 0.356
Disease duration, years 8.7 ± 0.78 5.7 ± 1.09 0.047∗

Anti-Ro (SSA), 𝑛 (%) 63 (91.3) 0 (0.0) <0.001∗

Anti-La (SSB), 𝑛 (%) 43 (62.3) 0 (0.0) <0.001∗

Antinuclear antibody, 𝑛 (%) 60 (87.0) 3 (13.6) <0.001∗

Rheumatoid factor, 𝑛 (%) 37/64 (57.8) 7 (31.8) 0.043∗

ESR (mm/hr) 26.6 ± 2.50 11.5 ± 1.64 <0.001∗

CRP (mg/dL) 0.24 ± 0.06 0.13 ± 0.10 0.365
25(OH)-D3 (ng/mL) 22.0 ± 1.32 28.0 ± 2.69 0.036∗

BAFF (pg/mL) 1543 ± 141 1200 ± 182 0.225
𝛽2 microglobulin (mg/L) 1.57 ± 0.08 1.19 ± 0.08 0.023∗

Extraglandular involvement (%) 35 (50.7) 0
ESSDAI 1.5 ± 0.17 0
Data are presented as mean ± SEM for continuous data and number (percentage) for categorical variables. BMI = body mass index; ESR = erythrocyte
sedimentation rate; CRP = C-reactive protein; BAFF = B cell activation of the TNF family; ESSDAI = EULAR Sjogren’s syndrome disease activity index;
∗𝑝 < 0.05.

Table 2: Correlations between serum levels of 25(OH)-D3, BAFF, or 𝛽2 microglobulin and serological parameters were evaluated in primary
Sjogren’s syndrome.

25(OH)-D3 BAFF 𝛽2 microglobulin
Correlation efficient 𝑝 value Correlation efficient 𝑝 value Correlation efficient 𝑝 value

Age −0.110 0.366 0.101 0.493 0.233 0.086
ESR 0.174 0.153 0.311 0.031∗ 0.498 <0.001∗

CRP −0.009 0.941 0.281 0.055 0.296 0.030∗

25(OH)-D3 −0.028 0.849 −0.096 0.485
BAFF −0.028 0.849 0.215 0.147
𝛽2 microglobulin −0.096 0.485 0.215 0.147
Correlation coefficient and 𝑝 value were analyzed by Spearman’s rank correlation test. ESR = erythrocyte sedimentation rate; CRP =C-reactive protein; BAFF =
B cell activation of the TNF family; ∗𝑝 < 0.05.

ESSDAI was associated with 25(OH)-D3 (𝛽 = −0.042, 𝑝 =
0.015) and BAFF (𝛽 = 0.001, 𝑝 = 0.015), but not with age
(𝛽 = −0.036, 𝑝 = 0.076) (Table 3).

4. Discussion

In the present study, serum levels of 25(OH)-D3 were signifi-
cantly lower and those of 𝛽2 microglobulin were significantly
higher in patients with SS compared with age- and sex-
matched sicca controls. Levels of BAFF tended to be higher
in SS patients. Consistent with previous reports [3, 5], our
data showed that ESSDAI was correlated with serum beta2-
microglobulin in SS patients in univariate analyses. But in
multivariate analyses including serum levels of 25(OH)-D3,
BAFF, and 𝛽2 microglobulin, ESSDAI was associated with
25(OH)-D3 and BAFF but not with 𝛽2 microglobulin. These
suggest that both serum levels of 25(OH)-D3 and BAFF are
independent predictors of ESSDAI in SS patients.

There is limitation in this study. Disease activity of
enrolled patients was relatively low. Larger studies of SS

patients with higher disease activity may be needed for
further validation.

BAFF enhances B cell maturation, proliferation, and
survival [1]. Serum levels of BAFF are increased in patients
with autoimmune diseases such as SLE, SS, and rheumatoid
arthritis [22]. It was reported that elevated serumBAFF levels
were independent predictor of flare in patients who were
receiving standard SLE therapy [23]. BAFF upregulation was
associated with B cell clonal expansion in the salivary gland
and correlatedwith SS disease activity [3, 4]. Long-term treat-
ment with belimumab, a fully human monoclonal antibody
direct against BAFF, decreased disease activity and was safe
in both SLE and SS patients [24, 25]. 𝛽2 microglobulin forms
the light chain of MHC class I molecules that are crucial for
antigen presentation to T cell receptor. Serum levels of 𝛽2
microglobulin were associated with extraglandular involve-
ment such as renal or pulmonary manifestations in patients
with SS [26, 27].

Low levels of 25(OH)-D3 have been associated with
lymphoma and observed in SS patients over 66 years of age
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Table 3: Associations of ESSDAI with serological parameters by univariate and multivariate linear regression.

Variate Univariate analyses Multivariate analyses (backward stepwise)
𝛽 ± SE 𝑝 value 𝛽 ± SE 𝑝 value

Age (years) −0.006 ± 0.016 0.732 −0.036 ± 0.020 0.076
ESR (mm/hr) 0.017 ± 0.008 0.050
CRP (mg/dL) 0.320 ± 0.374 0.396
25(OH)-D3 (ng/mL) −0.055 ± 0.015 <0.001∗ −0.042 ± 0.016 0.015∗

BAFF (pg/mL) 0.001 ± 0.000 0.007∗ 0.001 ± 0.000 0.015∗

𝛽2 microglobulin (mg/L) 0.865 ± 0.321 0.009∗

ESSDAI = EULAR Sjogren’s syndrome disease activity index; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; BAFF = B cell activation of the
TNF family; ∗𝑝 < 0.05.

compared to patients below 50 years of age [19].Therewere no
patients with lymphoma enrolled in our study and SS patients
>66 years of age tended to have lower levels of 25(OH)-D3
than those <50 years of age (19.27 ± 2.44 versus 24.06 ± 2.81;
𝑝 = 0.285). However, when we used multivariate linear
regression analyses including age, ESSDAI was associated
with 25(OH)-D3 but not with age.

Vitamin D may play an immunomodulatory role in both
innate and adaptive immunity [28]. 1,25(OH)2D3 suppresses
Toll-like receptor- (TLR-) 2 and TLR-4 expression in human
monocytes, leading to hyporesponsiveness to pathogen-
associated molecular patterns [29, 30]. Specifically, this hor-
mone inhibits TLR-2 and TLR-4 expression of monocytes in
BD patients in a dose-dependent manner [31]. 1,25(OH)2D3
promotes a shift in the T helper (Th)1/Th2 balance toward
Th2 and downregulates Th17 autoimmunity by reducing
interleukin-17A-secreting CD4+ T cells [32, 33]. A highly
significant negative correlation between levels of 25(OH)-
D3 and IgG levels in healthy female was reported [34]. In
addition 1,25(OH)2D3 level was associated with reduced
human B cell proliferation, plasma cell differentiation, and
IgG production from peripheral blood in vitro [35]. Acti-
vation of B cells is crucial and the risk of lymphoma is
increased in SS compared to the general population [1, 2].
B cell targeted agents, such as rituximab and belimumab,
significantly improved ESSDAI compared to placebo treat-
ment in SS patients [36]. Our results suggest that low levels
of 25(OH)-D3 are associated with increased systemic disease
activity in SS patients.

Low vitamin D levels were associated with many rheu-
matic diseases such as RA, SLE, BD, and idiopathic inflam-
matory myopathies [10–13]. Recently, systematic review and
meta-analysis have highlighted associations between vitamin
D deficiency and ankylosing spondylitis and inflammatory
bowel disease [37, 38].

Long-term administration of vitamin D3 analogs in
mice decreases the levels of serum IgG and interleukin-
2, which are crucial in the immune system [39]. Vitamin
D deficiency is common in patients with rheumatic disease
particularly SLE [40]. After vitaminD supplementationmod-
est improvement of disease activity [41, 42] and restoration
of B cell homeostasis were observed in SLE [43]. However
other studies showed that vitamin D supplementation failed
to affect disease activity and diminish the interferon signature

in patients with SLE [44, 45]. Additionally, replacement of
vitaminD improved endothelial function in BDpatients [46].
Supplementation of vitamin Dmay be considered in patients
with SS and lower vitamin D levels.

5. Conclusions

Serum levels of 25(OH)-D3 were significantly lower in
patients with SS compared with age- and sex-matched sicca
controls. ESSDAI is negatively associated with serum levels of
25(OH)-D3 and positively associated with BAFF in patients
with SS.
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Regulatory T (Tregs) cells play an important role in mediating tolerance to self-antigens but can also mediate detrimental tolerance
to tumours and pathogens in a Foxp3-dependent manner. Genetic tools exploiting the foxp3 locus including bacterial artificial
chromosome- (BAC-) transgenic DEpletion of REGulatory T cells (DEREG) mice have provided essential information on Treg
biology and the potential therapeutic modulation of tolerance. In DEREG mice, Foxp3+ Tregs selectively express enhanced
green fluorescent protein (eGFP) and diphtheria toxin (DT) receptor, allowing for the specific depletion of Tregs through DT
administration.Wehere provide a detailed overview about an important consideration that long-term administration ofDT induces
a humoral immune response with an appropriate production of anti-DT antibodies that can inactivate DT and thus abrogate its
effect in theDEREGmouse. Additionally, we showed that anti-DTmouse serumpartially neutralizedDT-induced Foxp3 inhibition.

1. Introduction

Regulatory T (Tregs) cells play an important role inmediating
tolerance to self-antigens, and both their lineage and function
are specifically defined by the transcription factor Foxp3
[1, 2]. Foxp3 specifies the Treg cell lineage and is crucial
for immune tolerance against pathogens and tumour cells
[3–6]. Foxp3 reporter mice have been essential in order to
dissect the functions of Treg cells in vivo. One such mouse
strain, DEpletion of REGulatory T cells (DEREG), makes
use of a bacterial artificial chromosome (BAC) expressing
a diphtheria toxin receptor (DTR) and enhanced green
fluorescent protein (eGFP) fusion under control of the Foxp3
locus [7]. The vast majority of Foxp3+ Treg cells from
DEREG mice are depleted in response to DT [7]. It was
demonstrated that adult DEREGmice showed no observable
signs of illness after Treg cell depletion, while newborn
mice develop scurfy-like disease [7]. This has the unique
advantage that the in vivo function of Treg cells can be
studied in various settings in adult DEREG mice without the
mortality associated with uncontrolled autoimmunity. So far,
this model was mainly used to study a temporally transient

dysfunction of Tregs. Thus, Treg inactivation strategies in
view of studying a chronic and long-term DT administration
have not been addressed yet, according to our literature
search. Studies showed that following DT treatment of
näıve DEREG mice, Treg depletion was transient with the
frequency of Foxp3+ Tregs returning to wild type (WT) levels
within 6 days. In addition, the newly emerged Foxp3+ Tregs
no longer expressed the DTR-eGFP transgene, thus prevent-
ing prolonged depletion. Similar results were observed in
mice undergoing either an acute or chronic viral infection.
Furthermore, DT treatment in both transgenic DEREGmice
and wild type (WT) mice resulted in enhanced morbidity
and mortality [8]. In preliminary (unpublished) experiments
using a murine infection model for alveolar echinococcosis
(larval infection with the fox tapeworm Echinococcus mul-
tilocularis), we were facing unexpected findings concerning
the time span of DT administration and the duration of
the expected effect of Treg inactivation. In this context, we
raised the question if long-term administration of DT could
(i) induce a humoral immune response with an appropriate
production of anti-DT antibodies that could inactivate DT
and thus (ii) abrogate its effect in the DEREG mouse.
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2. Material and Methods

2.1. Mice. Male DEREG mice, kindly provided by Professor
Manfred Kopf (ETH, Zurich, Switzerland) with the agree-
ment of Professor Tim Spawasser (TWINCORE, Hannover,
Germany), were backcrossed to wild type C57BL6 at the
animal facility of the Institute of Parasitology, University of
Bern (Bern, Switzerland). All the offsprings were genotyped
by PCR with specific primers for GFP and DTR. Foxp3+
Treg cell depletion was achieved by intraperitoneal (i.p.)
administration of 110 ng diphtheria toxin (DT) (A) 3 times per
week for 1, 2, 3, and 4 weeks. DT administration was stopped
after 4 weeks; Foxp3 and anti-DT antibody were determined
at indicated time-points. (B) TitratedDTwas injected i.p. at 0,
75, 150, and 300 ng; Foxp3 was determined by flow cytometry
at day 1 and day 3 after DT injection. (C) 110 ng DT was
injected i.p. 3 times per week at 1, 2, 3, and 4 weeks and then
stopped. Foxp3 was determined by flow cytometry at week 4
and week 16.

The animal study was performed in strict accordance
with the recommendations of the Swiss Guidelines for the
Care and Use of Laboratory Animals. The protocol was
approved by the Commission for Animal Experimentation of
the Canton of Bern (approval number BE 103/11).

2.2. Flow Cytometry. Aliquots of 105 spleen cells/100𝜇L of
staining buffer per well were incubated each with 1 𝜇g of
purified anti-CD16/CD32 for 20min in the dark in order to
block nonspecific binding of antibodies to the Fc𝛾III and
Fc𝛾II receptors. Subsequently these cells were stained with
surface marker separately for 15min with 1 𝜇g of PE-Cy5-
labelled anti-CD4 (GK1.5, eBioscience, San Diego, USA).
For intracellular staining, spleen cells were first incubated
with Inside Fix for 20mins at room temperature and then
stained with PE-labelled anti-Foxp3 (BD Pharmingen, Palo.
Alto, CA, USA) in Inside Perm for 15min in the dark.
Corresponding PE-labelled rat IgG2a (kappa chain) was used
as isotype control. Cells resuspended in 300𝜇L of buffer
(0.15MNaCl, 1mMNaH

2
PO
4
H
2
O, 10mMNa

2
HPO
4
2H
2
O,

and 3mM NaN
3
) were analysed in a flow cytometer (Becton

Dickinson, Heidelberg, Germany) using the corresponding
CELL QUEST software.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA) for Anti-
DT Antibody Detection. ELISA plates (Nunc Immulon) were
coated with 100 𝜇L DT (Calbiochem, San Diego, CA, USA)
solution (5𝜇g DT/mL conventional carbonate/bicarbonate
coating buffer) overnight at +4∘C. After washing coated
plates 3 times with Tris-Tween buffered saline (TTBS), serum
samples (100 𝜇L, 1 : 50 dilution in TTBS plus 1mg/mL bovine
haemoglobin) were added to each well, and after 1-hour
incubation at 37∘C and three washes with TTBS, the wells
were incubated with alkaline phosphatase-conjugated anti-
mouse antibody (1 : 1000 dilution in TTBS, Lot number
0000103573, Promega, Madison, WI USA). Alkaline phos-
phatase substrate (1mg NPP/mL, Lot number 1001595631,
Sigma, Spruce St., USA) was then added, and absorbance

was measured at 405 nm using a Tecan Sunrise� plate reader
(Tecan, Grödig, Austria).

2.4. Anti-DT Serum Blocking. Six wild type C57BL6 mice
were injected 110 ng DT i.p. 3 times per week and kept
for another 4 weeks. Mice were sacrificed and blood was
taken by heart puncture. Serum levels of anti-DT antibody
were detected by ELISA, as described above. All serologically
positive sera were pooled. From this serum-pool, 200 𝜇L
was i.p. injected per mouse, and 110 ng DT was i.p. injected
per mouse one day later. All animals were sacrificed at the
3rd day after DT injection, and CD4+Foxp3+ frequency was
measured in spleen cell suspensions by using flow cytometry.

2.5. Statistical Analyses. All data were analyzed by SPSS
17.0. The results are presented as means ± SD. Normality of
data was assessed by D’Agostino and Pearson and Shapiro-
Wilk test. For normally distributed groups pf data, one-way
ANOVA or unpaired two-tail Student’s 𝑡-test was used to
compare the differences between groups. Significance was
defined as 𝑃 < 0.05 for all tests.

3. Results

3.1. Long-TermDTTreatment. In a first experiment, “titrated”
DT was intraperitoneally (i.p.) injected at 0, 75, 150, and
300 ng DT per mouse, and Foxp3 was measured at day
1 and day 3 after DT injection. Flow cytometric analyses
showed that Foxp3 was largely depleted by DT at 75 and
150 ng at day 1 (Foxp3 suppression rate of 87.3% and 88.3%,
resp., Figure 1(b)) but largely recovered at day 3 (Foxp3
suppression rate of 8.4% and 8.7%, resp., Figure 1(b)), while
there was only a partial recovery at 300 ng DT at day 3
(Foxp3 suppression rate of 61.3%, Figure 1(b)). Mice were
then treated with 110 ng DT/mouse and 3 times per week
and subsequently sacrificed at 4 and 16 weeks after treatment,
respectively. Flow cytometric analyses showed that Foxp3
was not depleted at week 4 and week 16 following DT
administration (Figure 1(c)).

3.2. Anti-DT Antibodies Were Produced 2 Weeks after DT
Treatment. To explore why Foxp3 was not depleted with
a continuous DT administration, that is, 4 weeks after
initiation of treatment, we examined serum levels of anti-
DT antibodies at different time-points. ELISA results showed
that, 2 weeks after DT treatment, serum levels of anti-DT
antibodies became detectable in all of the three mice, with,
however, a clear variation in the individual levels of anti-
DT antibodies concentrations (OD

405
2.016 versus 0.110).

Three weeks after DT administration, serum levels of anti-
DT antibodies were significantly higher in all of three mice
andmaintained a high level even another 4weeks after having
stopped DT administration, when compared to the levels
before DT administration (OD

405
3.44±0.24 at week 3 versus

0.17 ± 0.07 at week 0) (Figure 1(d)).

3.3. Anti-DT Serum Partially Neutralized DT-Induced Foxp3
Inhibition. To further study whether anti-DT antibodies



Journal of Immunology Research 3

Week 0 1 2 3 4 8 16

DT DT DT DT No-DT No-DT
Anti-DT follow-up

Foxp3 determination

(a)

Foxp3 suppression rate

0.00

20.00

40.00

60.00

80.00

100.00

Fo
xp

3 
su

pp
re

ss
io

n 
ra

te
 (%

)

∗∗∗∗

0ng 75ng 150ng 300 ng DT

Day 1
Day 3

−20.00

(b)

Week 0 Week 4 Week 16

Foxp3 suppression rate

∗∗
∗∗

0.00

20.00

40.00

60.00

80.00

100.00

Fo
xp

3 
su

pp
re

ss
io

n 
ra

te
 (%

)

(c)

Week 0 Week 1 Week 2 Week 3 Week 4 Week 6 Week 8

Anti-DT antibody

Mouse 1
Mouse 2

Mouse 3

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

O
D

 4
05

(d)

Figure 1: Experimental design, Foxp3, and anti-DT antibody follow-up during chronic DT treatment. (a) Schematic presentation of the
experimental design. Foxp3+ Treg cell depletion was achieved by intraperitoneal (i.p.) administration of 110 ng diphtheria toxin (DT) 3 times
per week for 1, 2, 3, and 4 weeks. DT administration was stopped after 4 weeks; Foxp3 and anti-DT antibody were determined at indicated
time-points. (b) Titrated DT was injected i.p. at 0, 75, 150, and 300 ng; Foxp3 was determined by flow cytometry at day 1 and day 3 after DT
injection. (c) 110 ng DT was injected i.p. 3 times per week at 1, 2, 3, and 4 weeks and then stopped. Foxp3 was determined by flow cytometry
at week 4 and week 16. (d) Serum levels of anti-DT antibody were determined by using ELISA at indicated time-points. The mice were aged
8 weeks when used to start the initial DT treatment. ∗∗𝑃 < 0.01.

could neutralize DT-induced Foxp3 inhibition, we pro-
duced an anti-DT serum (pool of three DT-treated ani-
mals), and aliquots of this serum-pool were injected to
DEREG mice one day before DT application. Flow cytom-
etry results showed that anti-DT antibodies could partially

neutralize DT-induced Foxp3 inhibition, with Foxp3 per-
centage at 1.95 ± 0.11% (control), 0.26 ± 0.07% (with DT
administration), and 1.02 ± 0.09% (DT administration +
anti-DT serum injection), respectively (Figures 2(a) and
2(b)).
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Figure 2: Anti-DT serum blocking. (a) Representative images of Foxp3+ T cells within CD4+ T cells with/without anti-DT serum blocking.
(b) Frequency of Foxp3+ T cells within CD4+ T cells with/without anti-DT serum blocking. Six wild type C57BL6 mice were injected 110 ng
DT i.p. 3 times per week andmaintained for another 4 weeks. Mice were sacrificed and blood was taken from heart puncture. Serum anti-DT
antibody levels were detected by ELISA. Seropositive samples were pooled, and from this pool 200𝜇L anti-DT serum was injected i.p. per
mouse, and subsequently 110 ng DT/mouse was injected i.p. one day later. All the animals were sacrificed at the 3rd day, and CD4+Foxp3+
frequency in the spleen was measured by flow cytometry. ∗𝑃 < 0.05.

4. Discussion

In recent years, immunological studies within infectious
disease models have increasingly focused on the pathogen-
induced modulation of Treg function as a tool to improve
the survival potential of the infectious organisms [9, 10].
For a long time specific in vivo targeting of Tregs was
hampered by the lack of appropriate markers. The discovery
of Foxp3 as a Treg-specific transcriptional factor enabled the
development of Treg-specificmousemodels. In DEREGmice
(DEpletion of REGulatory T cells), a BAC (bacterial artificial
chromosome) transgenic mouse line allows direct in vivo
analysis and depletion of this exceedingly important cell type
[8]. DEREG mice carry a DTR-eGFP transgene under the
control of an additional Foxp3 promoter, thereby allowing
specific depletion of Tregs by application of diphtheria toxin
at any desired point of time during an on-going immune
response. Adult DEREG mice, depleted of Treg cells, lack
signs of autoimmune response [8]. Notably, this allowed for
the broad use of DEREG mice to document the involvement
of Treg cells in immune regulation and to gain insights
into Treg cell biology. The protection from autoimmunity

despite efficient transient Treg cell depletion is therefore
not a limitation but an advantage of DEREG mice [8].
Anticipated health side effects of DT applied to DEREG
mice as well as its efficiency to affect Treg function should
be controlled by careful dose titration of the DT treatment
in WT mice, previous to performing large-scale studies in
knock-out animals. Fromprevious studieswe could learn that
Treg cells were depleted by intraperitoneal injection of DT
either at a high dose (1 𝜇g DT/mouse), with an application
for three consecutive days [11], or medium dose (25 𝜇g/kg
body weight, approximately 0.5 𝜇g DT/mouse) for one (days
0 and 1) or three rounds on two consecutive days (days
0, 1, 7, 8, 14, and 15) [12], or an initial dose of 200 ng DT
and 100 ng DT every third day for 15 days [13]. However, a
long-term DT administration that is persisting for 1 month
or up to 4 months with a low dose of DT has never been
studied, even though it may be very interesting to study
the role of Treg in vivo concerning chronic disease models
such as alveolar echinococcosis, where the parasite requires
many months to fully develop and reach fertility. In our
present study, we showed the possibility to treat DEREG
mice with a low dose (110 ng DT/mouse, 3 times/week)
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for 1 to 4 months without affecting the health status of
mice. However, while first conventionally depleted, Foxp3
became undepleted within 1 month of DT administration,
accompanied in parallel with a high level of anti-DT antibody
production by the treated animals. Subsequently we could
evidence that anti-DT antibodies partially abrogate DT-
induced Foxp3-inhibition by neutralizing DT in the mice,
with the result that Foxp3 became only partially depleted
after long-term DT administration. Teh and Gray discussed
an interesting point that could explain the mechanism that
ensures that the Treg niche is rapidly refilled following
depletion [14]. These Treg cells could be (i) the product
of peripheral conversion of activated conventional cells to
peripherally induced Treg (pTreg) cells or (ii) the product
of a homeostatic proliferation of existing thymus-derived
Treg (tTreg) cells. Evidence for the former is supported by
the authors’ observation that there was a 20% reduction
in Treg cells expressing neuropilin-1 (a cell surface marker
used to distinguish tTreg (neuropilin-1 high) from pTreg
(neuropilin-1 low) cells [15]), in the replenished Treg niche, as
compared to the original Treg cell population [14]. However,
it is noteworthy that neuropilin-1 may not be a reliable
marker for pTreg cells under inflammatory conditions [15],
which, however, seems to have been the case in their DT-
treated mice [14]. On the other hand, a separate study
found that homeostatic expansion of Treg cells (through
proliferation and reduced apoptosis) could completely restore
the compartment following 50% Treg cell depletion, with
no evidence of conversion of conventional T cells observed
[16]. This mechanism could be further confirmed due to
neutralizing effects regarding DT administration and Foxp3
inhibition.

5. Conclusions

In conclusion, our findings indicate that Foxp3 cannot be
kept knocked-down for a longer period of DT administration
due to subsequent anti-DT antibody synthesis by treated
animals and DT-neutralization via DT-specific antibodies.
These observations suggest that Foxp3 levels and anti-DT
antibody levels have to be carefully monitored in every
situation where DT treatment is used for more than 2 weeks.
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It is well known that dendritic cells (DCs) play a pivotal role in triggering self-specific responses. Conversely, tolerogenic DCs
(tolDCs), a specialized subset, induce tolerance and negatively regulate autoreactive responses. Tofacitinib, a Janus kinase inhibitor
developed by Pfizer for treatment of rheumatoid arthritis, is probable to be a promising candidate for inducing tolDCs. The
aims of this study were to evaluate the effectiveness of tolDCs induced by tofacitinib in a myelin oligodendrocyte glycoprotein-
(MOG-) specific experimental autoimmune encephalomyelitis (EAE) model and to investigate their effects on Th17/Treg balance
in the animal model of multiple sclerosis (MS). Our results revealed that tofacitinib-treated DCs maintained a steady semimature
phenotype with a low level of proinflammatory cytokines and costimulatory molecules. DCs treated by tofacitinib also induced
antigen-specific T cells hyporesponsiveness in a concentration-dependent manner. Upon intravenous injection into EAE mice,
MOG pulsed tolDCs significantly dampened disease activity, and adoptive cell therapy (ACT) disturbedTh17/Treg balance with a
remarkable decrease of Th1/Th17 cells and an increase in regulatory T cells (Tregs). Overall, DCs modified by tofacitinib exhibited
a typical tolerogenic phenotype, and the antigen-specific tolDCs may represent a new avenue of research for the development of
future clinical treatments for MS.

1. Introduction

Dendritic cells (DCs) are the most potent antigen-presenting
cells (APC) for naive T cells that bridge the innate and
adaptive immunity in autoimmune diseases [1]. Mature DCs
(mDCs) provide self-antigen-MHC complexes (signal 1) and
costimulatory molecules (signal 2) for activation of antigen-
specific T cells. In addition, mDCs also provide proinflam-
matory cytokines (signal 3) to shape the immune response
by priming the differentiation of naı̈ve CD4+ T cells into dif-
ferent T helper cells [2, 3]. Tolerogenic DCs (tolDCs) which
show a typical tolerogenic phenotype with normal “signal 1”
butweak “signal 2” and aberrant “signal 3” has the potential to
induce tolerance. The recent studies suggested that “signal 1”
alone leads to inactivation of the autoreactive T cells by

anergy or deletion, and aberrant “signal 3” controls CD4+ T
cell fate toward a regulatory phenotype [1, 4]. Immune tol-
erance restoration by adoptive transfer of tolDCs has been a
promising therapeutic strategy for autoimmune diseases [5,
6]. The therapeutic effect of dexamethasone/vitamin D3-
modified tolDCs has been confirmed in established collagen-
induced arthritis mice for reduced disease activity [7].
TolDCs generated from relapsing-remittingmultiple sclerosis
(MS) patients using vitamin D3 can also induce stable and
antigen-specific hyporesponsiveness in autoreactive T cells
[8].

Pharmacological immunosuppressive agents have proved
to be valuable tools for inducing tolDCs, and the category of
immune-inhibitory molecules is expected to enlarge as more
compounds could be evaluated for the ability to modulate

Hindawi Publishing Corporation
Journal of Immunology Research
Volume 2016, Article ID 5021537, 13 pages
http://dx.doi.org/10.1155/2016/5021537

http://dx.doi.org/10.1155/2016/5021537


2 Journal of Immunology Research

the maturation of DCs [9, 10]. Tofacitinib is a selective
inhibitor of Jak1 and Jak3 which has been approved for the
treatment of moderate to severe rheumatoid arthritis [11, 12].
Recent studies have found that Jak1 is involved in induction
of costimulators on the surface of DCs, and abatacept as a
Jak1/Jak2 inhibitor was also able to suppress CD80/86 expres-
sion [13, 14]. Bone marrow-derived dendritic cells (BMDCs)
obtained from Jak3-null mice also showed reduced expres-
sion of costimulatory molecules and impaired maturation
[15]. In addition to directly suppressing the production of
cytokines and proliferation of T cells, tofacitinib decreased T
cell stimulatory capability of human monocyte-derived DCs
through Jak1/Jak3 [16, 17].

Therapies for MS that inhibit the immunogenic charac-
ters of DCs through the blockade of “signal 2” and “signal
3” are currently being pursued [18, 19]. In this work, we
showed that tofacitinib prevented activation of the immune
system through the modulation of the function of murine
BMDCs. Tofacitinibmodified BMDCs (Tofa-DCs) expressed
low levels of costimulatory molecules and proinflammatory
cytokines. Furthermore, through adoptive transfer of myelin
oligodendrocyte glycoprotein (MOG)

35-55 loaded Tofa-DCs
to the mice with established experimental autoimmune ence-
phalomyelitis (EAE), Th17 cells from splenocytes of treated
mice decreased significantly and Tregs increased by contrast,
while a reduction in disease severity and progression was
observed. The cell therapy of antigen-specific tolDCs may
represent a new avenue of research for the development of
future clinical treatments that do not disturb the normal
immune system.

2. Materials and Methods

2.1.Mice. Wild-type (WT)C57BL/6 (6–12 weeks of age)mice
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. All mice were bred and maintained in a
specific pathogen-free environment at the experimental ani-
mal center of ChengduMedical College. All the experimental
protocols were approved by the guidelines of the Animal
Ethics Committee of Chengdu Medical College. C57BL/6
mice with EAE were used as animal models of human MS.

2.2. Generation of Murine Bone Marrow-Derived Dendritic
Cells (BMDCs). BMDCs from female C57BL/6 mice (6–8
weeks of age) were generated from BM progenitors, as pre-
viously described [20]. Briefly, both ends of the femur and
tibia bones were cut with scissors, and the marrow was
flushed out and passed through a nylonmesh to remove small
pieces of bone and debris. On day 1, 1 × 106 cells were counted
and plated in 100-mmPetri dishes containing complete RPMI
1640 with granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) (10 ng/mL) and IL-4 (10 ng/mL) (PeproTech,
Rocky Hill, NJ, USA). Half-medium changes took place on
days 3 and 6. For maturation, 6-day-old cultures were stimu-
lated with 100 ng/mL LPS (Sigma-Aldrich, St. Louis, MO,
USA), and, 24 hours later, they were analyzed by FACS or
purified with CD11c+ beads (Miltenyi Biotec, San Diego, CA,
USA). In all experiments, DCs were pretreated for 12 hours

with increased concentrations of tofacitinib (Tofa, Selleck
Chemical LLC, TX, USA) and dissolved in dimethylsulfoxide
(DMSO) that was less than 0.025% or vehicle alone before
treatment with LPS.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA). During
DCs differentiation, the culture supernatants of Tofa-DCs
were collected after the cells were stimulated with LPS for
24 hours. For evaluation of cytokine secretion, ELISA kits for
IL-6, IL-12, IL-23, IL-10, IL-1𝛽, and TNF-𝛼 (eBioscience, San
Diego, CA, USA) were used according to the manufacturer’s
instructions. Plates were read at 450 nm (PowerWave XS,
BioTek, USA).

2.4. Induction of EAE. Twelve-week female C57BL/6 mice
were subcutaneously immunized at the dorsal flanks with
200𝜇g MOG

35-55 peptide (Chinese Peptide Co., Ltd., Shang-
hai, China) emulsified in complete Freud’s adjuvant (CFA)
supplemented with 4mg/mL heat-killed Mycobacterium
tuberculosis (Chondrex, Redmond, WA, USA) at a 1 : 1 ratio.
In addition, 500 ng pertussis toxin (PTx) was injected i.p. on
days 0 and 2. Clinical symptoms were monitored daily after
immunization.One group ofmice received adjuvant andPTX
only and served as the control. The clinical score was graded
as follows: 0, no clinical signs; 1, paralyzed tail; 2, loss in
coordinatedmovement, hind limb paresis; 3, both hind limbs
paralyzed; 4, forelimbs paralyzed; and 5, moribund [21].

2.5. Adoptive Transfer Experiments. Immature DCs treated
with tofacitinib (1𝜇M) were pulsed or unpulsed for 24 hours
with 20 g/mLMOG

35-55 and 100 ng/mL LPS, and cells (1 × 106
cells/mouse) were transferred i.v. into mice on days 7, 11, and
15 after EAE induction (day 0). Vehiclemicewere treatedwith
PBS.

2.6. Histological Analysis. For histological staining, mice
were anesthetized and perfused with PBS (pH 7.4), followed
by 4% (w/v) paraformaldehyde. Spinal cord samples were
then fixed in 4% (w/v) paraformaldehyde overnight. Paraffin-
embedded sagittal sections of cervicothoracic spinal cord
were stained with hematoxylin and eosin (H&E) and exam-
ined for cellular infiltration or Luxol Fast Blue (LFB) for
determining demyelination.

2.7. Coculture Experiments. For coculture experiments,
CD4+ T cells were isolated from MOG-immunized mice
using a T cell isolation kit (Miltenyi) from a single spleen-cell
suspension according to the manufacturer’s instructions. To
examine cell proliferation, we used the carboxyfluorescein
diacetate succinimidyl ester (CFSE) division method. CD4+
T cells were labeled with CFSE (1.2 𝜇M) (Invitrogen, Carls-
bad, CA, USA) for 10 minutes at 37∘C, washed twice with
complete RPMI 1640 medium, and finally cultured with
MOG

35-55 pulsed-Tofa-DCs at three DC : T cells ratios (1 : 10,
1 : 30, and 1 : 100). After 72 hours, the triplicate cultures were
analyzed by flow cytometry.
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2.8. Flow Cytometry and Intracellular Cytokine Staining. DCs
phenotype after maturation was analyzed for their surface
marker expression by flow cytometry. All staining procedures
were performed in phosphate buffered saline (PBS) contain-
ing 2mM ethylenediaminetetraacetic acid (EDTA) and 0.1%
BSA, and then 2 × 105 cells were incubated in the dark for 30
minutes on ice with specific conjugated antibodies for CD11c,
CD83, CD40, CD80, CD86, and MHC II or with matching
isotype controls. All antibodies (Abs) were purchased from
BioLegend (San Diego, CA, USA).

To analyze effector CD4+ T cell populations, spleen cells
from EAE mice or T cells from coculture experiments were
prepared from cell cultures and were stained at 4∘C in PBS
containing 2% fetal bovine serum (FBS) and 1% EDTA after
blocking Fc R with 2.4G2 (Mouse BD Fc Block�). For IFN-𝛾
and IL-17 intracellular staining, fixation and permeabilization
buffers with GolgiPlug� (BD Pharmingen, San Jose, CA,
USA) were utilized. Cells were stained with mouse anti-CD4
fluorescein isothiocyanate (FITC) antibody and were then
incubated with PE-conjugated anti-IFN-𝛾 and Alexa Fluor�
647-conjugated anti–IL-17. Tregs were detected using the
Transcription Factor Buffer Set (BD Pharmingen) and were
then incubated with PE-conjugated anti-Foxp3 and APC-
conjugated anti-CD25. All Abs were purchased from BD
Pharmingen. Stained cells were analyzed with flow cytometer
Accuri� C6 (BD Biosciences, San Diego, CA, USA).

2.9. Statistical Analysis. Statistics were calculated with the
Mann-Whitney𝑈 test (no Gaussian distribution).The differ-
ence among all experiment groups including cell and animal
results was determined by one-way analysis of variance
(ANOVA) with Tukey’s post hoc test (Gaussian distribution).
Spearmen’s rank test was utilized to test the association
between clinical score and populations of T helper cells ana-
lyzed in animal model (no Gaussian distribution). Statistical
analysis was performed with the help of Prism 6.0 software
(GraphPad Software, SanDiego, CA,USA). Data are reported
as mean ± SEM. 𝑃 values < 0.05 were considered significant.

3. Results

3.1. Tofa-DCs Retained the Tolerogenic Phenotype. Previous
studies have reported that tofacitinib decreased the expres-
sion of CD80/CD86 in LPS-stimulated human monocyte-
derived DCs [16]. In this experiment, we analyzed whether
tofacitinib was able to modulate the differentiation profile
of murine BMDCs. DCs were generated from naı̈ve mouse
bone marrow cells and were treated with tofacitinib before
LPS-induced maturation to generate tolDCs. LPS-activated
DCs that were not exposed to tofacitinib were named mature
DCs (mDCs), whereas the untreated DCs were defined as
immature dendritic cells (imDCs) and were used as a con-
trol population. As expected, imDCs expressed significantly
lower levels of CD40, CD83, CD80, and CD86 compared to
mDCs, whereas the tolDCs treated with tofacitinib displayed
a typical semimature phenotype of reduced CD40, CD83,
CD80, and CD86 in a concentration-dependent manner
(Figure 1).

3.2. Cytokine Production by Tofa-DCs. The altered DC
cytokine profile was also one of the mechanisms by which
DCs contributed to tolerance-induced immune-network
[22]. Therefore, we analyzed the Tofa-treated DCs cytokine
secretion upon LPS. As expected, mDCs produced high
amounts of IL-1𝛽, IL-6, IL-12, TNF-𝛼, and IL-23 in response
to LPS. Tofacitinib (100, 1000 nM)-treated DCs produced
markedly lower amounts of IL-1𝛽 and IL-23 compared with
mDCs. Moreover, the production of IL-6, IL-12, and TNF-
𝛼 induced by LPS was shown to be significantly lower for
Tofa-treated DCs compared with mDCs. Tofacitinib did not
affect the secretion of IL-10, even at a high concentration as
1000 nM (Figure 2).

3.3. The Adoptive Transfer of Tofa-DCs Modulated EAE. The
above experiments suggested that Tofa-DCs altered the T
cells polarization compared with mDCs (matured without
tofacitinib) in vitro. To further examine the immunothera-
peutic potential of tolDCs induced by tofacitinib, we analyzed
the effect of Tofa-DCs treatment on EAE, an animal model of
MS. Female 12-week-old C57BL/6 mice were immunized s.c.
with 200𝜇g of MOG

35-55 emulsified in CFA (4mg/mLMyco-
bacterium tuberculosis) and injected i.p. on days 0 and 2 with
500 ng PTx. One week after induction, the mice were ran-
domized. For adoptive transfer treatment, 1 × 106 MOG

35-55
pulsed or unpulsed tolDCs were transferred into EAE mice
on days 7, 11, and 15 after immunization (dpi 7, 11, and 15).
The vehicle group was injected intravenously with PBS. The
EAEmice were checked for disease clinical score after disease
onset (dpi 9). The results showed that the Tofa (1000 nM)-
DCs treated group had a significantly milder disease score
compared with the PBS group (Figure 3(a)). Histological
analysis of spinal cord sections at peak disease (dpi 23) also
showed that treatment with Tofa-DCs pulsed by MOG

35-55
caused a dramatic reduction of leukocyte infiltration in the
spinal cord. Luxol Fast Blue staining also indicated less
extensive demyelination in EAE mice treated with Tofa-DCs
pulsed with MOG

35-55 than that of the unpulsed group (Fig-
ure 3(b)). On the other hand, the frequencies of IFN-𝛾- and
IL-17-producing cells were significantly reduced in the spleen
cells of EAE mice treated with Tofa-DCs loaded MOG

35-55,
compared with the PBS group (dpi 23) (Figure 4(a)). In con-
trast, an increase in the percentage of CD25+Foxp3+ Tregs
is presented in Figure 4(b), and splenocytes from EAE mice
treated with Tofa-DCs pulsed or unpulsed with MOG

35-55
had 19.4±2.4% and 11.0±1.5%Tregs (𝑃 < 0.01). In addition,
the clinical scores (day 23) were strongly correlated with
the frequencies of IL-17-producing cells (Figure 4(f)) and
IFN-r-producing cells (Figure 4(g)) and negatively correlated
with the population of CD25+Foxp3+ cells (Figure 4(h)) in
spleen of animal models. In summary, the adoptive transfer
of tolDCs induced by tofacitinib contributed to the aberrant
polarization of CD4+ T helper cells and the suppression of
EAE.

3.4. Tofa-DCs Stimulated Less Antigen-Specific T Cells Prolif-
eration. We next investigated the immunoregulatory capac-
ity of Tofa-treated DCs. MOG

35-55 pulsed-Tofa-DCs under
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Figure 1: Analysis of Tofa-DCs surface phenotype by flow cytometry. (a) Tofa-pretreated DCs were cultured in the presence or in the absence
of LPS (100 ng/mL) for 24 hours. Surface expressions of CD11c, CD83, CD40, CD80, and CD86 on DCs were analyzed by flow cytometry. (b)
The frequencies of CD83, CD40, CD80, or CD86 positive cells were determined.The representative results of three independent experiments
with similar findings are shown. Statistical testing was performed using the Mann-Whitney test. Data are means ± SEM, ∗𝑃 < 0.05, and
∗∗
𝑃 < 0.01.



Journal of Immunology Research 5

0

5000

10000

15000

Tofa (nM)
LPS

IL
-6

 (p
g/

m
l)

∗

∗∗

+ + + +
0 0 10 100 1000
−

(a)

Tofa (nM)
LPS

IL
-1

2 
(p

g/
m

l)

0

500

1000

1500 ∗∗

∗∗

+ + + +
0 0 10 100 1000
−

(b)

Tofa (nM)
LPS

IL
-2

3 
(p

g/
m

l)

0

500

1000

1500

2000
∗

∗

+ + + +
0 0 10 100 1000
−

(c)

Tofa (nM)
+
0

+
10

+
100

+
1000

LPS

IL
-1

0 
(p

g/
m

l)

0

200

400

600

0
−

(d)

Tofa (nM)
LPS

0

50

100

150 ∗

∗

0
+
0

+
10

+
100

+
1000

−

IL
-1
𝛽

(p
g/

m
l)

(e)

Tofa (nM)
LPS

0

1000

2000

3000

4000

5000
∗

∗∗

0
+
0

+
10

+
100

+
1000

−

TN
F-
𝛼

(p
g/

m
l)

(f)

Figure 2: Tofacitinib inhibited secretion of proinflammatory cytokines. Levels of interleukin-6 (IL-6) (a), IL-12 (b), IL-23 (c), IL-10 (d), IL-1𝛽
(e), and tumor necrosis factor-𝛼 (TNF-𝛼) (f) in supernatants containing eachDCs subset were determined by enzyme-linked immunosorbent
assay (ELISA).The representative results of three independent experiments with similar findings are shown. Statistical testing was performed
using the Mann-Whitney test. Values represent the means ± SEM, ∗𝑃 < 0.05, and ∗∗𝑃 < 0.01.

various conditions were cocultured with CD4+ T cells from
MOG-immunized mice at three DC : T cells ratios (1 : 10,
1 : 30, and 1 : 100) for 3 days. Then T cell proliferation was
analyzed by flow cytometry. mDCs were superior to Tofa
(100 nM and 1000 nM)-treated DCs in inducing the prolif-
eration of antigen-specific T cells at all three DC : T cells

ratios. Tofa (1000 nM)-treated DCs could not expand CD4+
T cells at high concentrations of DCs. Overall, MOG

35-55
pulsed-Tofa-DCs were not able to establish strong interaction
with antigen-specific T cells (Figure 5), probably because
they expressed a low level of costimulatory molecules and
produced decreased proinflammatory cytokines.
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treatedDCs unpulsed withMOG
35-55 could not improve disease activity of EAE, similar to that of the PBS group. Results represent the average

disease score of eight mice per group. (b) H&E staining and Luxol Fast Blue staining of the paraffin sections of the spinal cords isolated from
EAE mice, which were injected with Tofa-treated DCs pulsed or unpulsed with MOG

35-55 on day 23 after immunization. Arrows indicate
inflammatory cell infiltration. Scale bar, 100 𝜇m (magnification 100x).

3.5. Tofa-DCs Affected Th1/Th17 Cell Differentiation In Vitro.
Activated CD4+ T cells were obtained from coculture exper-
iments at a ratio of 1 : 10 (DCs : T cells), and the effects of
stimulation were tested in vitro for their phenotypes and

functions. As shown in Figure 6(a), culture of antigen-spe-
cific T cells withMOG

35-55 pulsed-mDCs resulted in approx-
imately 27% to 30% of CD4+ T cells differentiating into Th1
cells, which decreased to approximately 14% to 16% when
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Figure 4: Continued.
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Figure 4: Adoptive transfer of Tofa-treated DCs decreased the proportion of IL-17+ and IFN-𝛾+ T cells and induced expansion of
CD25+Foxp3+ Tregs from EAE mice. CD4+ T cells were sorted from spleens of EAE mice on day 23 after immunization, IL-17, IFN-𝛾 (a),
and Foxp3 (b) were measured by intracellular cytokine staining, and a set of representative data of eight mice per group was presented.
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cultured with tofacitinib (1000 nM)-treated DCs. Similarly,
culture of antigen-specific T cells with MOG

35-55 pulsed-
mDCs resulted in approximately 7.1% to 8.2% of CD4+
T cells differentiating into Th17 cells, which decreased to
approximately 2.5% to 3.1% when cultured with tofacitinib
(1000 nM)-treated DCs. Above all, tofacitinib impaired the
inducibility of mDCs for Th1/Th17 cells differentiation in
a dose-dependent manner. In contrast, the frequency of
CD4+CD25+Foxp3+ Tregs induced by MOG

35-55 pulsed-
Tofa-DCs at the concentration of 1000 nM was superior to
that which was induced by MOG

35-55 pulsed-mDCs (Fig-
ure 6(b)).

4. Discussion

MS is a chronic autoimmune disease of the central nervous
system, manifesting as inflammatory demyelination and

axonal loss [23]. Autoreactive T cells that recognize myelin
antigen exist within the cell infiltrate and trigger a cascade
of proinflammatory events resulting in the formation of the
demyelinating lesion [24]. The powerful presentation of self-
antigens by DCs is crucial for the priming and differentiation
of self-reactive T cells [25]. Moreover, recent studies reported
that DCs derived from pre-DC marrow precursor in the
steady-state CNS exhibited a differentiation and antigen-
presenting features similar to spleen DCs [26]. Therefore,
novel therapy to target inflammatory DCs in MS would be
promising.

In the current study, our in vitro data showed that tofa-
citinib exhibited a suppressive effect on the maturation of
murine BMDCs stimulated with LPS.The tolerogenic pheno-
types of tofacitinib modified BMDCs had properties similar
to human monocyte-derived DCs treated with tofacitinib
[16]. Tofacitinib not only prevented murine DCs increasing
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Figure 5: Antigen-specific T cell stimulation byMOG
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Figure 6: MOG
35-55 pulsed-Tofa-DC induced the hyporesponsiveness of antigen-specific T cells. (a) Activated CD4+ T cells were harvested

and the expressions of IL-17A, IFN-𝛾, and foxp3were analyzed by intracellular staining andflowcytometry in the gate ofCD4+T cells orCD4+
CD25+ T cells. (b) Histograms showed the percentage of IL-17A, IFN-𝛾 producing cells, or CD25+Foxp3+ T cells in coculture experiments
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was performed using the Mann-Whitney test. Values represent the means ± SEM, ∗𝑃 < 0.05, and ∗∗𝑃 < 0.01.
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the expression of costimulatory molecules and activation
marker such asCD80,CD86,CD40, andCD83but also inhib-
ited the production of proinflammatory cytokine, IL-1𝛽, IL-
6, IL-12, TNF-𝛼, and IL-23. It was well known that costimu-
latory molecules were closely related to antigen presentation
[27], and “signal 3” inflammatory cytokines were crucial
factors for polarization of näıve CD4+ T cells. Th1 cell differ-
entiation required higher levels of CD80 and CD86 expres-
sion and IL-12 production, and IL-23 was known to promote
Th17 differentiation [28, 29].

In our coculture experiments, Tofa-DCs exhibited
decreased reactivity and proliferation of antigen-specific T
cells compared with mature DCs (matured without tofaci-
tinib). MOG

35-55 pulsed-Tofa-DCs significantly limited the
expansion of Th1/Th17 cells. IFN-𝛾-producing Th1 cells have
been reported to be implicated in EAE induction, and recent
studies indicated that IL-17-producing Th17 cells may also
play a more important role in the development of EAE.
DifferentiatedTh17 cells secreted proinflammatory cytokines,
which activated macrophages destroying myelin and damag-
ing oligodendrocytes. Moreover, Th17 cells were capable of
inducing EAE independently of other T helper cell subsets
[30]. Interestingly, our data showed tofacitinib did not affect
IL-10 production of LPS-stimulated DCs, but MOG

35-55
pulsed-Tofa-DCs could polarize antigen-specific CD4+ T
cells towardCD25+Foxp3+T cells in vitro. It was possible that
Tofa-DCs secreted a low level of IL-12, which could down-
regulate induced Tregs (iTregs) differentiation in coculture
experiments [31]. Previous studies have investigated the
suppressive function of iTregs both in the EAE model and in
MS patients, and the adoptive transfer of Tregs to EAE mice
significantly reduced disease severity [18, 32]. Given that
MOG

35-55 pulsed-Tofa-DCs functionally impaired antigen-
specific T cell activation and differentiation, adoptive cell
therapy (ACT) may be a potent strategy to arrest the ongoing
autoimmune response in MS.

As expected, in mice with established EAE, treatment
withMOG

35-55 loaded Tofa-DCs led to a reduction in disease
severity and progression through modulation of Th17/Treg
balance. Histological analysis also showed that treatment
with Tofa-DCs pulsed by MOG

35-55 caused a dramatic
reduction of leukocyte infiltration in the spinal cord and less
extensive demyelination. Our data suggested that Tofa-DCs
played a therapeutic role in ameliorating disease progression
in the EAE mouse model by downregulating the Th1/Th17
population and upregulating the Treg population in vivo.
Surprisingly, <100 nM tofacitinib was indicated to promote
Th17 differentiation in vitro, and a low dose (15mg/kg body
weight) of tofacitinib would accelerate the onset of EAE [33].
In contrast, tofacitinib could effectively inhibit the generation
of inflammatoryTh17 cells stimulated by IL-1𝛽, IL-6, and IL-
23 [34]. Because of these contradictory results, we suggested
that the adoptive transfer of tofacitinib modified DCs for the
treatment of MS may be a better choice than the administra-
tion of tofacitinib directly. Moreover, Mansilla et al. reported
that cryopreservation did not affect typical characters of
tolerogenic dendritic cells, which made this field particularly
exciting [35]. Furthermore, the major barrier of tolDC-
mediated immunotherapy in autoimmune diseases was the

identification of autoantigen loaded onto the tolDCs [36].
Although the search for autoantigen in patients withmultiple
sclerosis has been ongoing for decades and several proteins
have been postulated to be potent autoantigens, such as 𝛼 B-
crystallin [37], anoctamin 2 [38], and KIR4.1 [39], the exact
target autoantigen of MS remains unclear. The breakthrough
in searching for specific autoantigens in patients withMS has
been an urgent need for clinical and preclinical translation of
tolDCs-based therapies.

5. Conclusions

Our data indicated thatDCsmodified by tofacitinib exhibited
a typical tolerogenic phenotype, and Tofa-DCs pulsed with
MOG

35-55 could effectively dampen the severity and progres-
sion of EAE. This suppression of EAE was associated with
remarkable decrease of Th1/Th17 cells and an increase in
Tregs. The potential therapeutic effects of antigen-specific
tolDCs have been confirmed in animal models of autoim-
mune diseases, and the encouraging results will certainly
facilitate the design of future immunotherapeutic trials in
patients with MS.
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There is accumulating evidence that immune dysregulation contributes to the pathophysiology of obsessive-compulsive disorder
(OCD), Tourette syndrome, and Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections
(PANDAS).Themechanistic details of this pathophysiology, however, remain unclear. Here we focus on one particular component
of the immune system: microglia, the brain’s resident immune cells. The role of microglia in neurodegenerative diseases has been
understood in terms of classic, inflammatory activation, which may be both a consequence and a cause of neuronal damage.
In OCD and Tourette syndrome, which are not characterized by frank neural degeneration, the potential role of microglial
dysregulation is much less clear. Here we review the evidence for a neuroinflammatory etiology and microglial dysregulation
in OCD, Tourette syndrome, and PANDAS. We also explore new hypotheses as to the potential contributions of microglial
abnormalities to pathophysiology, beyond neuroinflammation, including failures in neuroprotection, lack of support for neuronal
survival, and abnormalities in synaptic pruning. Recent advances in neuroimaging and animal model work are creating new
opportunities to elucidate these issues.

1. Introduction

Neuroimmune interactions are increasingly appreciated as
both an important regulator of normal brain development
and function and a potential contributor to the pathophysi-
ology of a range of neuropsychiatric illnesses. In particular,
there is accumulating evidence that immune dysregulation
can contribute to obsessive-compulsive disorder (OCD) and
Tourette syndrome, at least in a subset of cases [1, 2]. The
mechanistic details of this pathophysiology, however, remain
unclear.

OCD is characterized by unreasonable or excessive
thoughts and fears (obsessions) and/or repetitive behaviors
(compulsions) [3]. Tourette syndrome, which is frequently
comorbid with OCD, is characterized by tics: repetitive,
stereotyped, involuntary movements and vocalizations [4, 5].

Both OCD and Tourette syndrome are accompanied by
pathological changes in the corticobasal ganglia circuitry,
especially in the striatum [6, 7].

A role for dysregulated immune function is particularly
clear in the syndrome known as Pediatric Autoimmune
Neuropsychiatric Disorders Associated with Streptococcal
Infections, or PANDAS [8]. PANDAS is characterized by the
sudden onset of OCD and/or tic symptoms in childhood,
following a streptococcal infection [9, 10]. The symptoms
are usually dramatic and can include motor and vocal tics,
obsessions, and compulsions. It has been hypothesized that
PANDAS arises from the development of brain-reactive
autoantibodies after infection with Group A Streptococcus
[10].

Here we review the evidence for an immunological etiol-
ogy for OCD, Tourette syndrome, and related conditions. We
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focus on one particular component of the immune system:
microglia, the brain-resident immune cells. These enigmatic
cells have recently emerged as potential key players in the
pathophysiology of neuropsychiatric disorders [11].

1.1. New Insights into Microglia Function. Microglia are the
resident immune cells in the brain. Their activation in
neurological disease has classically been associated with
inflammation, neuronal damage, and neurodegeneration.
However, over the past decade, novel roles for microglia in
brain development, homeostasis, and plasticity have emerged
[12]. A groundbreaking study demonstrated that microglia
can engulf synapsis during normal postnatal development
in mice [13]. Synaptic pruning by microglia is necessary for
the formation of brain circuitry and normal connectivity
[14]. Disruption of neuron-microglia interactions, through
disruption of the fractalkine/fractalkine receptor signaling
pathway, results in a range of neural and behavioral abnor-
malities [15]. Microglia cells are also necessary for adult
neurogenesis [16] and provide support for neuronal survival
[17].

The role ofmicroglia in neurodegenerative conditions has
been very well studied. More recently, in keeping with our
growing understanding of their roles in modulation of nor-
mal brain function, research has focused on neuropsychiatric
conditions that are not characterized by frank neuronal death
[11].Microglial contributions to pathophysiology in these dis-
ordersmay be subtle andmay relate to their noninflammatory
functions. As new functions of microglia in normal brain
development and function are discovered, and disruption of
these functions in disease is characterized, new therapeutic
strategies will emerge.

1.2. Microglial Abnormalities in Animal Models of Repetitive
Behavioral Pathology. Anumber of animal models have been
described in recent years in which the primary behavioral
pathology is a maladaptive excess of repetitive behaviors,
most commonly grooming [18]. These have often been inter-
preted as modeling OCD [19–21], but repetitive grooming
has also been described in models of Tourette syndrome
[22], autism [23], Rett syndrome [24], trichotillomania, and
other conditions [18].We first review several models in which
the precise disease correlate is less firmly established but
the association between microglial abnormalities in the cor-
ticostriatal circuitry is particularly striking. Animal studies
with clearer etiopathogenic links to particular diseases are
reviewed subsequently, together with the relevant clinical
literature.

An early study reported that knockout of theHoxb8 gene
produces compulsive grooming, progressing to hair removal
and ultimately to skin lesions [19]. Hoxb8 expression in the
brain is restricted to microglia (identified in these experi-
ments by their expression of the cell-surfacemarker CD11b+).
Strikingly, abnormal behavior in Hoxb8 knockouts (KOs) is
rescued by transplantation of normal bone marrow, which
repopulates the brain with wild-type microglia. Conversely,
excessive grooming is produced by transplantation of bone
marrow from Hoxb8 KOmice into wild-type animals [25].

Interestingly, not all CD11b+ cells in the brain express
Hoxb8, which suggests that Hoxb8+ cells might be a sub-
population of microglia, constituting approximately 40% of
total microglial cells. However, the total number of microglia
cells in the brain of Hoxb8 mutant mice is reduced by only
15%. This finding raises two hypotheses. First, the Hoxb8+
subpopulation may be necessary for maintaining normal
brain function, and loss of these cells in the KO animals
may produce pathological grooming. Second, the population
of Hoxb8-negative microglia may expand in the knockout
animals, which may lead to functional abnormalities.

In progranulin deficient (Grn−/−) mice, microglial activa-
tion leads to both excessive grooming and neurodegeneration
[26]. This led to the suggestion that their repetitive behavior
could bemore related to classic inflammatorymicroglial acti-
vation and neuronal damage, rather than the loss of a neuro-
protective or neuromodulatory function. Excessive grooming
is associatedwith hyperexcitability of thalamocortical circuits
in these mice. Notably, autosomal dominant mutations in the
human GRN gene contribute to a common form of familial
frontotemporal lobar degeneration [27, 28]. No association
of GRN mutations with OCD, Tourette syndrome, or related
conditions has been described.

CD11b+ cells in the brain are all of monocyte lineage, but
they can be either resident brain microglia or peripherally
derived monocytes. Although both resident microglia and
peripherally derivedmonocytes express the CX3CR1 [29, 30],
only the latter express CCR2, providing a powerful marker
to discriminate between resident microglia and infiltrat-
ing monocyte in the brain. CX3CR1+ microglia are widely
distributed through the brain parenchyma, while CCR2+
monocytes are rarely seen in the healthy brain [29]. Inter-
estingly, microglia and monocytes play differential roles in
neurodegeneration and brain injury [31–33]. Distinguishing
between these two populations may therefore prove to be
quite important in understanding how microglial abnormal-
ities can lead to repetitive behavioral pathology.

In Hoxb8 KO mice, the fact that abnormal behavior is
rescued by transplanting in wild-type bone marrow [25]
indicates that Hoxb8+ cells derived from circulating mono-
cytes can enter the brain and have behavioral effects. This
is consistent with evidence indicating that Hoxb8 regulates
monocyte/macrophage differentiation from hematopoietic
precursors [34–36]. On the other hand, another recent paper
showed that mice lacking CX3CR1, which is expressed by
brain-resident microglia, show excessive grooming, along
with other behavioral abnormalities that were interpreted
as representing an autism-spectrum disorder-like phenotype
[15].

1.3. Microglia Activation in Tourette Syndrome. Considerable
evidence suggests that immune dysregulation may con-
tribute to the pathophysiology Tourette syndrome [37, 38].
Evidence of microglial abnormalities, specifically, is much
more limited. However, two recent studies, using different
methodologies, have suggested abnormalities in microglial
activation in patients with Tourette syndrome. Both studies
focused on the basal ganglia.
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In a recent postmortem analysis of brains from Tourette
syndrome cases, Lennington et al. [39] described increased
number of CD45+ microglial cells in the striatum. These
cells had morphological changes consistent with neuro-
toxic activation, concomitant with enriched expression of
inflammatory genes [39, 40]. Importantly, the brain samples
were obtained from refractory adult patients; no comparable
postmortem data exist for more typical pediatric and/or
fluctuating disease.

A second recent study used in vivo positron emission
tomography (PET) imaging with (11)C-[R]-PK11195 (PK),
a ligand that binds to the transporter protein (TSPO),
which is expressed by activated microglia. Increased PK
binding, indicative of inflammatory microglial activation,
was observed in the caudate nuclei bilaterally in children
with Tourette syndrome [41]. An important caveat is that
children with Tourette syndrome were compared to adult
healthy controls (mean age 11.4 years versus mean age 28.7
years). Nevertheless, as the first study to image microglial
activation in vivo in Tourette syndrome, this is an important
advance.

Work in animal models of tic disorders may help to
elucidate the role of microglia in their pathophysiology. Until
recently, there have been no animal models of Tourette
syndromewith clear links to its etiopathophysiology inwhich
to do such work [42]. Fortunately, this situation is changing.

Tourette syndrome, like most neuropsychiatric condi-
tions, is substantially genetic. Recent work has identified a
hypomorphic mutation in L-histidine decarboxylase (Hdc),
which encodes the rate-limiting enzyme in the biosynthesis
of histamine, as a rare but high-penetrance genetic cause of
Tourette syndrome [43]. Knockout of the Hdc gene, which
recapitulates this molecular abnormality, thus produces an
animal model with strong etiologic validity. These mice
exhibit behavioral and neurochemical abnormalities seen
in patients with Tourette syndrome, further confirming the
validity of the model [44, 45].

We have recently described intriguing abnormalities in
microglia activation in this model. We found that microglia
cells are not activated in basal conditions in the striatum
in Hdc-KO mice; rather, microglia from this mice exhibit
reduced arborization and normal expression of inflammatory
markers [46]. A similar effect is seen when neuronally
derived histamine is specifically disrupted, through targeted
virus-mediated ablation of histaminergic neurons in the
posterior hypothalamus [46]. The total number of microglia
is unchanged in KO animals, but the number of microglia
expressing Insulin-like Growth Factor 1 (IGF-1) is reduced.
IGF-1 expressing microglia are necessary for neuronal sur-
vival and promote neurogenesis in nonpathological condi-
tions [16, 17]; a specific reduction of these cells suggests
impairment in these functions.

Inflammatory challenge with bacterial lipopolysaccha-
ride (LPS) dramatically changed this pattern: microglia
activation in the striatum was enhanced in Hdc-KO mice,
compared with wild-type controls. This was accompanied
by enhanced induction of the proinflammatory cytokines
IL-1𝛽 and TNF-𝛼. Taken together, these findings suggest

that in this mouse model of Tourette syndrome there is a
deficit in microglia-mediated neuroprotection, accompanied
by overreactivity to environmental challenge. Such complex
mechanisms cannot be appreciated in human studies and
reinforce the importance of work in animal models to clarify
the mechanisms of microglial dysregulation in neuropsychi-
atric disease.

The normal number of microglia in the Hdc-KO model
and their reduced arborization at baseline [46] contrast with
themore numerous and activatedmicroglia seen postmortem
[39]. It is possible that the activation of microglia observed in
patients with Tourette syndrome emerges only after challenge
by environmental factors, such as infection, or over the course
of aging. Our studies in mice [44, 46] are performed in a
pathogen-free environment, in young adult mice. After LPS
challenge, microglia activation in the animal model much
more closely resembles that seen postmortem in humans.
Regardless of this consideration, all the studies point to
activation of microglia in the basal ganglia in Tourette
syndrome [39, 41, 46], irrespective of the complexity of the
underlying mechanisms.

1.4. Microglial Abnormalities in Obsessive-Compulsive Dis-
order. OCD is highly comorbid with Tourette syndrome.
Some evidence suggests an immunological contribution to
its pathogenesis [47]. In aggregate, however, this evidence is
much weaker than in the case of Tourette syndrome, except
in the case of PANDAS, to which we return below. More
particularly, the role of microglia cells in OCD has not been
clearly elucidated. The Hoxb8 knockout mouse, described
above [19, 25], has been described as a mouse model of
OCD and may thus implicate microglial dysregulation in the
disorder; however, clear clinical data linking abnormalities
in the Hoxb8 gene, or the consequences of its disruption,
to OCD has yet to emerge. To date, there are no imaging
or postmortem studies describing microglia abnormalities in
patients with OCD.

1.5. Microglia in PANDAS/PANS. Obsessive-compulsive dis-
order (OCD) and Tourette syndrome often strike in child-
hood. In a subset of cases, acute onset temporally coin-
cides with a bout of infectious disease, particularly with
Streptococcus; this clinical syndrome is known as PANDAS,
or more generally Pediatric Acute-onset Neuropsychiatric
Syndrome (PANS). By analogy with the better-understood
pathophysiology of rheumatic fever and Sydenham’s chorea,
OCD and Tourette syndrome symptoms in these cases
have been hypothesized to arise from the development
of autoantibodies that cross-react with proteins normally
expressed in the brain; thismechanism is known asmolecular
mimicry. While many details of PANDAS as a clinical entity
remain unclear, and some are controversial, the association
of immune dysregulation with OCD and Tourette syndrome
symptoms in this subset of pediatric patients is increasingly
clear [10].

The TSPO/PK PET imaging study of microglial activa-
tion described above examined both noninfectious Tourette
syndrome and PANDAS [41]. Children with PANDAS had
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increased PK binding in the striatum with respect to adult
healthy controls; this corresponds with increased striatal vol-
umes previously described during acute illness in PANDAS
patients [48, 49]. Inflammation was higher andmore broadly
spread through the bilateral caudate and lentiform nucleus in
PANDAS than in non-PANDAS Tourette syndrome. Impor-
tantly, this comparison with age-matched patients avoids the
interpretive difficulties created by comparison to an adult
healthy control group; the observed differences support the
notion that PANDAS is etiologically distinct from non-
PANDAS Tourette syndrome.

A recent study in mice examined the effects of intranasal
Group A streptococcal (GAS) infection and may begin to
shed light on the role of microglia in PANDAS. Repeated
intranasal GAS inoculations result in increasing the number
of CD68+/Iba1+ activatedmicroglia in the glomerular layer of
the olfactory bulb [50]. Abnormal synaptic pruning, probably
mediated by microglia, was also observed (see below). The
majority of activatedmicroglia were found in close proximity
to CD4+ T cells, suggesting that GAS antigens could be
presented toTh17 cells by local microglia.

2. Possible Mechanisms

The role of microglia in neurodegenerative diseases has
been understood in terms of classic, inflammatory activation,
which may be both a consequence and a cause of neuronal
damage. In OCD and Tourette syndrome, which are not
characterized by frank neural degeneration, the nature of any
contribution of microglial dysregulation to pathophysiology
is much less clear. We explore a few possible mechanisms
here.

2.1. Neuroprotection versus Neurodegeneration. It is increas-
ingly clear that microglia function in both neuroprotec-
tion and neurodegeneration. We have described complex
abnormalities of microglia in a mouse model of Tourette
syndrome [46]. Naı̈ve Hdc-KO mice display morphological
abnormalities in striatal microglia that suggest quiescence,
normal expression of inflammatory markers, but a reduced
number of IGF-1 expressing microglia.

IGF-1 expression by microglia is induced by TH2 cyto-
kines such as IL-4, which induce a neuroprotective pheno-
type, at least in organotypic hippocampal cultures [51]. In
vivo, IGF-1 expressing microglia support cortical neurons
during development and promote neurogenesis in the adult-
hood [16, 17, 52]. IGF-1 positive microglia protect the brain
in neurodegenerative conditions [53, 54]. Thus, deficiency of
IGF-1+ microglia in this animal model of Tourette syndrome
might lead to impaired neuroprotection and, consequently,
to enhanced susceptibility to neuroinflammation after an
environmental challenge (Figure 1). Consistent with this,
LPS challenge triggers an exaggerated response in Hdc-KO
mice, both at the level of morphological activation and the
production of the inflammatory cytokine IL-1𝛽 (Figure 1).

More generally, these results suggest that, in some
neuropsychiatric disorders in which no marked neurode-
generation occurs, microglial dysregulation may constitute

a failure of neuroprotective functions, which may create a
vulnerability to neuroinflammation. This mechanism may
explain observations in other animal studies, in which loss of
microglia-specific genes triggers abnormal grooming behav-
ior [15, 25]. For example, CX3CR1 is a key molecule for
neuron-glia communication and has a role in neuroprotec-
tion [55–57], which supports the interpretation that knocking
it out disrupts neuroprotective or regulatory functions of
microglia (Figure 1).

2.2. Microglia and Neuronal Loss in Tourette Syndrome. In
postmortem Tourette’s samples, loss of certain types of
interneurons has been reported in the basal ganglia [39, 58,
59]. We have found reduced IGF-1 expressing microglia in
the striatum in the Hdc-KO model of Tourette syndrome
pathophysiology [46]. These IGF-1+ microglial cells are
required for neuronal support during postnatal development,
at least in the cortex [16, 17, 52]. Although these phenomena
have not been linked, it is plausible that impaired IGF-1+
microglial function in the maintenance of striatal neurons
might be causative of neuronal loss observed in Tourette
syndrome (Figure 2). Hdc-KO mice have not been reported
to develop spontaneous reduction of striatal interneurons;
however, this might happen in aging mice or young mice
subjected to immune challenge. In fact, Hdc-KO microglia
are more susceptible to LPS-induced activation than wild-
type microglia [46]. Further research is necessary to address
this hypothesis.

2.3. Synaptic Pruning by Microglia. Recent studies have
described a key role for microglia in synaptic pruning during
development, with long lasting consequences in adulthood
[13, 14]. CX3CR1 knockout mice exhibit deficient synap-
tic pruning, excessive grooming, and social deficits [15].
Whether this function is altered in OCD, Tourette syndrome,
or PANDAS remains unclear. Progranulin KO mice, on
the other hand, have abnormal microglial activation and
increased synaptic pruning, which results in elimination of
inhibitory synapses in the ventral thalamus (Figure 2), hyper-
excitability in the thalamocortical circuits, and repetitive
behavioral pathology.

As mentioned above, there is limited but promising
evidence from animal studies that synaptic pruning might
be altered in PANDAS. Using an animal model of intranasal
GAS infection, Dileepan and coworkers observed microglial
activation and loss of vGluT2, amarker of excitatory synapses
[50]. Levels of the inhibitory marker GAD67 were normal.
These results raise the possibility that synaptic pruning
of excitatory connections may be increased in PANDAS
(Figure 2).

Microglia are highly dynamic [60]. Their contact instan-
ces with neuronal synapses are reduced in frequency by
reductions in neuronal activity [61, 62]. In the aging retina, for
example, microglia become less dynamic and consequently
morphologically less ramified. This may lead to impairments
in their surveillance ability [63, 64]. In the Hdc-KO mouse,
striatal microglia present similar morphological abnormal-
ities [46]. It is possible that microglial abnormalities in
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Figure 1: Gene X environment interaction in the pathophysiology of abnormal repetitive behaviors. Under normal conditions, IGF-1
expressing microglia provide neuroprotection, communicating with neurons via the CX3CL1/CX3CR1 signaling pathway. Failure of these
interactions may lead to impaired neuroprotective support. In this context, in the face of an environmental stimulus, like an immunological
challenge, dysregulated inflammatorymicroglial activationmay lead to the induction of inflammatory cytokines such as IL-1𝛽 and to neuronal
damage.
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Figure 2: Possible mechanisms of abnormal microglial functions in OCD, Tourette syndrome, and PANDAS. Microglial cells support
neuronal survival, and deficiencies in IGF-1 expressing microglia might lead to interneuronal loss (as observed in Tourette syndrome) or
to abnormalities in synaptic pruning (as seen in animal models of GAS infection and excessive grooming). Microglial dysregulation may also
lead to alterations in glutamate homeostasis, a phenomenon that occurs in OCD.

this animal model lead to alterations of synaptic pruning.
Preliminary results suggest that Hdc-KO animals may have
CX3CR1 deficiencies (Frick et al., unpublished), which could
be associated with abnormal synaptic pruning [15]. CX3CR1

deficiency produces altered microglial morphology, similar
to what is seen in Hdc-KO mice [65]. Investigation of
synaptic pruning in Hdc-KO mice, and other mouse models
of Tourette syndrome, is warranted.
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2.4. Glutamate, OCD, and Microglia. Increasing evidence
suggests a pathophysiologically important dysregulation of
glutamatergic signaling in patients with OCD [66]. Interac-
tions between glutamate dysregulation andmicroglial abnor-
malities have not been investigated in this context. Such inter-
actions have, however, been described in Rett syndrome, an
autism-spectrum disorder characterized by mutation of the
methyl-CpG-binding protein-2 gene (MECP2). MECP-null
microglia release dramatically higher levels of glutamate, and
microglia-derived glutamate has neurotoxic effects on den-
drites and synapses [67]. It is plausible that microglia-derived
glutamate might similarly contribute to the pathophysiology
of OCD (Figure 2). Whether microglial abnormalities in
OCD and Tourette syndrome, or in any of the animal models
described above, are associated with glutamate dysregulation
is an important area for future study.

3. Conclusions and Future Directions

While evidence for microglial dysregulation in OCD, Tour-
ette syndrome, and PANDAS is growing, much remains
unclear. The case for microglial dysregulation is strongest
in the case of Tourette syndrome; recent postmortem and
PET imaging studies have produced convergent evidence for
increased microglial activation in the striatum in patients
[40–42].This is complemented by our studies in theHdc-KO
mouse model of Tourette syndrome [47]. We have proposed
that these mice capture a pathophysiologically important
gene X environment interaction, in which deficiency in
microglia-mediated neuroprotection produces a susceptibil-
ity to inflammatory changes upon environmental challenge.
This hypothesis needs to be explored in other well-validated
models and in clinical contexts to test its generality.

Mechanisms by which microglial abnormalities con-
tribute to disease are likely to be shared across distinct
etiologies and traditional diagnoses. For instance, abnormal
synaptic pruning was observed both in animals inoculated
with GAS (which may capture key elements of the patho-
physiology of PANDAS) and in mice that develop excessive
grooming after inactivation of the progranulin gene. In both
cases, increased synaptic pruning cooccurs with microglia
activation. In CX3CR1 knockout mice, deficient synaptic
pruning accompanies alterations in neuron-microglial com-
munication. This is accompanied by social deficits, which
has been interpreted as an autism-like phenotype. Results
from these models must be interpreted cautiously, as neither
progranulin nor CX3CR1 has been clearly associated with any
of these conditions in humans. Abnormal synaptic pruning
bymicroglia in themore pathophysiologically groundedHdc-
KO model of Tourette syndrome is warranted.

These studies in animal models are intriguing and
allow detailed mechanistic analysis, but their relevance
for the understanding of clinical disease remains to be
firmly established. Information about microglial abnormal-
ities in patients with OCD, Tourette syndrome, and PANDAS
remains very limited. This is a recently opened frontier in
our understanding of the pathophysiology of these disorders.

It is, however, one of great promise, which may lead to the
identification of novel therapeutic targets.
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Objective. To evaluate the expression of inflammatory markers in experimental renal failure after fetal programming.Methods.The
offspring aged two and fivemonths were divided into four groups: CC (control dams, control offspring); DC (diabetic dams, control
offspring); CFA (control dams, folic acid offspring, 250mg/Kg); and DFA (diabetic dams, folic acid offspring). Gene expression of
inflammatory markers MCP-1, IL-1, NOS3, TGF-𝛽, TNF-𝛼, and VEGF was evaluated by RT-PCR. Results.MCP-1 was increased in
the CFA and DFA groups at two and five months of age, as well as in DC5 when compared to CC5.There was a higher expression of
IL-1 in the CFA2, DFA2, andDC2 groups.There was a decrease in NOS3 and an increase in TNF-𝛼 in DFA5 in relation to CFA5.The
gene expression of TGF-𝛽 increased in cases that had received folic acid at two and five months, and VEGF decreased in the CFA5
and DFA5 groups. DC5 showed increased VEGF expression in comparison with CC5. Conclusions. Gestational diabetes mellitus
and folic acid both change the expression of inflammatory markers, thus demonstrating that the exposure to harmful agents in
adulthood has a more severe impact in cases which underwent fetal reprogramming.

1. Introduction

The theory of fetal origins of adult disease (FOAD) proposed
by Barker et al. (1986) claims that physiological changes dur-
ing intrauterine development would promote the restriction
of development, as well as ultrastructural and physiological
changes that would predispose to the early development of
cardiovascular and metabolic diseases in adulthood [1–3].

In a model of diabetes in pregnancy, it was demonstrated
that hyperglycemia promotes oxidative stress in the offspring,
hence affecting the balance between oxidant and antioxidant
factors [4], an increase in inflammatory markers, and a
reduction in the number of glomeruli with aging [5].

The Streptozotocin (STZ) may cause mild or severe
diabetesmellitus (DM) in the dam and lead to different effects
in rat offspring [6]. Early blood pressure, deficit in glomerular
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Figure 1: Steps of the experiment.

filtration and in renal plasma flow, and also glomerular
hypertrophy were observed as the offspring aged [5].

Acute renal failure (ARF) is a kidney disorder which may
result from reduced renal perfusion with no cell injury; from
ischemic, toxic, or obstructive injury of the renal tubules;
from tubulointerstitial inflammation and swelling; or from
reduced glomerular filtration rate associated with primary
glomerular diseases [7].

The literature shows the relationship between patholog-
ical changes in adulthood and changes during intrauterine
development, particularly DM. Thus, it is believed that renal
injuries in a fetal programming model are caused by per-
sistent renal inflammatory response due to an injury during
intrauterine life [8].

Some authors demonstrated that gestational diabetes
mellitus may lead to modifications in the placental tran-
scriptome characterized by dominance of genes that regulate
inflammatory responses [9]. Cytokines play a crucial role
in the establishment of inflammatory response and the
systemic inflammation is associated with the development of
endothelial dysfunction and hypertension which may result
in progression of chronic disease [10]. As inflammatory
markers may predict later metabolic [11, 12] and vascular [13]
disease, it is extremely important to measure inflammatory
markers in a fetal programming model.

Therefore, based on the change of the current profile of
patients with ARF and on the association of this entity with
several chronic diseases, the aim of this study was to evaluate
the progression of folic acid-induced ARF in a fetal pro-
grammingmodel through the expression of proinflammatory
markers.

This study aimed to demonstrate the influence of fetal
programming on the development of ARF, as well as the
prognostic evolution of individuals that develop the disease.

2. Methods

This study was submitted to the Ethics Committee on Animal
Use of the Federal University of Triângulo Mineiro and
approved under protocol number 168.

Male and female Wistar rats, with initial weight ranging
from 250 to 330 g, were maintained on a 12 h light-dark cycle
at a constant temperature (25∘C).

2.1. Diabetes-Induction Model. DM was induced by STZ at a
dose of 50mg/Kg after twelve hours of fasting; it was admin-
istered intraperitoneally at a single dose into female rats
weighing 250–330 g. Control animals received the same dose
of vehicle (0.1M Citrate Buffer, pH 4.5). The diabetic state
was confirmed after 48 hours by blood glucosemeasurement.
Only animalswith blood glucose levels above 250mg/dLwere
considered dams (Figure 1).

2.2. Mating. After the induction of diabetes, the estrous cycle
of each rat was determined according to criteria established
in the literature [14]. After a regular cycle, the diabetic
rats were mated at a ratio of one male to one female, and
then a pregnancy test was performed through microscopic
examination of vaginal secretions. The period between the
establishment of the diabetic state andmating lasted 3–7 days.
Females that had spent a period of over seven days and/or two
regular cycles with a male but that did not get pregnant were
considered infertile and discarded in this study (Figure 1).

2.3. Selection of Animals. Approximately 21 days after birth,
all the offspring from each dam were kept in lactation. In this
stage, the pups stayed with the mother in a single cage. From
the 28th day of life, the male rats were separated from their
mothers and placed in collective cages. Male animals at two
and five months of age were studied, comprising a total of 36
young males (Figure 1).

2.4. Development of ARF. The following experiments were
performed when the animals reached the age of two and five
months: the folic acid group received a single intraperitoneal
injection of folic acid (Sigma, St. Louis, MO) at a dose of
250mg/kg in vehicle (0.2mL of 300mM NaHCO3); and the
same volume of vehicle was administered to control animals
(Figures 1 and 2).
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(a) (b)

(c) (d)

Figure 2: Development of acute renal failure. (a) Normal kidney of offspring who received vehicle; (b) kidney of offspring who received a
single intraperitoneal injection of folic acid, characterized by a yellowish color and increased size; (c) normal kidney of offspring who received
vehicle; (d) kidney of offspring who received a single intraperitoneal injection of folic acid, which present inside the tubules a granular and
yellowish material compatible with folic acid.

2.5. Groups. The animals were divided into four groups, as
follows: (1) CC: control dam and control offspring; (2) CFA:
control dam and folic acid offspring; (3) DC: diabetic dam
and control offspring; and (4) DFA: diabetic dam and folic
acid offspring.

2.6. Euthanasia. Euthanasia was performed 36 hours after
administration of folic acid. The animals were anaesthetized
with a single injection of Ketamine (60mg/kg IM) and
Xylazine (5mg/Kg IM), followed by exsanguination.

2.7. Collection of Sections. Both kidneys of each animal were
collected, weighed, and photographed, and then the renal
capsule was sectioned and removed. The right kidney was
used for histological analysis and the left kidney was used
for molecular biology analysis of gene transcripts. Half of the
left kidney was divided into sections of approximately 50mg,
placed in a 1.5mL polystyrene tube (Eppendorf�, Hamburg,
Germany), and immediately frozen in liquid nitrogen and
transferred to a freezer at –80∘C; the other half was fixed in
Karnovsky’s fixative for electron microscopy and in isopen-
tane for further analysis.

2.8. Real-Time Polymerase Chain Reaction (RT-PCR). Gene
expression of monocyte chemoattractant protein-1 (MCP-1),
interleukin-1 (IL-1), NOS3, transforming growth factor-𝛽

(TGF-𝛽), tumor necrosis factor-𝛼 (TNF-𝛼), and vascu-
lar endothelial growth factor (VEGF) was measured by
using TaqMan� amplification system (Applied Biosystems�,
Branchburg, New Jersey, USA), consisting of a commer-
cial reagent mixture (TaqMan Universal PCR Master Mix,
Applied Biosystems) and of specific custom primers and
probes (Assay-on-Demand� 20x, Applied Biosystems). The
reactions using TaqMan system consisted of the following
volumes: Mix TaqMan (5 𝜇L), primer/probe (0.5 𝜇L), cDNA
(1 𝜇L), and sterile water q.s. 10 𝜇L.

2.8.1. Ribonucleic Acid (RNA) Extraction. (1) Less than
100mg of renal tissue was triturated in 1mL of Trizol� (Invit-
rogen�, Carlsbad, California, USA) using a Polytron PT 1200
CL� homogenizer (Kinematica AG�, Littau, Switzerland); (2)
the homogenate was incubated for five minutes at room tem-
perature, and 200𝜇L of chloroform p.a. was added (Merck�,
Darmstadt, Germany); (3) the homogenate was incubated
for three minutes and centrifuged at 12,000×g at 4∘C for 15
minutes; themixture formed three distinct phases: an organic
phase containing proteins, a white interphase (DNA precip-
itate), and a colorless aqueous phase containing total RNA;
(4) the aqueous phase was transferred to a new tube, to which
500𝜇L isopropanol p.a. (Merck) was added, thus promoting
the precipitation of RNA; (5) the samplewas incubated for ten
minutes and then centrifuged for 10minutes.The precipitated
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RNA formed a substance of gelatinous consistency; the
supernatant was removed and 1mL of 75% p.a. ethanol
solution (Merck) was added to remove the salts from the
Trizol reagent and then homogenized in a vortex mixer; (6)
this solution was centrifuged at 10,500×g in a refrigerated
centrifuge for five minutes; (7) the supernatant was removed,
and the centrifuged solution was dried for ten minutes and
was then rediluted in 50 𝜇L of RNase/DNase-free water; (8)
the RNA was stored in a freezer at –80∘C.

2.8.2. Synthesis of Complementary Deoxyribonucleic Acid
(cDNA). It was synthesized from 2 𝜇g of total RNA pre-
viously treated with DNase (RQ1 RNAse-free DNase)
(Promega�, Madison, USA). The following were added to
the treated RNA: 0.2 𝜇g of Oligo(dT)12-18 (GE Healthcare�,
Buckinghamshire, UK), 20 ng of BSA (Bovine Serum Albu-
min), 0.1 𝜇mol of dNTPs (Promega), and 400U of M-
MLV reverse transcriptase enzyme (Promega). This mixture
(50mL) was incubated at 37∘C for one hour for reverse
transcription reactions. All samples were run in triplicate
containing a final reaction volume of 10 𝜇L, as follows: 5 𝜇L
of TaqMan Universal PCR Master Mix; 1 𝜇L of cDNA from
each sample; 0,5 𝜇L of primer and probe mix; and, in the
end, ultrapure water q.s. 10 𝜇L. The reaction was performed
in a 7500 Real-Time PCR System� thermal cycler (Applied
Biosystems, Singapore). Amplification conditions for the
TaqMan system are standardized and universal for any ampli-
fied PCR product. A comparative analysis of the cycle thresh-
olds (CT) was used in order to determine the gene expres-
sion of MCP-1 (Rn00580555 m1), IL-1 (Rn00580432 m1),
NOS3 (Rn02132634 s1), TGF-𝛽 (Rn00572010 m1), TNF-𝛼
(Rn99999017 m1), and VEGF (Rn01511601 m1). For each
sample, the CT values of the target genes were normalized by
their respective control gene, and the value used to demon-
strate the relative expression of target genes was determined
using the 2−ΔΔCT expression.Thus, relativemRNA levels were
expressed as a difference of “𝑛” times regarding a control sam-
ple; in this study, the same samplewas always used at baseline.

2.9. Statistical Analysis. Normality was assessed using the
Kolmogorov-Smirnov test. For analysis between groups, One
WayANOVA (𝐹) followed by Tukey test was used.The results
were expressed as mean ± standard deviation (𝑋 ± SD).
Values of 𝑝 < 0.05 were considered statistically significant.

3. Results

RT-PCR analysis showed an increase in gene expression for
MCP-1 in the groups that had received folic acid (CFA2 and
DFA2) in comparison with their respective control groups.
The CFA2 group presented MCP-1 significantly higher than
the groups CC2 and DC2 (Figure 3(a)). MCP-1 expression
was similar in animals aged fivemonths that had been treated
with folic acid. This expression was higher in DC5 cases than
inCC5 cases, however, without significant difference between
groups (Figure 4(a)).

There was a higher gene expression for IL-1 in CFA2,
DFA2, and DC2 cases in relation to CC2 cases, however,
without significant difference between groups (Figure 3(b)).

Regarding the animals aged five months, IL-1 expression was
similar among the four groups analyzed (Figure 4(b)).

Gene expression for NOS3 showed no significant dif-
ference in expression between the groups (Figures 3(c) and
4(c)). On the other hand, NOS3 was found to be reduced in
the DFA5 group in comparison with the CFA5 group, despite
the absence of a significant difference (Figure 4(c)).

Nonetheless, a significant increase in gene expression of
TGF-𝛽 was observed between the groups that had received
folic acid (CFA2 and DFA2) when compared to their respec-
tive control groups.TheCFA2 group presented TGF-𝛽 signif-
icantly higher than DC2 group (Figure 3(d)). There was no
significant difference in the expression of TGF-𝛽 between the
groups analyzed at five months. Nevertheless, DC5 cases and
the offspring of control and diabetic dams that had received
folic acid had a higher expression of TGF-𝛽 than CC5 cases
(Figure 4(d)).

The gene expression of TNF-𝛼 was increased in the cases
that had received folic acid (CFA2 and DFA2) compared to
their respective control groups, despite no significant differ-
ence (Figure 3(e)). There was also no significant difference in
TNF-𝛼 expression between the cases analyzed at the age of
five months, even though a higher expression was observed
in the DFA5 group in comparison with the DC5 and CFA5
groups. The DC5 group had higher expression than the
control group (Figure 4(e)).

On the other hand, the gene expression of VEGF was
reduced in the CFA2 and DFA2 groups in relation to their
respective control groups, however, without significant differ-
ence between groups (Figure 3(f)). Furthermore, there was a
significant reduction of VEGF in the groups that had received
folic acid (CFA5 and DFA5).TheDC5 group showed a higher
expression of VEGF than the CC5 group, despite no signifi-
cant difference (Figure 4(f)).

4. Discussion

In this study, folic acid increased the expression of MCP-
1 in the control offspring and in the diabetic offspring only
in two-month group. In different experimental models, folic
acid induces acute renal failure by tubular injury, which
is characterized by apoptosis, proliferation of tubular cells,
inflammatory infiltrate, mild fibrosis, podocyte edema, thin-
ning of pedicel membrane associated with the presence of
vesicles, reduced brush border, and tubular hypertrophy and
obstruction [15] due to the deposition of folic acid crystals.
Therefore,MCP-1 seems to behave as an important biomarker
of renal injury in the evaluated groups.

These changes, associated with hyperglycemia, are
responsible for the increase inMCP-1. An experimental study
on the offspring of diabetic rats correlated the expression of
this proinflammatory cytokine with the chronic activation of
the innate immune system in response to the increased
insulin resistance [16]. Moreover, because of fetal program-
ming, it is believed that the dysfunction of fetal pancreatic
𝛽 cells caused by gestational DM results in permanent meta-
bolic disturbance in postnatal and adult life [16, 17], severe
insulin resistance [5, 16], a reduction in the number of
nephrons and glomeruli, and impaired glomerular filtration
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Figure 3: mRNA gene expression of MCP-1, IL-1, NOS3, TGF-𝛽, TNF-𝛼, and VEGF in the kidney of control offspring and diabetic offspring
with or without folic acid, aged twomonths. (a)The gene expression ofMCP-1 was increased in the CFA2 group; (b and c) the gene expression
of IL-1 and NOS3 showed no significant difference between the study groups; (d) the gene expression of TGF-𝛽 was decreased in the DC2
group; (e and f) the gene expression of TNF-𝛼 and VEGF showed no significant difference between the groups. ∗Significant differences.
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Figure 4: mRNA gene expression of MCP-1, IL-1, NOS3, TGF-𝛽, TNF-𝛼, and VEGF in the kidney of control offspring and diabetic offspring
with or without folic acid, aged five months. (a, b, c, d, and e) The gene expression of MCP-1, IL-1, NOS3, TGF-𝛽, and TNF-𝛼 showed no
significant difference between the study groups; (f) the gene expression of VEGF was decreased in the CFA5 and DFA5 groups. ∗Significant
differences.
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rate [5]. Therefore, these data may explain the higher
expression of MCP-1 in DC5 cases compared to the CC5
cases.

The expression of IL-1 was higher in the two-month
groups, CFA2, DFA2, and DC2. IL-1 is a cytokine involved in
different inflammatory diseases. This cytokine may mediate
acute forms of renal injury, as well as being involved in the
development of chronic kidney disease [18]. Thus, it can be
inferred that the injuries caused by folic acid [15] and by fetal
reprogramming [16] increase the expression of IL-1 in the
two-month-old offspring.

An experimental study showed that intrauterine hyper-
glycemia causes the reduction of pancreatic islets, as well as
a significant increase in glucose intolerance in the diabetic
offspring from the 16th week of development [3]. These
changes are correlated to the action of reactive oxygen species
on pancreatic𝛽 cells, which activate the transmembrane Toll-
like receptors responsible for the synthesis of IL-1 and of other
cytokines in response to the cytotoxic effect [19]. Accordingly,
fetal programming may led to a higher expression of IL-1 in
DC progeny than in CC progeny, as we observed in the two-
month-old offspring.

Comparing the two groups that suffered renal injury by
folic acid, a decreased NOS3 in cases which suffered fetal
reprogramming only in five-month groups was observed.
NOS3 is expressed in the vascular endothelium of the afferent
and efferent arterioles in the kidney [20]. However, in cases
of renal injury, there is a severe uncoupling of NOS3 via
the NADPH oxidase enzyme system and it is responsible for
endothelial ROS production [21].Thus, it can be inferred that
oxidative stress interferes with its synthesis and activity. DM
compromises the activity of phosphatidylinositol 3-kinase
and the activation of protein kinase B, which is responsible for
phosphorylation and activation of NOS3. Interference in this
pathway inhibits the oxidation of L-arginine to NO as well
as the stability of NOS3 mRNA [20]. The reduced expression
of DFA5 compared to CFA5 also indicates a greater impact
of folic acid injury on the diabetic progeny, and it shows
that fetal reprogramming interferes with the development of
changes.

Gene expression of TGF-𝛽 was higher in the CFA2 and
DFA2 groups. This data is in accordance with the literature,
since folic acid is associated with mitochondrial dysfunction
in renal failure. An experimental study showed that TGF-𝛽
levels increase up to four times six days after induction of
renal injury [22].

Therefore, the higher mRNA synthesis of this cytokine in
podocytes contributes to mesangial matrix expansion, GBM
thickening, and proliferation, hypertrophy, and apoptosis
[23–25] of podocytes and proximal tubular cells. Thus,
these findings seem to explain the higher expression of this
cytokine in the CFA2 and DFA2 groups.

TGF-𝛽 gene expression also showed the influence of age
on the analyzed progeny, since the DC5 group was older. The
hyperglycemic state promotes glycation of proteins, diacyl-
glycerol synthesis, and activation of protein kinase C that
favor its expression [23, 26]. Hence, these results confirm the
interference of fetal programming in the analyzed progeny.

Moreover, the higher expression in the DC5 group compared
to CC5 group indicates a more evident late renal failure.

TNF-𝛼 expressionwas higher in both theCFA2 andDFA2
groups and also in the DFA5 group when compared to the
DC5 and CFA5 groups. Studies have showed that the levels of
this inflammatory cytokine are increased by 25 times in the
renal tissue of rats 48 hours after administration of folic acid,
which was associated not only with a higher prevalence of
epithelial apoptosis and necrosis [27, 28], but also with glom-
erular hypercellularity and mesangial expansion [29].

The literature shows that the development of maternal
insulin resistance appears to be responsible for the increase
in TNF-𝛼 levels from the first stage of prenatal development
to the 28th week [30]. The increased expression of TNF-𝛼 in
DFA5 cases in relation to CFA5 cases also indicates a greater
impact of folic acid injury in diabetic offspring, hence indicat-
ing that fetal reprogramming interferes with the progressive
changes that appear in late adulthood.

VEGF gene expression was lower in both the CFA2 and
DFA2 groups, as well as in the CFA5 and DFA5 groups.
Folic acid appears to interfere with VEGF expression, since
there is a reduction in the expression of this growth factor 14
days after administration. The progression of nephrotoxicity
is believed to be responsible for both attenuating receptor
expression and for interfering with VEGF synthesis, which
occurs via intracellular signaling pathways [31].

On the other hand, gene expression increased in the
DC5 group. In DM, renal hypoxia promotes VEGF synthesis
via the accumulation of hypoxia-inducible factor. Similarly,
hyperglycemia caused by activation of extracellular signal-
regulated kinase in podocytes and by advanced glycation end
products (AGEs) [32] is responsible for the expression of this
factor.

DM causes early ultrastructural changes, such as mesan-
gial and endothelial cell proliferation, GBM thickening, and
erasure of pedicels [33], as well as late ultrastructural changes,
such as apoptosis of renal cells through increased expression
of proapoptotic proteins Bim and Bax, and consequent
increase in the activation of caspase-3 [34]. Therefore, the
progression of this disease may have promoted gene expres-
sion of VEGF in diabetic offspring aged two and five months
in this study.

Studies on fetal reprogramming in humans are scarce due
to the difficulty of selecting adults who have suffered some
type of aggression during their fetal development, whichmay
be confirmed through maternal medical records and, there-
fore, be able to assess the late consequences of these aggres-
sions. In the literature are found some longitudinal [35] and
cohort studies [36] on human fetal reprogramming. There
are also some studies with Holocaust survivors born during
WorldWar II proving the late effects of nutritional deficiency
during fetal development on adults and their offspring due
to maternal malnutrition and hunger. The results of these
studies indicate that these individuals were more likely to
present dyslipidemia, hypertension, vascular disease, dia-
betes mellitus, metabolic syndrome, and premature osteope-
nia/osteoporosis [37–39].

However, acquiring human samples of biopsies and asso-
ciating the data with intrauterine aggression history may be
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very difficult or even infeasible. Because of this, experimental
studies on fetal reprogramming are extremely important to
simulate something that may occur in humans and, thus, be
able to understand the molecular mechanisms involved in
this process. This experimental study suggests that metabolic
dysfunctions triggered by DM during pregnancy and by folic
acid during intrauterine life culminate in fetal programming
of descendant offspring in postnatal life. The decrease in
NOS3 and increase in TNF-𝛼 indicate a greater impact of folic
acid injury in diabetic offspring, and they also show that fetal
reprogramming interferes with the development of changes
that appear in late adulthood.
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Extracellular matrix metalloproteases and the fibrinolytic system are important protease systems interacting with each other in
charge of remodeling and recycling of tissues. Their role in tumor invasion and metastasis is often discussed. In this study several
metalloproteases such as MMP-1, MMP-3, MMP-9, and TIMP-1 together with molecules from the fibrinolytic system like uPA,
its receptor uPAR, and its inhibitor, PAI-1, were studied by immune-histochemistry to establish a comparison with and without
metastasis. From the (118) primary tumors of Mexican patients with ductal breast cancer studied, 56% were grade II and 69% were
size T2; the group with metastatic ganglia included 64 samples (54.3%). In patients with metastasis the estimated expression of
MMP-3 and uPA (resp., 28% and 45%) was higher than that from no metastatic tumors; it means there is higher expression of
both markers in metastatic tumors (𝑝 < 0.05). At the same time, metastatic tumors showed statistically significant lower signal
of PAI-1 (24%) than tumors without metastasis (𝑝 < 0.05). We concluded that overexpression of MMP-3 and uPA, altogether
with diminished expression of PAI-1 from metastatic tumors, might be a crucial step towards metastasis in ductal breast cancer.
Nevertheless, additional studies in different populations are necessary to establish a pattern.

1. Introduction

Breast cancer is the most common kind of women cancer
worldwide, and the main cause of death due to neoplasia
in underdeveloped countries such as Mexico [1]. One of the
main problems of this cancer is delayed detection, increasing

the risk of metastasis [2]. In breast cancer the lymphatic
axillar ganglia are the starting point and most easily accessed
site of metastasis and this event is almost the only prognostic
sign of metastasis towards distant locations such as lungs,
liver, bones, and brain. Distant locationmetastasis is themain
cause of death [3–5] for this kind of cancer patients. An

Hindawi Publishing Corporation
Journal of Immunology Research
Volume 2016, Article ID 8519648, 10 pages
http://dx.doi.org/10.1155/2016/8519648

http://dx.doi.org/10.1155/2016/8519648


2 Journal of Immunology Research

essential process in metastasis development is the processing
or recycling of extracellular matrix (ECM) by the migrant
tumor cells. This processing allows the tumor cells to invade
surrounding tissues, be able to accessing blood vessels,
and finally start building metastatic de novo formations in
different tissues and organs. In tumor cells this processing is
influencedmainly by the activity of proteases secreted by they
themselves, but proteases can also come from other kinds of
resident cells in the microenvironment [6–9].

Several kinds of proteases are actively processing extra-
cellular matrix, among them there are thematrix metallopro-
teinases (MMPs) and serine-proteinases from the fibrinolytic
system [10].Under physiologic conditions, for example, tissue
remodeling, ovulation, and wound healing, a very precise
feedback regulation by proteolytic degradation machineries
takes place. In cancer nevertheless, this fine equilibrium is
disrupted probably facilitating metastasis [11–13], and from
there our interest in establishing alterations on these systems
in metastatic tumors of Mexican patients. Information of the
molecules, appearing early or disrupting their behaviors in
metastasis, may help predict metastasis from biopsies before
surgery, or perhaps they could be used as indicators to select
patients for immediate intervention, or perhaps even become
suitable targets for medical treatment.

The MMPs system comes to mind first because it is
effectively active; it is composed of a family of Ca2+ and Zn+
dependent-endopeptidases, processing different components
of ECM. There are 26 MMPs already described, sharing
biochemical structure and functions; however they differ in
their substrate specificity [14, 15].

In the other hand, the fibrinolytic system is constituted
mostly by plasmin activators such as uPA (urokinase-type
plasminogen activator). This protein is important for coagu-
lation, it specifically converts inactive plasminogen to active
plasmin, but also plasmin is an important protein for remod-
eling since it is the enzyme responsible of degrading a variety
of ECM proteins, including preprocessed metalloproteinases
such as MMP-1, MMP-3, MMP-7, andMMP-9 [16–18]. These
proteins are already regarded as important molecules in
tumor invasion andmetastasis; therefore we wanted to search
for them in breast cancer tumorswith andwithoutmetastasis.

In previous studies researchers reported significantly
higher global expression of MMP-1, MMP-7, and MMP-14,
TIMP-1 and TIMP-3 in the core of breast cancer tumors, in
comparison with lymphatic axillary ganglia, but expression
of the same markers in ganglia did not appear associated
with prognosis of development not in near, neither in distant
metastasis [19]. Besides, primary tumors and metastatic
ganglia showed correlation with elevated uPA, whereas PAI-1
did not show correlation with any of them [20].

Nevertheless, the precise mechanism that MMPs and fib-
rinolytic system proteases use to participate in the metastatic
process of breast cancer is still imprecise, particularly events
taking place in lymphatic ganglia. The purpose of our study
was to evaluate MMPs and fibrinolytic system components
in tumor samples, derived fromMexican patients with ductal
breast cancer, attending the Hospital Juárez de México with
and without metastasis in ganglia and hopefully be able to

distinguish abnormalities. The study was performed in order
to observe, estimate, and compare the relative expression of
these molecules by immunohistochemistry procedures and
optical microscopy, followed by examination of signal inten-
sities with a data processing software.The derived knowledge
may perhaps help improve our ability to indirectly evaluate
the performance of those feedback regulated systems, in the
tumors with and without metastasis. Then, the comparison
with the metastasis of primary lymphatic ganglia was also
achieved.

2. Materials and Methods

2.1. Experimental Design. The present study was designed
to detect differences in ductal breast cancer tumors with
metastasis, from thosewith nometastasis; for that reason, two
main groups of samples were collected: N0were tumors with-
out metastasis and N1 tumors with one or more metastatic
ganglia. Once the selected molecules were identified in the
tumors by immunohistochemistry procedures, the image
analyzed by a suitable computer software, and their signals
processed to establish statistically significant differences,
those molecules showing differential expression were also
tested in the metastatic ganglia for further characterization.
Although from this approach there is no need of a group
of healthy ductal breast tissue samples, such healthy samples
were included for standardization of immunohistochemistry
procedures. Also breast cancer tumors other than ductal were
tested, as tissue controls (results not shown).

2.2. Biologic Materials. Since this is a retrospective study,
all samples analyzed here were collected as part of routine
diagnoses and treatment; therefore patients were not required
to sign a consent information letter other than the one
they signed to allow procedures related to their treatments.
Ductal breast cancer biopsies of women from different areas
of the country were selected due to their availability in the
pathology collection.

The samples used here were taken during surgery proce-
dures performed in 2008–2012, from women attending the
Oncology service in the Hospital Juárez de México located in
Mexico City.

This retrospective study included 118 paraffin embedded
biopsy samples, diagnosed by histopathology technique using
the classical hematoxylin-eosin (H&E) composed dye.

Most of the patients underwent total mastectomy and
lymphatic node dissection (total for those with primary
breast cancer). Average age of the patients was 51.6 (among
30 to 80 years old). Patients were selected in a way that they
did not receive any chemotherapy or hormonal preoperatory
treatment.

The tumor characteristics and number of metastatic
lymphatic ganglia were collected originally from the ordinary
pathology reports and samples were separated in two groups:
the first group, consisting of 54 patients without metastasis
(Table 1), namedN0 (mean age 51.6 years old) and the second
group, consisting of 64 samples of tumors with metastatic
ganglia named N1 (mean age 51.75 years old).
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Table 1: Clinical and pathological characterization of breast cancer patients participating in the study.

Clinical-pathological characteristics
All cases
(118)

Ductal breast cancer
%

Groups according to metastasis
N0 N1

Cases
(54) % Cases

(64) %

Age (years)
≤55 77 65 32 60 45 70
>55 41 35 22 40 19 30

Tumor size
T1 (<2 cm) 25 21 13 24 12 19
T2 (2–5 cm) 79 67 35 65 44 69
T3 (>5 cm) 14 12 6 11 8 12

Tumor grade (SBR)
I 29 25 17 31 12 19
II 65 55 29 54 36 56
III 24 20 8 15 16 25

Nodal status
pN0 54 46 54 100
pN1 30 25 30 47
pN2 28 24 28 44
pN3 6 5 6 9

Mononuclear infiltrate
Positive 85 72 39 72 46 72
Negative 33 28 15 28 18 28

Desmoplasia
Positive 42 36 19 35 23 36
Negative 76 64 35 65 41 64

Molecular subtype
Luminal A 29 25 12 22 17 27
Luminal B 46 39 17 31 29 45
Her2 25 21 16 30 9 14
Triple negative 18 24 9 17 9 14

Patients (𝑛 = 118), with invasive ductal breast cancer, were sorted in two groups based on presence/absence of metastasis in nearest ganglia. N0 = without
metastasis in ganglia nodes. N1 = with at least one metastatic ganglia node.

The tumor samples, adjacent normal tissue, and ganglia
were collected immediately after surgical extirpation of the
tumor; tissues were fixed 48 h in 10% buffered formaldehyde
solution and then embedded in paraffin at 56∘C to blocks
according to standard procedures of the pathology lab. Then
embedded tumors were sectioned and samples stained with
H&E. The samples were included in the study by their
complete clinical history, as previously stated by inclusion
criteria.

Microtome slices 3 𝜇m thick were taken from breast
cancer paraffin blocks (microtome Reichert-Jung Mod 820-
II), and slices weremounted in 26 × 76mmpolylysine treated
(Sigma Chemical Co, EUA) laboratory glass (Deltalab). The
slices were incubated at 56∘C by 1 h to later remove the
paraffin with xylol (Sigma Chem) and then proceed to
gradual rehydration with 90, 80, and 70% ethanol as usual.

Antigenic recovery treatment was performed as described in
the provider’s booklet; briefly, sodium citrate buffer solution
was added to the samples (sodium citrate 10mM and Tween
20 at 0.1%, pH = 8-9) and then warmed up to 116∘C in a Pas-
cal cooker (Dako Cytomation). Endogen peroxidases were
inactivated with a 3% hydrogen peroxide solution in absolute
methanol by 5min and then rinsed up 4minwith wash buffer
(1x PBS in 0.1% Tween 20). In order to block unspecific
reactions, the sample is then incubated with 1% bovine serum
albumin (BSA) (Sigma Chem) by 1 h. Recognizing of the
specific antigen in turn is made by adding the IgG poly-
clonal/monoclonal antibody at the optimal concentration
recommended by the provider and these reactions were incu-
bated 30–60min and then rinsed with the wash buffer above.
Antibodies used in this study were the following: rabbit
polyclonal anti-uPA (Genetex 0.4mg/mL), rabbit polyclonal
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Table 2: Semiquantitation of protein samples analyzed in patients with ductal breast cancer.

Protein
Group

𝑝 value
N0

IOD (mean)
N1

IOD (mean)
Nodal metastatic
IOD (mean) N0 versus N1 N1 versus nodal

MMP-1 15,500 20,200 16,600
MMP-3 22,300 28,600 22,200 <0.05 <0.05
MMP-9 11,600 13,200 20,900 <0.05
TIMP-1 10,600 12,300 17,800
UPA 26,000 37,600 39,400 <0.05
UPAR 19,800 20,000 21,800
PAI-1 25,100 19,200 18,000
Semiquantitation of the signal was performed using ImageJ software and statistical significance acquired by applying the Mann–Whitney 𝑈 test 𝑝 < 0.05. N0
= without metastasis in ganglia nodes. N1 = with at least one metastatic ganglia node.

IgG anti-PAI-1 (Millipore 1mg/mL), IgG anti-MMP-1 mouse
monoclonal antibody (Santa Cruz 0.2mg/mL), rabbit poly-
clonal anti-MMP-3 (Biovisión 0.5mg/mL), rabbit polyclonal
anti-MMP-9 (Genetex 0.5mg/mL), rabbit polyclonal anti-
TIMP-1 (0.5mg/mL Biosystems), and rabbit monoclonal
anti-uPAR (Genetex 0.5mg/mL). Antigen-antibody reaction
was detected by theMouse/Rabbit PolyVue Plus�HRP/DAB
Detection System (Biosystem, California, USA) and then
revealed as usual, by few minutes with chromogenic reactive
diaminobenzidine tetrahydrochloride, DAB (Sigma Chem),
and then rinsed with bidistilled water. Counterstaining of
the immunolabeled samples was performed with Harris’s
hematoxylin by 45 sec. (Santa Cruz Biotechnology) and then
treated with a lithium chloride saturated solution by 30 sec.
Tissue preparations were mounted in appropriate resin and
microscopy examined. Negative controls were included and
prepared as the protocol established substituting the primary
antibody by PBS solution containing 1% BSA. The controls
for expression were placental tissue samples, which had
overexpression of the molecule in turn as it is stated in the
legends of each figure. Samples were microscopy visualized
in 40x augmentation in an optical microscope (Olympus)
with integrated photographic camera to obtain TIFF images
in RGB in 24-bit color and 4164 × 3120 resolution. Images
were processed and analyzed in Java background, using
the software ImageJ-v1.45p. Background illumination was
adjusted with the Rolling Ball algorithm to later recover the
regions of interest (ROI). Deconvolution algorithm was used
to exclusively separate the contribution of DAB from the
background; then these images were analyzed to obtain the
mean of optical density values (ODM). Our obtained values
oscillated between 0 and 255 to finally yield the integral
optical density (IOD) [21]. IOD represent the density or
abundance of each developed signal per image; therefore it
might safely represent the expression of each protein.

2.3. Statistical Analysis. The statistical analysis was per-
formed with GraphPad Prism Software version 6 for Win-
dows. The intensities of optical density (IOD) values for the
analyzed proteins were compared using the nonparametric
Mann–Whitney U test. Statistical significance was accepted
when 𝑝 < 0.05.

3. Results

Immunohistochemistry tests were performed in breast can-
cer sections in order to locate signal from each protein in
the tissues, several members from the metalloproteinases
system (MMP-1,MMP-3,MMP-9, and inhibitor TIMP-1) and
also from the fibrinolytic system (uPA, uPAR, and PAI-1)
were specifically screened, and then a comparison of their
semiquantitative expression was obtained as a numeric value
of signal intensity (IOD), in the two groups of cancer patients:
N0 with no metastasis and N1 with metastatic cancer in
close ganglia nodes. All the proteins showed to be actively
expressed in both groups, directly in tumor cells (Figures
1 and 2). Besides, expression of this group of proteinases
also was observed in the tumor surrounding cells, of several
cell lineages, such as extracellular matrix cells, immune cells,
fibroblasts, and endothelial cells (data not shown).

3.1. MMPs Had Differential Expression in Metastatic and No
Metastatic Breast Cancer Samples. Evaluation of expression
of MMP-1, MMP-3, MMP-9, and TIMP-1 in 54 samples from
patients with no metastatic tumors in lymph nodes was
indirectly estimated by obtaining numeric values of intensity
IOD, from the corresponding immunohistochemistry results
(standard process).

3.2. Results from No Metastatic Patients, Group (N0). As it is
shown in Table 2 where results from this section are resumed,
the highest signal (IOD mean) belonged to MMP-3, in both
metastatic and no metastatic tumor samples. MMP-3 was the
most expressedMMP in ductal breast tumor cells (mean IOD
value 22,300).

Regarding the levels of expression, MMP-3 signal is
distantly followed by MMP-1 (mean IOD 15,500) and then
MMP-9 (mean IOD 11,600), and finally the one with the
lowest expression level was the metalloproteinases inhibitor,
TIMP-1 (mean IOD 10,600). Nevertheless, differential expres-
sion of metalloproteases was established in this study, since
MMPs from the metastatic group (N1) showed differences in
intensities comparing to the N0 group without metastasis.
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Figure 1: Expression of matrixmetalloproteases in samples with ductal breast cancer andmetastatic ganglia. Immune-chemistry with labeled
matrix metalloproteinases MMP-1, MMP-3, MMP-9, and the metalloproteinase tissue specific inhibitor TIMP-1 in ductal breast cancer
samples; (a) with metastasis, (b) without metastasis, (c) metastatic lymphatic ganglia diagnosed by trans-surgical H&E, and (d) placental
tissues were negative controls. Magnification 400x.

3.3. Results from the Metastatic Patients Group (N1). As from
the 64 tumors with at least one metastatic ganglia, results
showed that MMP-3, MMP-1, MMP-9, and TIMP-1 kept
the same order of intensity present in N0; nevertheless, N1
showed higher intensity mean values. The highest signal was
from MMP-3 like it does in the metastatic tumors (mean
IOD 28,600), followed byMMP-1 (mean IOD 20,200),MMP-
9 (mean IOD 13,200), and TIMP-1 (mean IOD 12,300).
Expression of all studied MMPs can be easily compared
in Table 2. Interestingly, when comparing the intensities
detected forMMP-3 inN1 tumors (28,600), it was higher than
the one from the no metastatic tumors N0 (22, 300).

3.4. Fibrinolytic System Expression in No Metastatic Breast
Cancer, Group N0. As well as above, expression of uPA,
uPAR, and PAI-1 was screened in 54 samples of breast cancer
with no metastatic ganglia, followed by estimation of the
intensity IOD. Results from the group without metastasis N0

showed the highest level of expression from uPA, directly in
tumor cells (mean IOD 26,000), followed by PAI-1 (mean
IOD 25,100) and uPAR (mean IOD 19,800).

3.5. Detection of Proteins from the Fibrinolytic System in
Metastatic Breast Cancer, Group N1. Evaluation of expression
from uPA, uPAR, and PAI-1 from 64 samples of patients with
close gangliametastasis (N1) was obtained as described above
and the results can be easily compared in Table 2. Again uPA
showed the highest values of expression in tumor cells (mean
IOD 37,600), followed by PAI-1 (mean IOD 19,200) and uPAR
(mean IOD 20,000).

3.6. Comparison between N0 and N1 Groups. When semi-
quantitative expression was compared among N0 and N1
(Figure 3), the no metastatic and metastatic patient groups,
respectively, intensity from MMP-3 was 28% higher in the
metastatic group (N1) comparing to the no metastatic group
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Figure 2: Expression of fibrinolytic systemproteins in samples with ductal breast cancer. Representative images of the immunohistochemistry
results of proteins from the fibrinolytic system uPA, uPAR, and PAI-1 in ductal breast cancer tissues with metastasis (a), without metastasis
(b), metastatic ganglia (c), and negative controls (d). Magnification 400x.
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Figure 3: Semiquantitative expression of MMPs and the fibrinolytic system proteins in breast cancer samples. Expression of MMPs (MMP-
1, MMP-3, MMP-9, and TIMP-1) and proteins from the fibrinolytic system (uPA, uPAR, and PAI-1) in ductal breast cancer samples with
metastasis (N1) and without metastasis (N0). Semiquantitation of the signal was performed using ImageJ software and statistic significance
acquired applying the Mann–Whitney U test ∗𝑝 < 0.05.

(N0); besides uPAwas 45% higher in themetastatic (N1) than
in the no metastatic group (N0).

As it is easily noted in Table 2, higher expression ofMMP-
3 in metastatic samples correlates also with histologic grades
GI and GII but none with GIII, also corresponding to the

size tumor T2 and the tumor phenotype (Luminal A) based
in the observation of metastatic ganglia (𝑝 < 0.05). More
importantly, elevated uPA showed a direct correlation with
metastatic tumors independently of histologic grade, size, or
tumor phenotype (𝑝 < 0.05). Furthermore, regarding the
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tumor grade, semiquantitation of PAI-1 (direct inhibitor of
uPA)was 24% lower in tumorswithmetastatic ganglia (N1) in
comparison with the group without metastasis (N0). Besides,
a decrement expression of PAI-1 statistically correlates with
Grade I and II tumors, with T2 size having either phenotype
A or phenotype B.

In our hands, there were no statistically significant differ-
ences of signal levels fromMMP-1, MMP-9, uPAR, or TIMP-
1. Instead, a tendency to diminish the expression ofMMP-9 in
no metastatic tumors (N0) was observed (Figure 1(b)). Inter-
estingly, the samples with metastasis in this study showed a
tendency to an increased expression of TIMP-1 in comparison
with samples from patients without metastasis. Those results
must be considered a tendency, since they had not statistically
significant support; anyway this fact is mentioned, because
other authors [22, 23] previously reported elevated TIMP-1
in association with metastasis, suggesting that the tendency
observed in our studies is perhaps real (and statistics could
be easily corrected increasing the number of samples). In
the interim, we have not enough evidence to support this
molecule as a participant in the occurrence of metastasis in
ductal breast cancer.

3.7. Detection of MMPs and Fibrinolytic System Members
in Metastatic Lymphatic Nodes. Several lymphatic ganglia
nodes with metastasis (64) were available for immunohis-
tochemistry; detection of the same markers was performed:
MMP-1, MMP-3, MMP-9, TIMP-1, uPA, uPAR, and PAI-
1. The results showed that not only was signal from these
proteases present in the cytoplasm of neoplastic cells, but as
well it was present in the immune mononuclear infiltrates,
and even the tumor extracellular matrix (Figure 1(c)).

Semiquantitation of the markers was performed in 64
metastatic lymphatic ganglia from ductal breast cancer
patients, followed by the usual IOD estimation. Expression
of these proteins in neoplastic cells located in the ganglia
was quantitated and resulted as follows, MMP-3 (mean IOD
22,200), MMP-9 (mean IOD 20,900), MMP-1 (mean IOD
16,600), TIMP-1 (mean IOD 17,800), uPA (mean IOD39,400),
uPAR (mean IOD 21,800), and PAI-1 (mean IOD 18,000).

The results obtained from cancer cells at the lymphatic
ganglia were considerably higher than the ones from the
metastatic tumors N1 and further higher from no metastatic
tumors in N0 (Table 2). Additionally, after performing a
comparison of expression of each marker in the metastatic
cells, against the primary tumor cells, the IOD means
confirmed an increment of expression. Particularly a 58%
increment of MMP-9 expression was exhibited in neoplastic
cells in the lymphatic ganglia. The opposite occurred when
the comparison was performed for MMP-3, showing a 28%
diminished expression in lymphatic ganglia. In addition, a
not statistically significant but rather a numeric tendency of
diminished expression inmetastatic ganglia is apparent when
MMP-1 and PAI-1 were analyzed by comparison with the
expression of the primary tumor cells (Table 2).

3.8. Phenotypic Switch on Mexican Women. Perhaps it is
important to point out that from the total of breast cancer
Mexican patients’ with and without metastasis analyzed in

this study (Table 1), an apparent switch in the Luminal
phenotype is shown.

A 40% of the 118 patients showed phenotype Luminal
B (RE+, RP+/−, HER2+). This would be a contrasting
result compared to those from several authors, that studying
white populations had found predominantly the Luminal A
phenotype [24].

We have seen reports from the literature where the
predominant phenotype is Luminal A (RE+, RP+/−, and
HER2−) in up to 60% of patients [25]. Apparently the results
from this study make sense, since there are also authors
mentioning an apparent switch in Luminal phenotype, due
to breast cancer patients of Hispanic origin having a major
tendency to be Her2+, in comparison with noHispanic white
population. Data from those authors [25] are supportive to
the present finding of the majority of Luminal B and Her2+
phenotype in our sample. In this study the patients other
than Luminal B (60%) can be sorted in three phenotypes:
the Luminal A, the Her2+ phenotype, and the triple negative
phenotype (Table 1). It is important to mention that in the
N1 group of metastatic patients, the percentage of Luminal
B phenotype (RE+, RP+/−, and HER2+) was as high as 45.5%
(Table 1), which is considerably higher than the media value
of 40% calculated for the total of the samples; it is indeed a
considerably higher percentage whenwe consider that for the
N0 group of nometastatic patients, the Luminal B phenotype
ranged in 31.5%, what seems to point out that Luminal B
phenotype may be somehow related to metastatic tumors,
although the significance of this observation still would not
be sufficiently supported by only one study.

4. Discussion

Crucial events in breast cancer tumor invasion and further
metastasis are degradation of the basal membrane, extra-
cellular matrix, and access to blood vessels [26]. Not only
the tumor cells, but also other resident cells of the tissue
harboring metastasis, plus the inflammatory cells, are also
capable of supplying proteolytic enzymes that may facili-
tate metastasis, such as MMPs and the fibrinolytic system
proteins. These proteases are able to process different kinds
of collagen and other proteins of ECM, aiding with these
actions the processes of tumor invasion and metastasis [27].
Overexpression of these proteinases was already associated
with tumor progression and survival rate of cancer patients
[28, 29]. Prognostic and predictive factors, such as tumor size,
tumor grade, tumor phenotype, or gangliametastasis, all have
a key role in the correct diagnoses and treatment of breast
cancer patients. All these factors are taken together, screened,
and evaluated in order to excel in establishing an accurate and
prompt diagnose, so the patient life is protected by granting
the best possibility of receiving a well-timed, appropriate, and
effective treatment.

The main purpose of this study is to consider the
expression of several members of the ECM remodeling
metalloproteinases and fibrinolytic systems, due to their pri-
mary intervention in generation of metastasis, and possibly
correlate the results, so patients might get benefits of an
early detection of metastasis. We believe that if a correlation



8 Journal of Immunology Research

is established between expression levels of some of these
proteinases, with histologically diagnosed metastatic ganglia,
detection of this proteinase in histopathology samples may
increase the certainty of the prognosis of metastasis. The use
of detecting overexpression of one or more of the studied
markers may perhaps allow an early diagnosis of metastasis,
even in the absence of metastatic ganglia in the trans-
surgery histopathology. We hope that the earliest diagnosis
of metastasis would be the most appealing prognostic factor
that would be considered to foresee a clinical evolution of
metastasis in breast cancer.

Regarding the molecular studies of metalloproteases and
fibrinolytic system in relation to metastasis, overexpression
of MMP-3 and uPA associated with metastasis of lymphatic
ganglia has been previously found, perhaps this is the kind of
activity that could be enhancing metastasis towards different
organs [30].

The above findingsmakemore sense after the observation
that exactly the opposite activity (overexpression of PAI-1)
was taking place in tumors rather than in ganglia, of the no
metastatic lesions group (N0); this fact opens the opportunity
to suggest that PAI-1, perhaps through the regulation of its
counterpart uPA, might be an important event for metastasis
to take place. In other words, PAI-1 in no metastatic tumors
(N0) directly regulates the activation of uPA and, therefore,
probably when uPA is out of control metastasis would start.

Even though our results suggest an antimetastatic role
for uPA, there are authors proposing exactly the opposite,
that uPA might be a prometastatic molecule, since it is
overexpressed in high grade tumors already with metastasis
in lymphatic nodes [31–33]; the difference is that they did not
make a comparison with tumors lacking metastatic ganglia,
as we actually did.

In our hands, overexpression of MMP-3 and uPA in
tumor cells, and perhaps with a further contribution from the
mononuclear infiltrate and stroma, would be directly related
to metastasis in ganglia.

Moreover, an elevated expression of MMP-3 and uPA
together appears to increase, altogether with the tumor grade
and size; therefore our results are more alike to those in the
literature, showing direct correlation between expression of
uPA with high grade of the tumor, size, and lymphovascular
invasion [31–33].

Furthermore, another way of promoting metastasis has
been already suggested, and it is based on an effective
induction of angiogenesis, in order to better irrigate the
tumor. In this study the tumors with metastasis in ganglia
have increased levels MMP-3 and uPA; thus the possibility
exist for these proteases to be also promotors of formation
of new blood vessels, and according also to other authors
[34–36] the mentioned overexpression of these proteinases
might be in fact involved with regulation of the process of
angiogenesis, but perhaps indirectly, at the same time they are
also favoring metastasis.

Additionally, since metalloproteases are regulated
by feedback processes altogether with its corresponding
inhibitors, such activity might be directly depending on
specific inhibitors such as TIMP-1.

While studying the statistical significance of our evidence
pointing out TIMP-1 as a participant in the process of
metastasis, in this comparative study TIMP-1 has shown a
tendency, involving its presence in metastatic tumors. Since
other colleagues studied this molecule and they found TIMP-
1 associated with metastasis, we always had in mind that this
molecule may have a role in metastasis but we were simply
unable to support that fact with the size of our studied sample.
Perhaps a greater sample would show significance of TIMP-1
and its involvement with metastasis.

Since metastasis in cancer progression is the result of
multiple interactions among tumor cells and the tumor
microenvironment, a fine understanding of these relation-
shipsmay allow a better comprehension of the tumor biology.
Achieving little more knowledge of tumor biology is one
of the goals of this particular study. Because of that, the
authors agreed to address the importance of the molecular
study of the remodeling proteins in the light of metastasis
progression. We also agreed that a good start in this path
would be the search forMMPs and the fibrinolytic systems in
metastatic and no metastatic tumor sections of ductal breast
cancer, since the most frequent tumors in the Hospital Juárez
de México were those, so we carried out the study in the
hope that somehow this molecular characterization would be
directly useful to Mexican patients undergoing this cancer.

Although our study approaches molecules from these
systems expressed exclusively by tumor cells, tumor micro
environmental cells expressing them were also photo-
documented (data not shown), considering that all collected
data might somehow become a guide towards new strategies
of antitumor pharmacotherapy, particularly those focused
in abolishing the generation of metastasis in breast cancer
patients. Perhaps designing of more successful therapies
would be possible by targeting the tumor cells and the micro-
environmental cells, particularly the ones from the immune
system.

The experimental strategy designed for this approach has
been the selection of samples from patients with the same
type of cancer: ductal breast cancer tumors, with or without
metastasis in the first approachable ganglia such as axillar, in
the assumption that patients would have comparable lesions,
and that the difference among the two groups would be only
metastasis in ganglia. To further document the results from
the tumor samples, the study was extended to explore the
same molecular markers in the cancer lesions of the ganglia.

Collected data from the phenotype in samples from
Mexican patients in this study resulted to be very similar
to reports from other authors working with populations
other than Hispanic origin patients, pointing out an apparent
phenotypic switch from breast cancer Luminal A more
common in the white population, to Luminal B, predominant
in Hispanic patients. In fact, Luminal B is the predominant
phenotype in samples of this study, as it occurs in the
Hispanic populations.

It is important to us to mention that in the N1 group of
metastatic patients, Luminal B phenotype (RE+, RP+/−, and
HER2+)was shown to be 45.5%higher than themedia of 40%
calculated for the total of the samples. The group of patients
without metastasis only had 31.5% of Luminal B phenotype
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what seems to suggest that Luminal B is somehow related
to metastasis. Since the significance of this observation is
still not well discussed in the literature, we just open the
discussion to our colleagues.The above results were observed
in a sample of Mexican women, attending a public facility:
Hospital Juárez de México in Mexico City. These results can
be matched with Hispanic populations or Mexicans living all
over the world.

5. Conclusion

Our data strongly suggest that activity of both systems,MMPs
and fibrinolytic, responsible of remodeling of tissues in no
pathologic conditions, actually becomes key factor in tumor
metastasis and perhaps also tumor progression (although this
parameter was not directly addressed in this study), due to
their participation in the processing of macromolecules of
the stroma and in general providing favorable conditions for
tumor metastasis. In this study we were able to distinguish a
statistically significant increase of MMP-3 and uPA produced
by the tumor cells in breast cancer tumor samples. Although
the production of these molecules was not restricted to
cancer cells, since they also were observed to be produced
by other stripes from the tumor microenvironment, in the
end they might be important for metastatic progression,
perhaps facilitating migration of metastatic tumor cells. The
importance of these systems in the invasion process was not
addressed here.

Besides, since the fibrinolytic system enzymeuPAdirectly
depends on its inhibitor PAI-1 for specific feedback regulation
and metastatic tumors showed reduced levels of PAI-1, we
suggest that this particular system may have a role in metas-
tasis promotion. Additional experimental data suggested that
tumor microenvironmental cells like endothelial cells, stro-
mal cells, and also cells from the immune response express
also molecules from the fibrinolytic and metalloprotease
systems. Possibly tumor environmental cells are modulated
by cancer cells to enhance the expression of fibrinolytic and
metalloprotease enzymes.

Results from this study strongly suggest that the increased
expression of MMP-3 and uPA at the same time that a PAI-
1 decrement in the same tissues might be an important step
for development of metastasis towards lymphatic ganglia, as
shown in Mexican breast cancer patients. Nevertheless, this
group of molecules should be studied in similar breast cancer
lesions from other populations, to collect more experimental
evidence, perhaps supporting the use of these molecules
as prognostic factors of metastasis. Additionally, follow-up
studies of such patients would shedmore light on establishing
a greater probability of development of metastasis, the kind
of data that may be helping decisions of prompt surgical
intervention and then appropriate supplemental therapy and
the appropriate patient follow-up.

Finally, we conclude that results from this experimental
comparative study of metastatic and no metastatic tumor
samples, strongly support a statistically significant elevation
of expression for uPA and MMP-3 molecules, in primary
tumors of metastatic breast cancer, compared to its counter-
parts without metastasis.
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Background. Inflammation plays a crucial role in the progression of chronic heart failure (CHF). Ivabradine is known to reduce
the morbidity and mortality of patients with CHF under certain conditions. Beyond the reduction of heart rate, only limited
knowledge exists about potential anti-inflammatory effects of ivabradine that might contribute to its benefit in CHF. Thus, the
present study aimed to investigate the effect of ivabradine on systemic inflammation.Methods. In the present study, 33 patients with
CHF due to dilated, ischemic, and hypertensive cardiomyopathy were treated with ivabradine according to the guidelines of the
European Society of Cardiology (ESC). A number of circulating dendritic cells as well as inflammatory mediators were investigated
using FACS analysis and ELISA, respectively, before and during ivabradine therapy. Results. Treatment with ivabradine resulted
in a significant improvement of CHF symptoms as well as an increase in left ventricular ejection fraction. Moreover, ivabradine
treatment led to a significant reduction of TNF-alpha (TNF-𝛼) serum levels and a reconstitution of circulating dendritic cells which
are known to be reduced in patients with CHF. Conclusion. We show that treatment with ivabradine in patients with CHF resulted
in an improvement of HF symptoms and ejection fraction as well as a normalization of inflammatory mediators.

1. Introduction

Chronic heart failure (CHF) has a high prevalence and results
in increasedmorbidity andmortality in thewestern countries
[1]. Due to its enormous costs resulting from treatment with
expensive drugs and devices, heart failure is a major health
issue that is worth focusing on [1].

CHF is characterized by the interaction of diverse
inflammatory mediators which are considered to contribute
to disease progression [2]. For example, serum levels of
inflammatory cytokines including interleukins- (IL-) 1, 6,
and 18, TNF-𝛼, and C-reactive protein are increased in
CHF [3, 4]. These mediators exert deleterious effects like
endothelial dysfunction and apoptosis of myocardial cells
[5]. Furthermore, elevated levels of certain proinflammatory
mediators, such as C-reactive protein and IL-6, correlate with
disease severity and are associatedwith increasedmortality in
CHF patients [3, 4].

According to current guidelines [6], the basis of medical
therapy in CHF includes ACE-inhibitors and beta blockers.
A mineralocorticoid receptor (MR) antagonist is added to
the medication if patients still suffer from CHF symptoms.
Ivabradine is indicated for patients who remain symptomatic
(NYHAclasses II–IV), with a left ventricular ejection fraction
≤35%, with sinus rhythm and a heart rate ≥70/min., accord-
ing to the ESC guidelines.

Ivabradine is a selective inhibitor of the hyperpolarisation
activated cyclic-nucleotide-gated funny current I(f) present
in cardiac pacemaker cells of the sinoatrial node [7]. This
inhibition results in a reduction of resting and exercise heart
rate without any known effect on cardiac contractility and
blood pressure [8]. Heart rate reduction results in improved
myocardial oxygen supply via a prolonged diastolic filling
time, as well as improved ventricular filling. In patients with
CHF, ivabradine has a beneficial effect on left ventricular
remodeling [9] and survival [10].
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Research investigating the mechanisms leading to the
beneficial effects of ivabradine treatment showed that
amongst the other effects, it prevents the alteration of
endothelial cells. Luong et al. were able to demonstrate
in a mouse model that ivabradine treatment suppresses
the expression of proinflammatory vascular cell adhesion
protein-1 (VCAM-1) and enhances the induction of anti-
inflammatory endothelial nitric oxide synthase (eNOS) in the
aorta. Luong et al. concluded from their experiments that
ivabradine protects arteries by influencing wall shear stress
and thus changing local mechanical conditions to trigger an
anti-inflammatory response [11]. Li et al. also supported the
thesis that ivabradine prevents low shear stress and by this
reduces endothelial inflammation. They demonstrated that
treatment with ivabradine reduces the generation of reactive
oxygen species via themTOR/eNOSpathway [12]. Custodis et
al. showed in apolipoprotein E-deficient mice that ivabradine
reduces oxidative stress and improves endothelial function
[13]. Besides these studies focusing on ivabradine’s effects on
wall shear stress and endothelial cells, further experiments
including different animal models were recently designed to
investigate further anti-inflammatory effects of this drug. A
special focus was set on the recently raised idea that ivabra-
dine might exert its effect not only via heart rate reduction,
but also via pleiotropic effects similar to statins. To elucidate
the mechanism by which ivabradine reduces atheroscle-
rotic plaque formation in apolipoprotein E-deficient mice,
Walcher et al. aimed to investigate whether this medication
regulates chemokine-induced migration of lymphocytes. In
this study, they found that ivabradine reduces the chemokine-
induced CD4-positive lymphocyte migration by reduction of
f-actin formation and ICAM3 translocation to the uropod of
the cell [14]. Furthermore, Heusch et al. [15] used a pig model
and abolished the heart rate reducing effect of ivabradine
using atrial pacing. They showed that, independent of heart
rate reduction, ivabradine was capable of reducing the infarct
size. This finding was supported by Kleinbongard et al. who
observed in a mouse model that ivabradine reduces infarct
size in the absence of heart rate reduction [16]. Additionally,
ivabradine was demonstrated to inhibit the production of
proinflammatory cytokines such as IL-6 and TNF-alpha, as
well as the chemokine MCP-1 [9]. In myocarditis, treatment
with ivabradine led to inhibition of myocardial fibrosis,
prevention of LV-EFworsening, and improvement of survival
[9].

In humans, very limited knowledge exists about the
effects of ivabradine on inflammatory mediators so far and
the present study aimed to further elucidate this topic.
Additionally, to the best of our knowledge, no study has
investigated the effect of ivabradine on professional antigen-
presenting cells such as dendritic cells yet. Dendritic cells are
crucial in adaptive, T cell-derived immune responses. Recent
studies have given evidence that the number of circulating
myeloid dendritic cells is reduced in patients with stable CHF
due to ischemic and nonischemic genesis [17], but also in
decompensated CHF [18]. In these studies, the reduction in
circulating dendritic cells correlated with the clinical stage
of CHF. This raised the question whether treatment with
ivabradinemight affect immunological changes, in particular

the number of circulating dendritic cells as well as the serum
levels of inflammatory mediators in CHF.

2. Material and Methods

2.1. Study Cohort. The patients were recruited in the present
study in the outpatient clinic for heart failure of the Depart-
ment of Cardiology of theUniversityHospital Jena, Germany.
Consecutively, 50 patients were recruited into our study if
they had stable CHF for more than one year and were under
best medical treatment.

The recruitment was performed by a physician of the
outpatient clinic for heart failure who is specialist in internal
medicine as well as cardiology and whose subspecialisation is
the treatment of heart failure patients. The inclusion criteria
were (except for HR and LV-EF) in concordance with those
of the SHIFT study [10]:

(i) Age > 18 years
(ii) Sinus rhythm
(iii) HR > 75 bpm
(iv) LV systolic dysfunction (LV-EF < 50%)
(v) Ischemic, dilated, or hypertensive stable CHF > 12

months
(vi) Standard heart failure therapy with beta blockers,

ACE-inhibitors, and aldosterone-receptor antago-
nists (NYHA III-IV) in an adequate dosage

Exclusion criteria were those which might interfere with the
analysis in our study:

(i) Recent cardiac decompensation (<3 months)
(ii) Recent acute coronary syndrome (<3 months)
(iii) Acute or chronic infections
(iv) Malignancies
(v) Autoimmune diseases, for example, lupus erythe-

matosus and rheumatoid arthritis
(vi) Hyperthyroidism
(vii) Medication with immunosuppressive agents

At baseline study visit, the patients were subdivided into
three groups according to the etiology of CHF. The decision
about the subdivision was made by the same physician who
recruited the patients into the study. Patients which could
not be subdivided into a subgroup since the etiology of
chronic heart failure could not be clearly determinedwere not
included in our study.

(1) Ischemic cardiomyopathy (ICM; CAD proven by cor-
onary angiography)

(2) Dilated cardiomyopathy (DCM; angiographically ex-
cluded CAD, occasionally proven by biopsy, no his-
tory of hypertension)

(3) Hypertensive cardiomyopathy (HCM; angiographi-
cally excluded CAD, LV Hypertrophy, and history of
hypertension).
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Exclusion due to side effects (n = 17):

(i) Dizziness/nausea: 4
(ii) CHF worsening: 4

(iii) Exzema: 4
(iv) Headache/stomach pain: 1
(v) Weakness: 1

(vi) Incompliance: 1
(vii) Pacemaker implantation: 1

(viii) Diarrhea: 1

(n = 11) (n = 12)

>60 bpm) for

Ivabradine 2 × 7.5
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Figure 1: Study visits and study medication of the enrolled participants. 50 patients were included in the study and in the initial study visit;
ivabradine was started on a dosage of 2 × 5mg. In the 3-month follow-up, dosage was adjusted to 2 × 7.5mg if heart rate was still above
60 bpm. The study ended with the 6-month follow-up. 17 patients were excluded due to side effects, so 33 patients completed the study. bpm
= beats per minute, CHF = chronic heart failure, and CM = cardiomyopathy.

Consecutively, 12 patients were subdivided in the ICM group,
11 in the DCM group, and 10 in the HCM group.

The study protocol was approved by the local ethics
committee and conforms to the principles outlined in the
“Declaration of Helsinki” (1964). All patients gave informed
consent.

2.2. Treatment and Follow-Up of the Study Participants.
Figure 1 shows the chronology of treatment of the patients
recruited into our study. At the baseline visit, ivabradine
medicationwith 2× 5mgper daywas started. Follow-up visits
were performed after 3 and 6months. If the heart rate was still
above 60 bpm at the 3-month follow-up, ivabradine dosage
was elevated up to 2 × 7.5mg per day. If the heart rate was
below 60 bpm, the 2 × 5mg per day dosage was continued.
Of the enrolled 50 patients, 17 had to be withdrawn from the
study due to side effects mentioned in Figure 1. Phosphenes
were reported but did not cause any drop-outs from the study.
In 21 of the remaining study patients, the dosage was elevated
up to 15mg/d after 3 months, whereas 12 patients remained
on the initial dosage of 10mg/d.

During each study visit (baseline, 3-month follow-up, and
6-month follow-up), the following analyses were performed:

(1) Evaluation of heart failure symptoms and physical
examination

(2) SF-36 questionnaire (The SF-36 questionnaire is a
patient-reported survey of patients health including
36 items that originates from the Medical Outcome

Study [19, 20]. In the present study, the German ver-
sion was used, http://www.familienmedizin-bremen
.de/news/SF36 LQ Fragebogen 01.pdf.)

(3) Determination of heart failure parameters, for exam-
ple, brain natriuretic peptide (BNP)

(4) Echocardiography with analysis of ejection fraction
(Simpson) and LVEDd (M-mode)

(5) Serological analysis of inflammatory parameters:
TNF-alpha, hsCRP, and IL-6 using ELISA

(6) Circulating myeloid and plasmacytoid DCs using
flow cytometry

2.3. Statistical Analysis. The statistical analysis used in this
study was performed with SigmaPlot Software Version 12.0
(Systat Software Inc.). Data were tested for normal distri-
bution using the Shapiro-Wilk test. All values are presented
as mean ± standard error of the mean. 𝑃 < 0.05 was
considered statistically significant. Parameters which were
normally distributedwere comparedwith the paired Student’s
𝑡-test, otherwise by signed rank test.

3. Results

3.1. Baseline Parameters. Table 1 shows the clinical data of
the 33 study patients. Overall, the clinical data did not
significantly differ between the study groups except for the
occurrence of hypertension, which was expectedly higher in
the group with hypertensive cardiomyopathy.

http://www.familienmedizin-bremen.de/news/SF36_LQ_Fragebogen_01.pdf
http://www.familienmedizin-bremen.de/news/SF36_LQ_Fragebogen_01.pdf
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Table 1: Baseline characteristics of the study participants.

DCM
(𝑛 = 11)

mean ± SEM OR
𝑛 (%)

ICM
(𝑛 = 12)

mean ± SEM OR
𝑛 (%)

HCM
(𝑛 = 10)

mean ± SEM OR
𝑛 (%)

𝑝 value

Age [in years] 55 ± 12 60 ± 8 62 ± 14 n.s.
Male 9 (81) 11 (92) 7 (70) n.s.
BMI [in kg/m2] 31 ± 2.9 29 ± 5.7 33 ± 5.6 n.s.
Cardiovascular risk factors

Hypertension 6 (54) 9 (75) 11 (100) <0.001
Diabetes mellitus 5 (45) 8 (66) 4 (40) n.s.
Smoking 3 (27) 8 (66) 1 (10) n.s.
Dyslipidaemia 5 (45) 8 (66) 6 (60) n.s.
Obesity (BMI > 30 kg/m2) 8 (73) 7 (58) 6 (60) n.s.

Medication
Beta blockers 11 (100) 12 (100) 10 (100) n.s.
ACE-inhibitors/ARB 11 (100) 12 (100) 10 (100) n.s.
Aldosterone antagonists 7 (64) 8 (66) 6 (60) n.s.

Clinical Presentation
Angina pectoris 0 (0) 1 (8) 1 (10) n.s.
NYHA class 2.2 ± 0.6 2.2 ± 0.9 2.4 ± 1.0 n.s.
Peripheral oedema 1 (9) 3 (25) 3 (30) n.s.
Heart rate 80 ± 8.1 80 ± 4.8 80 ± 7.4 n.s.
RR sys 123 ± 16 148 ± 21 149 ± 26 n.s.
RR dia 82 ± 12 88 ± 11 87 ± 11 n.s.
Floors 2.4 ± 1.2 2.3 ± 1.1 2.4 ± 1.9 n.s.

Echocardiography
LV-EF [in %] 31 ± 8 35 ± 8 33 ± 12 n.s.
LVEDd [in mm] 61 ± 8 59 ± 11 66 ± 11 n.s.
PAPsys [in mmHg] (excl. CVP) 24 ± 6 19 ± 9 21 ± 2 n.s.

ARB: aldosterone-receptor blocker, BMI: bodymass index, CVP: central venous pressure, DCM: dilated cardiomyopathy, HCM: hypertensive cardiomyopathy,
ICM: ischemic cardiomyopathy, LVEDd: left ventricular end-diastolic diameter, LV-EF: left ventricular ejection fraction, NYHA: New York Heart Association,
and PAPsys: systolic pulmonary artery pressure.

During the present study, the effects of ivabradine were
investigated in two steps: (1) effects of ivabradine in all
patients irrespective of the etiology of heart failure; (2) effects
of ivabradine on CHFwith respect to its etiology in subgroup
analyses.

3.2. Effect of Ivabradine Therapy on the Quality of Life in
CHF Determined by the SF-36 Questionnaire Irrespective
of the Etiology of Heart Failure. The SF-36 questionnaire
provided us information about general health and daily
activities reflecting the quality of life during ivabradine
therapy compared to baseline visit.The questionnaire showed
us significant improvements in general health and daily
activities after 6 months of ivabradine treatment. In Table 2,
the significant effects of ivabradine treatment are highlighted.

3.3. Effect of Ivabradine Therapy on Vital, Serological and
Echocardiographic Parameters in CHF Irrespective of the

Etiology of Heart Failure. As expected, ivabradine led to a
significant reduction of the heart rate from initially appr.
80 to 64 bpm after 3 months. There was however only a
slight difference between the 3 and 6 months (Figure 2(a)).
It should be taken into account though that the dosage of
ivabradine was elevated in only 21 of 33 patients at up to
15mg/d in the 3-month follow-up. Additionally, ivabradine
caused a significant reduction in the mean diastolic blood
pressure (mean: baseline, 86mmHg; 3 months, 82mmHg; 6
months, 80mmHg). Regarding CHF symptoms, a slight but
significant improvement inNYHA class was observed (mean:
baseline, 2.4; 3 months, 2.1; 6 months, 1.8). Additionally,
the participants reported a significant improvement in their
physical capacity evaluated in their ability to climb stairs
(“floors”) (mean: baseline, 2.2 floors; 3 months, 2.4 floors;
6 months, 2.6 floors) (Figure 2(a)). However, no significant
changes could be observed for BNP (Figure 2(b)).On the con-
trary, echocardiographic analysis demonstrated a statistically
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Table 2: Answers to the SF-36 questionnaire of the study participants. Data presented as mean ± SEM for the baseline investigation, 3-month
follow-up, and 6-month-follow-up. Follow-up data were compared to the baseline measurements and statistical significance considered as a
𝑝 value < 0.05 is presented in comparison to the baseline answer.

Baseline 3-month follow-up 6-month follow-up
Mean ± SEM Mean ± SEM p value Mean ± SEM 𝑝 value

GENERAL HEALTH (1-excellent, 2-very good, 3-good, 4-fair, 5-poor)
How is your health in general 3.24 ± 0.09 3.06 ± 0.12 NS 2.96 ± 0.12 𝑝 = 0.04

PHYSICAL HEALTH PROBLEMS during the past 4 weeks that resulted in problems with work or other regular daily activities (1-yes,
2-no)

Cut down the amount of time you spent on work or
other activities 1.48 ± 0.07 1.18 ± 0.08 𝑝 = 0.003 1.96 ± 0.04 𝑝 < 0.001

Were limited in the kind of work or other activities 1.56 ± 0.07 1.82 ± 0.08 𝑝 = 0.02 1.96 ± 0.04 𝑝 < 0.001

Had difficulty performing the work or other activities 1.50 ± 0.07 1.76 ± 0.09 𝑝 = 0.03 1.06 ± 0.04 𝑝 < 0.001

EMOTIONAL HEALTH PROBLEMS during the past 4 weeks that resulted in problems with work or other regular daily activities (1-yes,
2-no)

Cut down the amount of time you spent on work or
other activities 1.65 ± 0.07 1.88 ± 0.07 𝑝 = 0.03 1.96 ± 0.04 𝑝 = 0.002

Accomplished less than you would like 1.65 ± 0.07 1.88 ± 0.06 𝑝 = 0.02 1.92 ± 0.05 𝑝 = 0.009

Didn't do work or other activities as carefully as usual 1.73 ± 0.06 1.94 ± 0.04 𝑝 = 0.016 1.96 ± 0.04 𝑝 = 0.014

SOCIAL ACTIVITIES (1-not at all, 2-slightly, 3-moderately, 4-severe, 5-very severe)
Emotional problems interfered with your normal social
activities 1.67 ± 0.14 1.36 ± 0.13 NS 1.08 ± 0.08 𝑝 = 0.006

NS = not significant.

significant increase in the ejection fraction (mean: baseline,
33%; 3 months, 36%; 6 months, 38%). On the other hand, the
LVEDd did not show any significant changes (Figure 2(b)).

Via FACS analysis, a significant increase of circulating
myeloid DCs was observed after ivabradine treatment (Fig-
ure 2(c)) (mean: baseline, 0.18%; 3 months, 0.2%; 6 months,
0.22%). Plasmacytoid DCs did not show significant changes,
as expected [15].

Serological analyses of proinflammatory cytokines
revealed a significant reduction of TNF-𝛼 during ivabradine
therapy (mean: baseline, 10.5 pg/mL; 3 months, 4.6 pg/mL; 6
months, 5.6 pg/mL). Levels of hsCRP and IL-6 showed only
a marginal but no significant reduction during ivabradine
treatment (Figure 2(d)).

3.4. Effect of Ivabradine on CHF Regarding the Etiology of
Heart Failure. Subgroup analyses were performed to evaluate
the effect of ivabradine dependent on the etiology of heart
failure (Figure 3).The described heart rate reduction through
ivabradine was observed for all subgroups. The changes in
diastolic blood pressure caused by ivabradine were more
pronounced in the HCM group, as expected (Figure 3). The
NYHA class also improved for all subgroups, but the number
of patients was not enough to reach statistical significance.
The improvement of the patients’ ability to climb stairs was
most evident in theDCMgroup (Figure 3(a)).The serological
analysis of BNP did not reveal any significant changes in the
HCM group. For the ICM and DCM group, the decrease in
serological BNP values only reached significance in the 3-
month follow-up, but not in the 6-month follow-up mea-
surements (Figure 3(b)). Echocardiographic evaluation of

ejection fraction revealed a significant improvement during
ivabradine therapy for HCM patients and borderline signifi-
cance for the other groups (Figure 3(b)). LVEDddid not differ
for any group during ivabradine treatment. FACS analysis
of DCs showed a significant increase in circulating myeloid
DCs especially for DCM and ICM. The HCM subgroup did
not show a significant increase. For plasmacytoid DCs, no
subgroup showed any effects on the number of circulating
cells during ivabradine therapy (Figure 3(c)). ELISAs deter-
mining proinflammatory cytokines in participants’ serum
revealed different observations for the subgroups. For TNF-
alpha, we detected a significant decrease in the DCM group
during ivabradine therapy and an almost significant decrease
in the ICM group. IL-6 was significantly reduced during
ivabradinemedication only in theDCMgroup. In contrast, in
the ICM group we observed a significant reduction of hsCRP.
Interestingly, no significant immunological alterations were
detected in theHCMgroup at all during ivabradine treatment
(Figure 3(d)).

4. Discussion

Ivabradine is known to lead to a significant reduction in
morbidity and mortality of CHF patients [10]. It has recently
been a point of discussion whether the benefit of ivabradine
in CHF is only the result of heart rate reduction or might
be explained by additional, pleiotropic effects. Inflammation
is known to contribute to heart failure progression, and
dendritic cells are involved in this process [18]. We recently
showed a decreased number of dendritic cells in biopsy
samples of DCM patients which predicts a poor prognosis.
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Figure 2: Continued.
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Figure 2: Effect of ivabradine treatment on clinical, laboratory, echocardiographic, and immunological parameters in chronic heart failure
(CHF) after 3months (10mg/d ivabradine) and 6months (10–15mg/d ivabradine). (a) Vital parameters and symptoms for CHF, (b) serological
and echocardiographic parameters, (c) circulating myeloid and plasmacytoid dendritic cells, and (d) inflammatory serological parameters in
patients with CHF according to their ejection fraction. DCs = dendritic cells, hsCRP = high sensitive C-reactive protein, IL = interleukin,
LVEDd = left ventricular end-diastolic diameter, NYHA = New York Heart Association functional class, RR sys/dia = systolic/diastolic blood
pressure, and TNF-alpha = tumor necrosis factor alpha. NS = not significant.

We were also able to demonstrate a decrease in circulating
myeloid DCs in patients with acute myocardial infarction
and their recruitment into the infarcted myocardium [21,
22]. Additionally, we and others showed that the number of
circulating mDCs is reduced in patients with heart failure
[17, 18]. These findings brought up the idea of the present

study to investigate the effect of ivabradine on of the levels
of circulating DCs and proinflammatory serum cytokines. To
the best of our knowledge, this study is the first one address-
ing this issue in humans. Patients with CHF were recruited
according to the indication for ivabradine medication as
recommended in the ESC guidelines [6]. In the course of one
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Figure 3: Effect of ivabradine treatment on chronic heart failure (CHF) according to its etiology after 3 months (10mg/d ivabradine) and
6 months (10–15mg/d ivabradine). (a) Vital parameters and symptoms for CHF, (b) serological and echocardiographic parameters, (c)
circulating myeloid and plasmacytoid dendritic cells, and (d) inflammatory serological parameters in patients with CHF according to their
ejection fraction. DCM = dilated cardiomyopathy, DCs = dendritic cells, HCM = hypertensive cardiomyopathy, hsCRP = high sensitive C-
reactive protein, ICM = ischemic cardiomyopathy, IL = interleukin, LVEDd = left ventricular end-diastolic diameter, NYHA = New York
Heart Association functional class, RR sys/dia = systolic/diastolic blood pressure, and TNF-alpha = tumor necrosis factor alpha. NS = not
significant.



10 Journal of Immunology Research

year, 33 patients completed 6 months of ivabradine therapy,
receiving 10mg/d for 3 months and 15mg/d for the further
3 months if the heart rate was still >60 bmp. The present
study demonstrated a significant decrease in diastolic blood
pressure in patients with HCM. Interestingly, this differs
from results of former studies that did not observe an effect
of ivabradine on blood pressure [23]. The reason for this
discrepancy is not clear, but a diastolic dip of blood pressure
might be the result of the prolonged diastole with increased
preload. However, echocardiographic analyses revealed no
increase of aortic regurgitation as a reason for the decrease
of diastolic blood pressure. In the present study, BNP showed
a decrease under ivabradine treatment compared to baseline
values for all subgroups. This observation is in concordance
with other studies [10]. Nevertheless, for all subgroups, a
U-shaped curve of BNP values was observed. In the 3-
month follow-up (ivabradine 10mg/d), a decrease in BNP
was visible. In the ICM and the DCM, but not the HCM
group, this decrease even reached statistical significance. In
contrast, in the 6-month follow-up (ivabradine 15mg/d), such
observation was reversed: BNP reincreased in all subgroups.
This finding corresponds to the results of the recently pub-
lished SIGNIFY trial, in which a higher dosage of ivabradine
was associated with an adverse outcome [24]. This result
might suggest that a lower ivabradine dosage of 10mg/d
might be more beneficial in the treatment of CHF than the
full dosage of 15mg/d. Additionally, a significant increase
in ejection fraction determined by echocardiography was
observed during ivabradine therapy. Such is in concordance
with a former Japanese study involving 126 patients, which
showed that an ivabradine therapywith relatively low dosages
of 2 × 2.5mg or 2 × 5mg led to a significant improvement
of ejection fraction compared to the placebo group after
6 weeks of treatment [25]. Moreover, a significant increase
in circulating mDCs up to values which were shown to
be normal in healthy individuals [22] was observed in our
study under CHF treatment with ivabradine. In the subgroup
analysis, this effect was only significant for the ICM and
the DCM group. In a recent study, we showed that low
levels of circulating mDCs are a negative prognostic factor
for CHF [17]. Thus, it can be assumed that a reconstitution
in circulating myeloid DCs might be beneficial regarding
the progression of CHF. For pDCs, no significant changes
were observed during ivabradine treatment. However, no
association between pDCs and CHF has been described [17].
We further investigated different proinflammatory cytokines,
such as TNF-alpha, IL-6, and hsCRP, which are associated
with the pathogenesis of CHF [26]. Ivabradine treatment
caused a significant decrease of the elevated levels of TNF-
alpha and a marginal reduction of IL-6 and hsCRP. For both
cellular and serological immunological parameters, subgroup
analysis revealed that changes during ivabradine therapy
were mainly visible in patients with DCM and ICM rather
than HCM. This result is in line with the inflammatory
concept of the pathogenesis of these diseases. Inflammation
is the main pathomechanism in the development of ICM and
DCM: ICM results from coronary artery disease caused by
atherosclerosis. Nowadays, atherosclerosis is considered as
a chronic inflammatory process of the arterial wall. Beyond

different inflammatory cells likemacrophages, dendritic cells,
and different subgroups of T cells, cytokines support the
inflammatory response within the atherosclerotic lesion.
Proinflammatory cytokines, for example, IL-6, TNF-alpha,
and C-reactive protein, were found to correlate with plaque
progression during atherogenesis as well as ICM, predicting
major cardiovascular events [27, 28]. In the pathogenesis
of DCM, inflammation also plays a pivotal role. There
is accumulating evidence that myocarditis and DCM are
closely related. This reveals the underlying inflammatory
component in the pathogenesis of DCM. Regarding the
cytokines investigated in the present study, C-reactive protein
levels are related to CHF severity in DCM [29]. For TNF-
alpha, a contribution tomyocardial fibrosis in DCMhas been
suggested in the literature [30]. Inflammation has not been
reported in any similar extent in connection to HCM. This
might explain why the effects of ivabradine are much more
pronounced in DCM and ICM, rather than in HCM. As
Högye et al. also compared circulating levels of IL-6 and
TNF-alpha in patients with DCM to patients with HCM,
they found similar results to the ones in the present study
for TNF-alpha. Whereas TNF-alpha was increased in the
DCM group compared to healthy individuals, no elevated
levels were found in theHCMgroup. However, they observed
significantly elevated levels of circulating IL-6 for both the
DCM and HCM group compared to healthy controls. The
authors did not find reasonable explanations for the elevated
levels of IL-6 in HCM patients.

Although it is known that inflammation contributes to
CHF progression, no effective anti-inflammatory therapies
capable of reducing CHF progression have been yet devel-
oped [31, 32]. So far, two large randomized clinical trials eval-
uated the use of cytokine inhibition in CHF therapy targeting
TNF-alpha as themost extensively explored cytokine in CHF:
the RENEWAL trial used etanercept: a recombinant human
TNF receptor that binds to circulating TNF and functionally
inactivates it; in the ATTACH trial infliximab was used, a
monoclonal antibody against TNF-alpha. Although inhibi-
tion of TNF-alpha is a proven therapeutic concept in patients
suffering from rheumatoid arthritis and psoriasis, no clinical
benefits could be observed using anti-inflammatory drugs
in patients with CHF yet. The observation that ivabradine
leads to a significant increase in the number of myeloid DCs
almost to numbers of healthy individuals might be a first
step in focusing on anti-inflammatory properties of medical
treatment in CHF.

Despite all the improvements observed via ivabradine
therapy, certain limitations of our present study have to be
mentioned. (1) The number of patients recruited into our
study and in particular in the subgroups were relatively small
which reduces statistical power and might be responsible for
the fact that we often got borderline statistical significant
results. (2) The duration of the ivabradine therapy evaluated
in this study was only 6 months, which is a relatively short
time; hence long-term changes such as remodeling could not
be evaluated.Thismight also explain the fact that, in echocar-
diography, we only observed significant changes in EF, but
not, for instance, changes in LVEDd. (3) An uncommonly
large proportion of patients (𝑛 = 17) dropped out of the
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study due to rather unspecific side effects. We assume that
this might be associated with negative expectations of the
patients about possible side effects of a medication evaluated
in a clinical trial. (4)The comparison of the different dosages
of ivabradine is limited, since the dosage could be elevated
only in two-thirds of the study patients after 3months. (5)The
study was not double-blinded; therefore a suggestive effect,
particularly regarding the improvement of CHF symptoms,
cannot be excluded.

The present study demonstrates that ivabradine exerts
certain immunomodulatory properties that might contribute
to its global beneficial effect in CHF. Whether these effects
result from heart rate reduction or represent a heart rate
independent mechanism needs to be further investigated.
The RIVERA study is one pilot study which will analyze
anti-inflammatory effects of ivabradine in more detail [33].
However, this study is designed for a population of patients
with acute coronary syndrome. Similar studies are necessary
to evaluate anti-inflammatory effects of ivabradine in patients
with CHF.

5. Conclusions

In the present study, we show an improvement of CHF symp-
toms, echocardiographic and serological CHF parameters,
and pro-inflammatory mediators during ivabradine treat-
ment in CHF. Immunological changes induced by ivabradine
are more pronounced in patients with dilated or ischemic
cardiomyopathy compared to hypertensive cardiomyopathy.
It needs to be further elucidated whether these effects are
a result of heart rate reduction, or possibly an additional
(pleiotropic) effect of ivabradine. However, the fact that the
heart rate reduction was very similar in DCM, ICM, and
HCM, whereas significant immunological changes were only
observed in DCM and ICM, might be the first hint to a
heart rate independent effect of ivabradine. Further studies
are needed to evaluate this issue.
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Human tuberculosis remains a huge global public health problem with an estimated 1/3rd of the population being infected.
Defensins are antibacterial cationic peptides produced by a number of cell types, most notably neutrophil granulocytes and
epithelial cells. All three defensin types (𝛼-, 𝛽-, and 𝜃-defensins) have antibacterial activities, mainly through bacterial membrane
permeabilization. Defensins are effective against Gram-negative and Gram-positive bacteria including mycobacteria and are active
both intra- and extracellularly. Mycobacterial resistance has never been demonstrated although themprF gene encoding resistance
in Staphylococcus aureus is present in theMycobacterium tuberculosis genome. In addition to their antibacterial effect, defensins are
chemoattractants for macrophages and neutrophils. There are many cases for their use for therapy or prophylaxis in tuberculosis
as well. In conclusion, we propose that there is considerable scope and potential for exploring their use as therapeutic/prophylactic
agents and more comprehensive survey of defensins from different species and their bioactivity is timely.

1. Introduction

Tuberculosis remains the most important infectious disease
globally, and Mycobacterium tuberculosis is thought to be
present in one-third of the world’s population with 8–10
million new cases of active tuberculosis occurring annually
worldwide. In 2013, an estimated 9.0 million people devel-
oped tuberculosis, and 1.5 million died from the disease [1].
Almost all cases of tuberculosis are caused byM. tuberculosis,
with M. bovis contributing less than 1.4% of all pulmonary
cases outside of Africa and ∼2.8% of cases in Africa with a
crude incidence of 7 cases per 100,000 population [2]. The
incidence of disease in some countries is also exacerbated by
HIV infections [1]. Because of the difficulties of chemother-
apy, the incidence of multidrug-resistant strains ofM. tuber-
culosis has increased in many areas during recent decades [1].
This deterioration in the global situation highlights the need
for new therapeutic agents against mycobacterial diseases.
Recent research has shown that defensins have bactericidal

activity againstM. tuberculosis and indicate their potential to
play a more significant role in tuberculosis control than what
was previously considered [3].

Protective immunity against mycobacterial infections
requires the generation of an effective cell-mediated immu-
nity [4]. However, an efficient innate immune response may
also be important in natural resistance against mycobacte-
rial infection in addition to maintaining longer-term con-
trol of bacillary growth during latent infection. Alveolar
macrophages and lung epithelial cells are themain cells to first
encounter M. tuberculosis during primary infection. Studies
of human airway epithelia in vivo or in vitro show that they
can generate antimicrobial activity through the production of
antimicrobial peptides [5, 6]. In addition, defensins account
for a high proportion of the antibacterial activity associated
with neutrophil granules [7, 8]. Defensins act as a bridge
linking innate and acquired immunity largely through their
chemotactic properties. They belong to a family of small (3–
5 kDa) cationic cytotoxic and oxygen-independent peptides
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that are active against a wide spectrum of microorganisms
including bacteria, viruses, and fungi [9]. This review pre-
sents a brief summary of their role in immunity with specific
reference to human and animal tuberculosis and explores
their potential as a novel approach to therapy or prophylaxis.

2. Defensins in Man and Animals

There are three major classes of defensins expressed by differ-
ent cells within the vertebrate world; 𝛼-, 𝛽-, and 𝜃-defensins
are differentiated by their structure and antimicrobial activity.
𝛼-defensins, which have been identified in humans, mon-

keys, and several rodent species, are particularly abundant
in polymorphonuclear neutrophils (PMNs), certain macro-
phage populations, and Paneth cells of the small intestine [8,
10, 11]. Human neutrophil 𝛼-defensins (HNPs) 1–4 constitute
∼30% of proteins in the azurophilic granules of PMNs [8].
However, against Gram-positive bacteria, HNP-1, HNP-2,
and HNP-3 account for most of the total defensin content
and have greater antimicrobial activity than HNP-4 [12].
In contrast, the potency of HNP-4 against Gram-negative
bacteria is greater than those of HNP-1 and HNP-2 [13]. 𝛼-
Defensins 5 and 6 are found in Paneth cells, the epithelial
granulocytes of the small intestine [14, 15]. 𝛼-Defensins are
also found in alveolar macrophages from rabbits but not
from humans [16]. 𝛼-Defensins show activity in vitro against
Gram-negative and Gram-positive bacteria and fungi [12]
that can be modulated by environmental conditions such as
redox and pH [17].

In contrast to 𝛼-defensins, 𝛽-defensins are largely ex-
pressed in epithelial tissues [18, 19]. The first 𝛽-defensin
was identified in bovine tongue tissue, and 𝛽-defensins
subfamilies have now been reported in primates (humans
and apes), bovines, and rodents such as rats and mice [6,
20]. Furthermore, pigs and other farm animals including
birds express only 𝛽-defensins [20–22]. As the most compre-
hensively studied, 𝛽-defensins possess the widest taxonomic
distribution, including invertebrates and plants, indicating
an ancient point of origin [23]. Human 𝛽-defensin 1 (HBD-
1) is expressed constitutively by a number of body systems
including the urogenital tract and respiratory tract [24, 25].
HBD-2 was discovered in extracts of lesional scales from
patients suffering from psoriasis [26] and is expressed by
inflamed skin, lung, oral mucosa, and ocular surfaces [27]. Its
expression by epithelial cells can be induced by TNF-𝛼 [28]
and interleukin- (IL-) 1𝛽 but also by bacteria [18]. HBD-3 is
expressed mainly by the skin and tonsils [29], and HBD-4 is
expressed bymany tissues but is particularly highly expressed
in the gastric antrum and testes [30].The expression of HBD-
1 is constitutive, whereas HBD-2–4 are inducible [31] and are
thought to play a crucial role against bacterial infection as
part of the epithelial barrier [32]. Proinflammatory cytokines,
bacteria, and fungi have all been found to increase the
expression of these defensins in cultured keratinocytes [20].
𝜃-Defensins are the only defensin subfamily with a

circular structure, which likely originated through mutation
of a preexisting 𝛼-defensin gene in Old World monkeys [33].
Theywere first found in themonocytes and neutrophils of the
rhesus monkey (Macaca mulatta) and are the least numerous

subfamily of mammalian defensins [34], with only three 𝜃-
defensins recognized (rhesus theta defensin (RTD) 1–3) from
studies within leukocytes [34]. Circular defensin isoforms
also exist with five identified in peripheral blood leukocytes
and four in the bone marrow in the olive baboon (Papio
anubis). Less is known about the distribution and diversity of
𝜃-defensins because only 11 different 𝜃-defensins have been
isolated from three species of primates since their discovery
in 1999 [35]. The antimicrobial activity of 𝜃-defensins is
thought to be their natural function [35], and they bind to and
neutralize bacterial toxins [36, 37]. For example, the human
𝜃-defensin retrocyclin-1 and its analogues are active against
C. albicans and L. monocytogenes and bind to anthrax lethal
toxin [37].

To date, more than 17 human defensins have been
reported [10]. However, many more 𝛽-defensins have been
reported by in silico analysis [38], and a genome-wide com-
putational search has identifiedmore than 30 human unchar-
acterized 𝛽-defensin genes with full biological significances
currently undetermined [39].

3. Mechanism of Action; the Role of
Defensins in Immunity

3.1. Chemotaxis. The role of defensin chemotactic activity in
initiating and regulating the immune response is now well
known [30–32].The human 𝛼-defensin family chemoattracts
macrophages [8]. Amongst 𝛽-defensins, they possess chemo-
tactic activities for immature memory T-cells and dendritic
cells through the chemokine receptor CCR6 [40]. HBD-2 and
HBD-3 can combine with both CpG and host DNA to form
aggregates that resemble DNA nets, which may enhance the
intracellular uptake of CpG and self DNA and activate plas-
macytoid dendritic cells (pDCs) to promote DNA-induced
IFN-𝛼 production in a Toll-like receptor 9- (TLR9-) depen-
dent manner [41]. Subcutaneous injections of these com-
plexes showed enhanced infiltration of inflammatory cells at
the injection site, indicating a potential pathophysiological
role for defensin/DNA complexes in contributing to inflam-
mation [41]. A recent study showed that murine 𝛽-defensin
2 (mBD-2) immunostaining in tuberculous mice was essen-
tially localized to cells with dendritic morphology located
near the mediastinal lymph nodes and showed a high level
of gene expression [42]. This suggests that 𝛽-defensins may
play an important role in the initiation of a Th1 response as a
link between the innate and adaptive immune responses [42].
HNPs can also promote B- and T-cell interactions by modu-
lating the Th1- and Th2-type cytokines [43, 44]. 𝜃-Defensins
have not been found to possess chemotactic activity.

The expression of HBD-2 by human macrophages can
be triggered by M. tuberculosis [45]. The expression and
production of defensins are activated by a number of routes
including direct recognition of pathogen-associated molec-
ular patterns (PAMPs), such as LPS, by TLR [46]. This ini-
tiates MAPK- or NF-𝜅B-dependent cascades that culminate
in a proinflammatory response involving the secretion of
cytokines, chemokines, and defensins [19], which themselves
also have the capacity to induce defensin secretion. Their
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expression is also mediated by receptors other than TLRs,
including NOD2 [47]. Thus, infection of cells with live
Mycobacteria leads to the induction of TNF𝛼 and HBD-2
[48].

Defensins are also thought to contribute to the inflamma-
tory processes by inducing histamine release bymast cells and
increasing hyperresponsiveness of the airways to histamine
[49]. Besides their antimicrobial and potential proinflamma-
tory activities, defensins also display anti-inflammatory roles
by binding toC1q to inhibit activation of the classical pathway
of complement activation [49] and have been demonstrated
to inhibit fibrinolysis [50]. Some defensins are also able to
limit the inhibitory action of glucocorticoids on the sup-
pressor functions of T-lymphocytes, which was abolished
after adrenalectomy [51].

3.2. Antibacterial Activity. The main mode of antibacterial
action is the direct lysis of microorganisms through perme-
abilization of cell membranes [8] either whilst the bacteria
are extracellular or after phagocytosis [52]. It is believed that
electrostatic binding between the arginine groups of cationic
defensins and membranes rich in anionic phospholipids
induces the formation of voltage-regulated channels, which
causes the leakage of intracellular metabolites [8]. Some
defensins can also bind avidly to membrane glycoproteins
[53], which may be in part responsible for their antiviral
activity. This is supported by the fact that defensins do not
have antiviral activity against nonenveloped viruses [8].

In addition, defensins can bind to polyanionic molecules
such as DNA via electrostatic interaction after entering the
bacterial cell [54]. Since HNPs also target genomic DNA,
inducing single-strand DNA breaks [55], it has been hypoth-
esized that adenosine 5-diphosphate ribosylation might play
a regulatory role in the biological properties of arginine-rich
HNPs [56]. Defensins are highly antibacterial even in micro-
molar concentrations for both Gram-negative and Gram-
positive bacteria, including mycobacteria. Unfortunately, the
relative antibacterial activity between 𝛼- and 𝛽-defensins is
still unknown.

3.3. Bacterial Resistance to Defensins and Cytotoxicity. Path-
ogens that colonize sites where defensins may be present in
high concentrations have developed mechanisms to resist
their antibacterial activity. A number of genes responsible
for defensin resistance have been identified in different
pathogens. A staphylococcal gene, mprF, confers resistance
to several antimicrobial peptides including defensins and
related genes and has been found in the genomes of several
other pathogens such asM. tuberculosis, Pseudomonas aerug-
inosa, and Enterococcus faecalis [57]. MprF reduces the neg-
ative charge of the membrane surface and leads to decreased
binding of the cationic defensins bymodifying phosphatidyl-
glycerol with L-lysine in the membrane lipids [57]. The phoP
gene in Salmonella enterica serovar Typhimurium is also
thought to contribute to defensin resistance because a phoP
mutant shows significantly greater sensitivity to defensins
[58].

Potential clinical application of defensins must thus be
reviewed in the light of possible development or acquisition

of resistance. However, their nonspecific mode of action
suggests that they should show promise in averting the
development of resistance. Moreover, studies have demon-
strated that resistance is less frequent than that observed for
conventional antibiotics [59–61], and selections for resistance
in susceptible strains ofM. tuberculosis, Pseudomonas aerug-
inosa, and Enterococcus faecalis have failed [62].

In addition to their toxic effects on microorganisms,
there are a number of reports indicating cytotoxicity for
eukaryotic cells. High concentrations of HNPs are found in
the airway secretions of patients with chronic inflammatory
lung disorders. It has been reported that HNPs are cytotoxic
to airway epithelial cells and can induce chemokine secretion
in several cell types such as macrophages [63]. Other studies
showed that HNPs are cytotoxic not only against various
kinds of human and murine tumor cells but also against
a wide range of normal cells, including human endothelial
cells, lymphocytes, murine thymocytes, PMNs, and spleen
cells in a concentration-dependent (25–100𝜇g/mL) and time-
dependent manner [62, 64]. As cytotoxic molecules, HNPs
can cooperate with hydrogen peroxide, which is also secreted
by activated neutrophils, to affect synergistic cytolytic activity
in vitro. This interaction may contribute to granulocyte-
induced cytotoxicity in vivo [59, 65].

Some studies showed that the minimum inhibitory con-
centration and median inhibitory concentration of HNP-
1 were 2.5 𝜇g/mL and 0.8 𝜇g/mL, respectively, which are
much lower than the harmful concentrations to normal
cells [60]. This indicates that defensins have a relatively
low level of cytotoxicity to normal cells at antimicrobicidal
concentrations. Low cytotoxicity in vitro might be due to
the presence of fetal bovine serum in the culture media, as
serum proteins can protect mammalian target cells [61]. The
inhibitory effect of fetal calf serum (FCS) on lysis and binding
can be completely accounted for by its content of albumin
[61]. Not only could FCS prevent defensin binding, but also
it removed membrane-bound defensin molecules from the
targets [61]. Several proteins that can bind to defensins have
been identified, and some of them may work as defensin
carriers for clearance from tissues and blood [32].

4. Antimycobacterial Activity

A high concentration of 𝛼-defensins has been detected in
bronchoalveolar lavage (BAL) samples and pleural fluid from
patients suffering from pulmonary tuberculosis, and signifi-
cant levels of 𝛽-defensins have been detected in bronchoalve-
olar lavage fluid from patients with M. avium-intracellulare
infection [66]. Moreover, studies of gene expression pro-
files by microarray of peripheral blood mononuclear cells
(PBMC) from patients suffering from tuberculosis and M.
tuberculosis-infected healthy individuals who had repeated
close contact to tuberculosis patients (such as a nurse, physi-
cian, or familymember) andwere tuberculin skin test positive
showed that the concentrations of effector molecules, 𝛼-
defensins 1, 3, and 4, were upregulated in the diseased patients
[67]. Furthermore, mice infected with 1.5 × 104 CFU of M.
tuberculosis H37Rv and treated with different doses of HNP-
1 injected subcutaneously showed significantly improved
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clearance of bacilli from the lungs, liver, and spleen [68].
HNP-1 at 5 𝜇g/mL killed M. avium-intracellulare in vitro
at the optimal pH for bactericidal activity (>5) [69]. The
minimal inhibitory concentration (MIC) of HNP-1 against
M. tuberculosis in vitro in one study was 2.5𝜇g/mL [60],
much lower than that reported in a second study (25𝜇g/mL)
[70]. The difference in MIC observed could be attributed to
differences in experimental design.

HNP was the first defensin found to be effective against
nontuberculous mycobacteria, including M. avium-intra-
cellulare [69]. HNP-2 and HNP-3 were as effective in killing
M. avium-intracellulare in vitro as HNP-1 [69]. For HNP-5,
the linear peptide derived from its N-terminal fatty acylation
can enhance activity againstM. tuberculosis almost compara-
ble to the native peptide [71].

Bovine and rabbit defensins have similar or more potent
antimycobacterial activity than HNPs, especially against M.
tuberculosis clinical isolates in vitro [72, 73]. In contrast,
another study showed that HNP-1–3 are not necessarily more
effective in killing M. tuberculosis even at a much higher
concentration, which may be the result of differing levels of
resistance in the individual strains (M. tuberculosis Erdman)
used [74]. Defensins may play a much more significant role
in immunity against mycobacteria than what was previously
thought. One can therefore speculate that defensin produc-
tion, especially by epithelial cells and neutrophils, is likely to
bemore important early in infection before the establishment
of the granuloma.

Based on its antimicrobial activity and function in host
immunity, neutrophil-macrophage cooperation against M.
tuberculosis may thus be involved in clearance [75] based
on the following rationale. First, HNPs clearly show antimi-
crobial activity against M. tuberculosis in vitro by increasing
the permeability of the mycobacterial cell envelope [76].
Second, in addition to direct antimicrobial activity, HNPs
secreted by neutrophils recruited into the early lesion are
clearly able to act as chemotactic factors, attracting immune
cells including macrophages, T-lymphocytes, mast cells, and
immature memory T-cells [8]. Third, HNPs released by
neutrophils recruited in the early lesion can also modulate
cytokine production to influence the inflammatory response
since TNF-𝛼 secreted by macrophages may stimulate neu-
trophil mycobactericidal activity, which might be mediated
simultaneously by defensins [74].

In vitro, the capacity of macrophages to controlM. tuber-
culosis growth is improved by transfecting humanmonocyte-
derived macrophages with the HBD-2 gene compared with
non-HBD-2-transfected cells [77]. HBD-2 [78] shows great
antimicrobial activity against M. tuberculosis H37Rv in vitro
[78]. Like HBD-2, HBD-1 also plays a role in immunity
againstM. tuberculosis by permeabilization of both themyco-
bacterial cell wall and the cell membrane [79].M. tuberculosis
infection of endothelial cells in vitro also results in HBD-1
overexpression and profound cytoskeletal rearrangement
[80]. One study found that infection of human limbocorneal
fibroblasts with M. tuberculosis, M. abscessus, and M. smeg-
matis results in overexpression of HBD-1–3 [48]. Recent
studies have emphasized the role of HBD-4, which can be
triggered through the IL-1𝛽 and vitamin D receptor (VDR)

pathways in the innate immune defense against M. tuber-
culosis survival in infected macrophages [81]. One study
showed that intratracheal administration of L-isoleucine into
mice infected with the antibiotic-sensitive strain H37Rv or
a multidrug-resistant clinical isolate can significantly upreg-
ulate 𝛽-defensins 3 and 4 and decrease bacillary loads by
inducing their gene expression [82], demonstrating that it
may be possible to use defensins for treating infection by
modulating their gene expression.

Interestingly,more highly virulentM. bovis strains induce
lower levels of murine 𝛽-defensin 4 (mBD4) expression than
strains of lower virulence during many time points of early
infection [83], indicating the ability to suppress induction
early in infection in vivo. In experimental tuberculosis,
expression of mBD3 and mBD4 by airway epithelial cells in
the early stages of infection correlatedwith temporary control
of mycobacterial growth [84]. Similarly, high and stable pro-
ductionmBD4during latent infection is associatedwith long-
term control of mycobacterial proliferation [83]. The activity
of defensins against mycobacteria coupled with their induc-
tion by infection suggests that the introduction of defensins
either prophylactically or early in infection may affect the
course of the disease to the benefit of the host. There thus
exists the potential for the use of defensins as new prophy-
lactic/therapeutic agents against mycobacterial infections.

5. Antimycobacterial Therapy

The effective in vitro activity of a number of defensins against
mycobacteria combined with their beneficial chemotactic
effects suggests that therapeutic or prophylactic administra-
tion of defensins or their induction in the body might lead to
improvement in the course of infection and host health.

To date, there are relatively few reports on the effects of
defensin administration against M. tuberculosis, but most of
these show beneficial effects. Mice transfected with the 𝛽-
defensin 2 gene showed higher survival and lower bacterial
burden after challenge [85]. HNP-1 injected postinfection
showed significant time- and dose-dependent clearance of
bacilli from lungs, livers, and spleens in mice experimentally
infected withM. tuberculosisH37Rv [68].TheHNP-1 admin-
istered to mice in that study was significantly less (1 and 5 𝜇g
per mouse) than the concentration required (50𝜇g/mL) for
antimycobacterial activity in vitro.The higher in vivo potency
of HNPs is likely due to their immune enhancing effects, such
as chemotaxis of T-cells [86] and monocytes [87].

Humandefensins are reported to show synergistic activity
with antituberculosis drugs, which suggests that they may
be a promising adjunct to antituberculosis chemotherapy
[88]. A number of studies have explored the combined effect
of defensins and antituberculosis drugs against intracellular
mycobacteria. In vitro studies suggest that HBD-2 is involved
in reducing M. tuberculosis growth, and the combination
of HNP-1 with antituberculosis drugs (i.e., isoniazid and
rifampicin) resulted in a significant reduction (𝑃 < 0.001) in
mycobacterial load [76]. HBD-1 has a lower activity against
M. tuberculosis, and its combination with isoniazid signifi-
cantly reduced M. tuberculosis growth in comparison with
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the peptides or isoniazid alone by permeabilization of both
the mycobacterial cell wall and the cell membrane [79].
Moreover, a protective role for 𝛼-defensin against mycobac-
terial infection has been reported in human eosinophils [89].
𝛼-Defensin released by eosinophils upon stimulation with
lipomannan fromM. bovis BCG, when used with eosinophil
cationic protein, showed a synergistic inhibitory effect on
mycobacterial growth inhibition [89].

Since the peculiar mycobacterial cell envelope is consid-
ered to contribute to the resistance to conventional antimy-
cobacterial drugs, the combination of HNPs and antituber-
culosis drugs against M. tuberculosis H37Rv not only results
in increased permeability of both the mycobacterial cell
wall and the cell membrane but also increases the access
to intracellular targets for antituberculosis drugs. Therefore,
antimicrobial peptides are potential adjuncts to chemother-
apy together with conventional drugs against tuberculosis.
Antimicrobial peptides can be more potent in vivo because
of their immune enhancing effects by acting as a chemotactic
factor and regulatory factor, interacting with immune cells
like T-cells and monocytes and modulating the production
of cytokines and inflammation.

Studies have shown that M. bovis BCG-induced HBD-
2 mRNA expression in human epithelial cells can influence
protection against M. tuberculosis challenge [90], and M.
bovis BCG cell wall components (18–30 kDa) can stimulate
human pulmonary epithelial cells to express defensins [91].
It also shows that prime-boost BCG vaccination with 𝛽-
defensin 2 DNA vaccines can enhance the activity against
M. tuberculosis [85]. It is known that protection conferred by
BCG against tuberculosis is variable and can maintain long-
term immunity [92], and defensins could be important as
a component part of this protection against human tuber-
culosis.

Although 𝜃-defensins have antimicrobial activity against
diverse pathogens [35, 93], especially viruses [94], there is,
as yet, no evidence that 𝜃-defensins are involved in defense
against mycobacterial infection. Table 1 shows a summary of
different defensins and there function in antimycobacterium.

6. Future Perspective

Previous studies have widely demonstrated that defensins
have activities against microorganisms including mycobac-
teria. Rivas-Santiago et al. found that vitamin D and L-
isoleucine can induce the production of defensins by modu-
lating their gene expression [82, 95].Therefore, future studies
should focus on the mechanism by which defensin gene
expression is modulated. On the other hand, although a large
number of studies have discovered the antimycobacterial
activity of defensins in vitro, there are fewer studies in vivo,
and further study should include the activity of defensins
against tuberculosis in vivo. Although defensins have been
examined for their clinical treatment of infections with no
success, defensins have a huge clinical potential, and more
research into their application is needed.

7. Conclusion

Defensins are a family of antimicrobial peptides that are
abundant amid an array of oxygen-independent antimicro-
bial proteins and peptides in neutrophil granules and secreted
by epithelial cells. They are effective against a wide spectrum
of microorganisms including mycobacteria.

The advantages and disadvantages of the various forms of
defensin therapy/prophylaxis againstmycobacterial infection
of man and animals outlined above indicate that this could
be an effective new approach to treatment and prevention
of these chronic infections, which are becoming increasingly
intractable to chemotherapy. Administration of defensins
may have direct effects on the pathogens, stimulate innate and
adaptive immunity, or be used synergistically with currently
used or new chemotherapeutic agents. The experimental
workwithmycobacterial infections combinedwith their wide
spectrum of activity suggests that bacterial infections other
than those caused by mycobacteria may also be amenable to
this approach.
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