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Said Vázquez-Leyva, Emilio Medina-Rivero, Lenin Pavón, Marco Antonio Velasco-Velázquez,
and Sonia Mayra Pérez-Tapia
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Gabriela Hurtado-Alvarado, Saray Quintero-Fabian, and Lenin Pavón
Volume 2015, Article ID 354957, 21 pages

IL-10 and ARG-1 Concentrations in Bone Marrow and Peripheral Blood of Metastatic Neuroblastoma
Patients Do Not Associate with Clinical Outcome, Fabio Morandi, Michela Croce, Giuliana Cangemi,
Sebastiano Barco, Valentina Rigo, Barbara Carlini, Loredana Amoroso, Vito Pistoia, Silvano Ferrini,
and Maria Valeria Corrias
Volume 2015, Article ID 718975, 9 pages

Increased Frequency of CD4+ CD25+ FoxP3+ T Regulatory Cells in Pulmonary Tuberculosis Patients
Undergoing Specific Treatment and Its Relationship withTheir Immune-Endocrine Profile, Ariana Dı́az,
Natalia Santucci, Bettina Bongiovanni, Luciano D’Attilio, Claudia Massoni, Susana Lioi, Stella Radcliffe,
Griselda Dı́doli, Oscar Bottasso, and Maŕıa Luisa Bay
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The proper function of cells, receptors, and solublemediators
involved in the immune response is associated with an
individual’s health. However, hyper- or hyporeactive immune
responses are associated with a broad spectrum of diseases,
such as chronic inflammatory diseases, infections, allergies,
autoimmune diseases, and immunodeficiencies. Several fac-
tors could contribute to the deregulation of the immune
response, some of them involving genetic and environmen-
tal factors as well as an individual’s perception. In recent
years, immunomodulatory effects of apparently unrelated
molecules such as hormones and neurotransmitters have
been reported and their potential therapeutic applications
have been identified.Thus, the investigation ofmolecules and
compounds with immunomodulatory properties holds the
promise of the development of new therapeutic approaches
for a wide range of ailments. This journal has inaugurated
an annual issue to emphasize the leverage that knowledge on
clinical and experimental immunomodulation has come to
attain. This special issue is the second volume of such series.

In this issue, the reader will find thirteen experimental
approaches analyzing several aspects of immunomodulation.
Four of them focus on the immunomodulatory effects of
microorganisms. For example, the work of L. Chen et al.
shows modulatory effects of Lactobacillus acidophilus on the
IL-23/Th17 immune axis in a murine experimental colitis
model. Their results show that the administration of L.
acidophilus suppressed Th17 cell-mediated secretion of the
proinflammatory cytokine IL-17 through downregulation of

IL-23 and TGF-𝛽1 expression and downstream phospho-
rylation of STAT3. In this same sense, C. C. Squaiella-
Baptistão et al. analyzed the mechanisms accounting for the
Th2 response elicited by inactivated P. acnes or its soluble
polysaccharide in an ovalbumin immediate hypersensitivity
model, showing that the potentiating or suppressing effects
on Th2 response seem to be related to the expression of
costimulatory molecules or toll-like receptors (TLRs), on
antigen presenting cells. The study by T. F. de C. Fraga-Silva
et al. provides evidence of the aggravating role of a prior
Candida albicans infection on the course of an experimentally
induced autoimmune encephalomyelitis in female C57BL/6
mice. Manipulated animals display not only a higher clinical
score but also a more noticeable expansion of peripheral
CD4+ T lymphocytes together with an increased production
of TNF-𝛼, IFN-𝛾, IL-6, and IL-17 either in the spleen or in
CNS. The work by B. Franz et al. compares the features of
the experimental infection by Francisella tularensis (Ft) in
wild-type and Fc gamma receptor IIB (Fc𝛾RIIB) knockout
mice vaccinated with inactivated Ft (iFt), to study the role
of Fc𝛾RIIB in downregulation of the immune response after
the interaction of Fc𝛾RIIB with immune complexes. While
showing no survival differences, iFt-immunized Fc𝛾RIIB KO
mice display a better response compared to their wild-type
counterparts in terms of specific IgA levels and synthesis of
cytokines involved in the inflammatory reaction.

A different set of studies assessed drugs with immunomo-
dulatory effects. The work of M. P. Miranda-Hernández et al.
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presents a physicochemical and biological characterization,
followed by pharmacodynamic and immunogenicity studies
in two rituximab containing products, which behaved in a
similar manner both physicochemically and functionally. In
another work, N. Salinas-Jazmı́n et al. evaluated the activity
of multiple batches of a human dialyzable leukocyte extract
(hDLE), a mixture of low-molecular weight peptides released
from lysed peripheral blood leukocytes, in a standardized
and validated mouse model of cutaneous HSV-1 infection.
The activity of all batches of hDLE improved survival from
HSV-1 infection, in presence of increased levels of IFN-𝛾 and
reduced amounts of IL-6 andTNF-𝛼 inmice sera.Q.Qiu et al.
analyze the effectiveness of a short bromocriptine treatment
for the prevention of postpartum relapse in systemic lupus
erythematosus (SLE) patients. Bromocriptine effectively pre-
vents postpartum hyperprolactinemia and hyperestrogene-
mia in the first two months after delivery and lowers the
relapse rate, showing that bromocriptine may be beneficial
for a subset of SLE patients. P. Schafer et al. assess the role of
systemic inflammatory biomarkers in the previously reported
effect of apremilast in psoriatic arthritis. They found that, in
a first phase of treatment, apremilast reduced plasma levels of
several Th1 proinflammatory cytokines, especially TNF-𝛼. In
contrast, longer treatment times reduced the concentration of
Th17 cytokines and increased anti-inflammatory mediators.
The results show that apremilast induces a new balance in
Th1 and Th17 cytokines that partially explain its therapeutic
effects.

Two more papers analyze the role of physiological medi-
ators in immune response. S. Muñoz-Cruz et al. demonstrate
that histamine release by mast cells following stimulation
with IgE or substance P is influenced by sex hormones in a
dose- and gender-dependent manner, with female rats being
more susceptible to the hormonal influence. E. Carbajal-
Franco et al. explore the role of inhibins and activins in
the thymic stromal cell differentiation and function. Their
findings demonstrate that inhibins modify the relation-
ship between cortical and medullary thymic epithelial cells,
further influencing thymocyte selection and generation of
natural Treg cells.

This issue also includes experimental approaches for
analyzing immune changes during disease. R. Masetti et al.
present a retrospective study of a cytokine SNPs panel in
transplanted children with acute graft-versus-host disease
(aGvHD). Results reveal that SNPs on IL-10, FAS, and
TLR4 in donors and IL-18 in recipients are associated with
an increased risk of developing aGvHD. F. Morandi et al.
evaluated the contribution of tumor cells to the immunosup-
pression observed in patients withmetastatic neuroblastoma.
Although they found increased IL-10, ARG1, and CD163
plasma concentration and increased Treg cells inNB patients,
the changes were independent of the clinical outcome and
therefore cannot be used as prognostic factors. In addition,
A. Diaz et al. studied Treg frequency as well as plasma con-
centrations of cytokines and steroid hormones in tuberculosis
(TB) patients.They show that the increased Treg frequency in
TB patients compared to healthy controls is further increased
by TB-specific therapy. After four months of treatment,
patients also display reduced levels of the proinflammatory

cytokine IFN-𝛾.These results partially support the hypothesis
that Treg cells play a role in counterbalancing an excessive
inflammatory response in TB patients.

There are also in this issue eight interesting reviews about
agents with immunomodulatory properties. R. Arreola et
al. present a wide review about the mechanisms involved
in 5-HT-induced immunomodulation and their effects in
specific pathologies such as major depression, fibromyal-
gia, Alzheimer’s disease, psoriasis, arthritis, allergies, and
asthma. K. J. G. Dı́az-Resendiz et al. comment on several
lines of evidence pointing out to an affectation of the
immune response following exposure to organophosphorus
pesticides. The evidence presented suggests that, among
the potential mechanisms involved, these pesticides affect
neuroimmune communication, particularly the cholinergic
branch and the immune system. P. S. de Araújo-Souza et al.
reviewed the chromatin status of the IFN-𝛾 gene promoter
in T CD8+ cells and the potential influences of epigenetic
modifications and conserved noncoding sequences in the
regulation of IFN-𝛾 synthesis by these cells. C. Pacheco-Tena
and S. A. González-Chávez provide an appealing view on
the pathogenesis of several rheumatic diseases. In essence,
they point out tissue dysfunction as a critical prerequisite
for chronic autoimmunity. Z. Mohammed-Ali et al. present
the accumulated evidence about the cross talk between the
unfolded protein response (UPR) and NF-𝜅B pathways in
chronic kidney disease. They also discuss alternative tools
to study this phenomenon as well as the potential thera-
peutic candidates that are emerging to regulate the UPR.
R. Arreola et al. review the stimulating effects of garlic
on several immunocompetent cells including macrophages,
lymphocytes, NK cells, DCs, and eosinophils. Moreover, this
work examines potential avenues for garlic-based modula-
tion strategies in several diseases with an immunological
component in its pathogenesis. M. E. Castro-Manrreza and
J. J. Montesinos review the effects elicited by mesenchymal
stem cells (MSCs) on immune cells, with particular focus on
the mechanisms involved, and discuss the potential clinical
application of MSCs in immune disorders. Finally, M. Vestita
et al. present an extensive review of the literature of the role
of vitaminD in atopic dermatitis (AD).The evidence suggests
that vitaminD supplementationmay elicit a therapeutic effect
in AD; however, at present, its administration is only justified
in very rare therapy resistant cases.

We hope that our readers will find this special issue
enticing and enjoy reading the contributions by all authors,
as we have done.

Lenin Pavón
Oscar Bottasso
Hugo Besedosky

Roger Loria
Marco A. Velasco-Velázquez
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Human dialyzable leukocyte extracts (DLEs) are heterogeneous mixtures of low-molecular-weight peptides that are released on
disruption of peripheral blood leukocytes from healthy donors. DLEs improve clinical responses in infections, allergies, cancer,
and immunodeficiencies. Transferon is a human DLE that has been registered as a hemoderivate by Mexican health authorities
and commercialized nationally. To develop an animal model that could be used routinely as a quality control assay for Transferon,
we standardized and validated a murine model of cutaneous HSV-1 infection. Using this model, we evaluated the activity of 27
Transferon batches. All batches improved the survival of HSV-1-infected mice, wherein average survival rose from 20.9% in control
mice to 59.6% in Transferon-treated mice. The activity of Transferon correlated with increased serum levels of IFN-𝛾 and reduced
IL-6 and TNF-𝛼 concentrations. Our results demonstrate that (i) this mouse model of cutaneous herpes can be used to examine
the activity of DLEs, such as Transferon; (ii) the assay can be used as a routine test for batch release; (iii) Transferon is produced
with high homogeneity between batches; (iv) Transferon does not have direct virucidal, cytoprotective, or antireplicative effects;
and (v) the protective effect of Transferon in vivo correlates with changes in serum cytokines.

1. Introduction

Governments worldwide have established standards for the
production and release of biotechnological and biological
drugs. For example, the US Food and Drug Administration
(FDA) and Japanese Ministry of Health &Welfare (MOHW)
modified their guidelines regarding biologics in 2007, and

the EuropeanMedicines Agency (EMA) did so in 2008 [1–3].
In 2012, the Sanitary Risk Authority of Mexico (COFEPRIS)
released the Official Mexican Standard NOM-EM-001-SSA1-
2012.

A key element in the quality control of the production
of biological drugs is the demonstration of their activity, and
their efficacymust be preserved between commercial batches.
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Due to the unique nature and production of biological drugs,
specific methods must be developed to evaluate their quality
and attributes, including efficacy.

Human dialyzable leukocyte extracts (DLEs) are
heterogeneous mixtures of low-molecular-weight peptides
(<10 kDa) that are released on disruption of peripheral blood
leukocytes from healthy donors [4]. DLEs are produced and
commercialized worldwide. In certain countries, such as
México, China, Cuba, and the Czech Republic, DLEs are
registered as drugs [5–8] because they improve clinical
responses in infections, allergies, cancer, and immunodefi-
ciencies (see Berrón-Pérez et al. [9] and Viza et al. [10] for
extensive reviews). Their complexity, however, has impeded
an extensive characterization of their components, active
substances, and biological activities.

Transferon is a human nonspecific DLE that is man-
ufactured by the National School of Biological Sciences
(ENCB), National Polytechnic Institute (IPN), Mexico, at
GMP facilities. Transferon is registered by Mexican health
authorities as a drug and is commercialized nationally. To
establish an assay that could be used routinely as a quality
control test for Transferon, we aimed to standardize and
validated a method to determine its efficacy in animals.
Other studies have demonstrated that the activity of DLEs
can be measured by assessing the induction of delayed type
hypersensitivity (DTH) in mice [11] and in vitro by analyzing
their effects on leukocyte migration [12] or IFN-𝛾 secretion
[8].

DLEs are effective for treating parasitic infections (acute
leishmaniasis [13] and alveolar echinococcosis [14]) and
viral infections (herpes simplex virus-1 (HSV-1) and herpes
zoster). Clinical trials have shown that DLEs mitigate the
duration of the acute phase, the frequency of recurrences, and
pain in herpes zoster patients better than acyclovir [15, 16].
These effects correlate with increased IFN-𝛾 levels and CD4+
cell counts [17]. Considering the clinical effects of DLEs
against herpetic infections and because animal models reflect
the complexity of a drug response in an entire organism,
we selected a murine model that has been reported to
emulate the natural formofHSV-1 infection [18].Thismurine
model was standardized, validated, and used to evaluate the
biological activity of 27 batches of Transferon.

2. Materials and Methods

2.1. Quality Control of Transferon. We tested Transferon
batches that were produced between 2011 and 2013 using a
modified version according to Borkowsky et al. [19]. Briefly,
leukocytes from 1000 healthy donorswere lysedwith 5 freeze-
thaw cycles and dialyzed against a 12-kDa membrane to
obtain low-molecular-weight peptides.

The quality control of Transferon comprised (A) endo-
toxin content, quantified using the Endosafe-Portable Test
(Charles River Laboratories, Charleston SC, USA) accord-
ing to the manufacturer’s instructions; the specification for
endotoxinwas established inMexican Pharmacopeia, Section
MGA-0316 (≤4.0 EU/mL) [20]; (B) microbiological tests,
according to Mexican Pharmacopeia, Section MGA-0571

Table 1: Quality attributes of evaluated batches of Transferon.

Batch Protein
(mg/mL)

MAB#

(CFU/mL)
FF&Y&

(CFU/mL)
Endotoxin
(EU/mL)

12A01 0.392 <1 <1 <0.05
12C01 0.438 <1 <1 0.197
12C03 0.432 <1 <1 <0.05
12C04 0.445 <1 <1 <0.05
12C05 0.419 <1 <1 0.167
12C06 0.394 <1 <1 <0.125
12C07 0.428 <1 <1 <0.125
12D08 0.427 <1 <1 <0.05
12F09 0.427 4 <1 <0.05
12G11 0.347 <1 <1 <0.05
12H14 0.421 <1 <1 0.098
12H15 0.406 <1 <1 <0.05
12K20 0.430 <1 <1 <0.125
12K21 0.436 <1 <1 <0.125
12L22 0.432 <1 <1 <0.125
12L23 0.448 <1 <1 <0.125
13A03 0.417 <1 <1 <0.125
13B07 0.423 <1 <1 <0.25
13C08 0.408 <1 <1 <0.25
12M24 0.397 <1 <1 0.125
12M25 0.422 <1 <1 <0.125
13A02 0.425 <1 <1 <0.125
13C09 0.445 <1 <1 <0.25
13A04 0.398 <1 <1 1.0
13C10 0.397 <1 <1 <0.25
13B05 0.389 <1 <1 <0.25
13B06 0.389 <1 <1 <0.25
#Mesophilic aerobic bacteria; &Filamentous fungus and yeast.

[21]; (C) physicochemical characterization by a validated
ultraperformance liquid chromatography (UPLC) method
[8] that analyzes molecular weights and the time of retention
of the main peaks compared with those of an internal batch
pattern. (D) Peptide content per final dose was measured by
bicinchoninic acid (BCA) method using the Pierce BCA kit
(Thermo Fisher Scientific, Waltham MA, USA) according to
the manufacturer’s instructions.

2.2. Herpes Simplex Murine Model. HSV-1 (KOS strain) was
obtained from American Type Culture Collection (ATCC;
Manassas VA, USA). The virus was propagated in African
green monkey kidney (Vero) cells (ATCC CCL-81) that
were cultured in Eagle’s minimal essential medium (EMEM;
ATCC) supplemented with 10% fetal bovine serum (FBS;
Life Technologies, Carlsbad CA, USA). Cutaneous infection
of herpes was performed by inoculating 5-week-old male
BALB/c mice (Ferandelh, Mexico City, Mexico) with HSV-
1, as reported [18, 22, 23]. Briefly, mice were anesthetized, and
10 𝜇L of a viral suspension that contained 5 × 106 plaque-
forming units (PFU)/mL was administered by cutaneous
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Figure 1: Standardization of mouse cutaneous herpes model. (a)Three different experiments performed with 5.0 × 104 PFU of HSV-1 (closed
symbols). In each experiment, infected mice showed significantly lower survival than controls (open circles; log-rank Mantel-Cox test; 𝑃 <
0.001). (b) Frequency of deaths from the experiments shown in (a).

scarification on 1 cm2 of plucked dorsal skin [23–25]. Mice
were monitored daily for 20 days to identify infection-
associated symptoms, such as paralysis of the lower extrem-
ities, reduced mobility, and weight loss. When the animals
experienced total loss of mobility, they were euthanized and
counted as deaths for the survival analysis.

Mice had free access to food (Harlan Laboratories, Indi-
anapolis IN, USA) and water during the experiment. All
experiments were performed blindly by trained researchers.

The administration of Transferon began on day 2 after
infection and continued every other day until day 10. Doses
employed were 12.5 ng, 0.125 𝜇g, 0.25 𝜇g, 0.5 𝜇g, 0.75𝜇g,
1.0 𝜇g, or 1.50 𝜇g per mouse (each weighing 14–16 g at day
0) and perorally administered in 200𝜇L. Each experimental
group comprised 10 mice. All experiments included a control
group of mice that received placebo (pyrogen-free water;
PISA Pharmaceutical, Mexico City, Mexico). Survival per
group was plotted as Kaplan-Meier graphs and analyzed by
Mantel-Cox test (𝛼 = 0.05) using Prism 5 Project, V 6.0
(GraphPad Software Inc, San Diego CA, USA).

2.2.1. In Vitro Effects on HSV-1. We studied the possible
direct antiviral effect of Transferon by mixing equal volumes
(50𝜇L) of Transferon (0.4 mg peptide/mL) andHSV-1 (5.17 ×
107 PFU7mL) and incubating the mixture for 60 minutes at
37∘C. The infectivity of Transferon-treated virus was deter-
mined by analyzing the induction of a visible cytopathic effect
(CPE) on Vero cells (104 cells/well) at 120 h, as reported [26].
Fifty percent tissue infective dose (TCID

50
) was calculated

by Spearman-Kärber method [27]. Cytopathology induced

by HSV-1 (100 PFU) in presence of Transferon (10 pg/mL–
10 𝜇g/mL) or acyclovir (Zoviraz, GlaxoSmithKline, Mex-
ico City, Mexico) was determined using MTS (CellTiter
96 Aqueous One Solution cell proliferation assay reagent;
Promega, MadisonWI, USA) as previously reported [28, 29].
The cytoprotective effect of Transferon on target cells was
evaluated by preincubating Vero cells (104 cells/well) with
Transferon (20𝜇g/mL) for 24 hours before addition of HSV-1
(viral stock 5.17× 107 PFU/mL). CPEwas evaluated 120 h after
infection [26]; TCID

50
calculationwas performed as reported

[27]. To assess the effect of Transferon on virus replication, 2×
105 Vero cells were infectedwithHSV-1 (2000 PFU) and incu-
bated with Transferon (20𝜇g/mL) or Acyclovir (10 𝜇g/mL)
for 24 h at 37∘C. Subsequently, viruses were recuperated from
cultures through one thaw/freeze cycle and sonication. After
removing cell debris by centrifugation (5000 g), the total
virus yield on each well was titrated by diluting samples and
incubating them with Vero cells for 120 h. We analyzed the
presence of CPE at the microscope and by MTS assay. As
reported by Heldt et al. [28], the TCID

50
was defined as the

concentration at which absorbance was 50% of the average
absorbance from uninfected cells and was determined by
nonlinear regression using Prism 6 for Mac OS X (GraphPad
Software Inc).

2.2.2. Cytometric Bead Array. To measure cytokine concen-
trations, blood samples from the orbital sinus were collected
from anesthetized mice on days 7 and 9 after infection.
Serum was obtained, and samples were stored at −20∘C until
analysis. Cytokine concentrations were determined using a
cytometric bead array (CBA) mouse inflammation kit (BD
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Figure 2: Validation of the murine herpes model for the evaluation of Transferon activity. (a) Survival curves for HSV-1 infected mice.
Treatmentswith 1 𝜇g (open triangles) or 0.125𝜇g (open squares) of Transferon improved survival over placebo (open circles; Log-rankMantel-
Cox test; 𝑃 < 0.01). In contrast, 12.5 ng of Transferon (open diamonds) had no significant effect. A group of mice was left uninfected (closed
circles) as control. (b) Weight changes in HSV-1 infected mice. Transferon partially protects mice from the weight loss induced by HSV-
1 (symbols are as in (a)). (c) Survival induced by five different Transferon batches was evaluated during a validation protocol. All batches
improved survival versus placebo (Bonferroni t test; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001).

Biosciences, San Diego CA, USA) according to the manufac-
turer’s instructions.We used a FACS Aria flow cytometer and
BD CBA software (BD Biosciences) for data acquisition and
analysis.

2.2.3. Ethics Statement. All experimental procedures with
animalswere performed according to theMexicanGuidelines

for the Production, Care, and Use of Laboratory Animals
(NOM-062-ZOO-1999) and the International Guide for the
Care and Use of Laboratory Animals [30]. All efforts were
made to minimize animal suffering and reduce the number
of animals that were used.The experimental procedures were
approved by the Ethical Committee of the Transfer Factor
Project in “Escuela Nacional de Ciencias Biológicas, Instituto
Politécnico Nacional” (protocol FTU/IB/012/010/PRO).
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3. Results

3.1. Quality Control of Batches. All batches had endotoxin
levels below 0.05 EU/mL andmet themicrobiological specifi-
cations in Mexican Pharmacopeia (aerobic mesophile bacte-
ria <100 colony-forming units (CFU)/mL, filamentous fungi
<10 CFU/mL, and yeasts <10 CFU/mL (Table 1)). By UPLC,
we performed a physicochemical characterization of the
batches. In the chromatographic profiles of the Transferon
batches, we noted 8 peptidic fractions between 17 to 0.2 kDa,
as previously reported [8]. The retention times of the main
peaks correspondedwith those of an internal pattern, defined
as a batch of Transferon that satisfied all quality control
tests for this product, as previously reported [8]. We also
measured peptide concentrations in the Transferon sam-
ples. All batches had peptide concentrations that met the
established specification of 0.400 ± 0.06mg/mL. The average
concentration in the 27 batches was 0.416 ± 0.023mg/mL
(Table 1).

3.2. Herpes Murine Model. To develop a murine model of
cutaneous herpes, we first studied the effect of an HSV-1
inoculum on mouse survival. We inoculated 3.5 × 104, 5.0 ×
104, and 5.5 × 105 PFU of HSV-1 and analyzed mouse survival
(Figure 1). In subsequent experiments, we used 5.0 × 104 PFU
of HSV-1, which was the minimum inoculum that produced
a decrease in survival within 70% to 100%, as reported
[23–25].

Then, we determined the reproducibility of the effect of
the infection by repeating the assay 3 times and measuring
survival. The survival of infected animals was 10% to 30%
(Figure 1(a)). Using data from the same experiments, we
calculated the frequency of deaths (euthanizations) over time,
noting that 85% of deaths occurred before day 13 after infec-
tion, rising to 100% by day 16 (Figure 1(b)). This information
allowed us to establish an endpoint for subsequent assays.

3.3. Biological Evaluation of Transferon. To determine the
doses of Transferon that were to be used to evaluate the
commercial batches, we examined a ≈100-fold range of doses
(12.5 ng–1.50𝜇g per mouse). Doses above 0.125 𝜇g/mouse
were equally efficacious in reducingHSV-1-inducedmortality
and weight loss. In contrast, 12.5 ng was ineffective, indi-
cating that the activity of Transferon is dose-dependent. As
expected, uninfected mice gained weight and showed 100%
survival (Figures 2(a) and 2(b)).

The model was validated using 5 batches that were pro-
duced in 2011 and tested at 4 doses (Figure 2(c)).We evaluated
(i) system specificity, by analyzing responses in placebo- and
Transferon-treated animals; the average survival in controls
was 23.3% (range 10% to 30%), whereas all Transferon doses
induced a significant increase in survival (average increase
versus placebo (Δ survival) 43.5%); (ii) system precision, by
calculating the relative standard deviation (RSD) percentage
for the results with each Transferon dose; % RSD was below
30% in all cases (range: 11.7% to 28.3%); (iii) system suitability,
by corroborating that at least 1 dose produced a Δ survival
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Figure 3: Evaluation of biological activity of 27 Transferon batches
in the validated murine model of herpes. Statistical analysis
(ANOVA, Bonferroni’s Multiple Comparison Test) showed no
differences between doses.

≥ 40%. All parameters were within the limits that were
established in the validation protocol.

Eighteen batches that were produced in 2012 and 9 that
were generated in 2013 were examined in the validated
murine HSV-1 model. In certain batches, we evaluated 2
additional doses (0.125 and 0.25 𝜇g per mouse). All batches
improved the survival of HSV-1-infected mice by an average
of 37.8% (range: 30.5% to 43.3%) (Figure 3). There were no
differences in average survival between doses, indicating that
any of these doses could be used in future quality control
assays.

3.4. Effects of Transferon on HSV-1 Infectivity. We measured
the antiviral activity of Transferon by (i) preincubating HSV-
1 with the drug before adding it to the target (Vero) cells
(Figure 4(a)) and (ii) simultaneously incubating target
cells with HSV-1 and various Transferon concentrations
(10 pg/mL–10𝜇g/mL) (Figure 4(b)). Transferon did not
show direct antiviral effect on either experimental system.
Preincubation of target cells with Transferon for 24 h
before the viral challenge did not prevent HSV-1 infection
(Figure 4(c)), suggesting that Transferon does not modify
the target cell-susceptibility to infection. Additionally, we
evaluated the effect of Transferon on virus replication. The
titration of HSV-1 on Transferon-treated samples showed
that the TCID

50
is not different from that of control samples.

Values obtained from nonlinear regression fit were −log
10

=
2.711 versus −log

10
= 2.752, respectively (Figure 4(d)). These

results, obtained by a colorimetric assay, correlate with the
visual analysis of CPE (Supplemental Figure 1 available
online at http://dx.doi.org/10.1155/2014/146305), as reported
for others viruses [28], and demonstrate that Transferon has
no effect on HSV-1 replication.

3.5. Effects of Transferon on Systemic Cytokines. Blood
(serum) cytokine levels were measured at days 7 and 9,
before the period of high mortality. TNF-𝛼, IL-6, and IFN-𝛾
levels rose inHSV-1-infected and placebo-treatedmice versus
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Figure 4: In vitro evaluation of antiviral activity of Transferon. (a) HSV-1 was preincubated for 60min with Transferon (20 𝜇g/mL) or
medium before evaluation of visible cytopathic effect (CPE) on Vero cells. Viruses with no preincubation (t

0
) were used as control (ANOVA,

Bonferroni’s Multiple Comparison Test; ns: nonsignificant). (b) Effect of Transferon (10 pg/mL–10 𝜇g/mL) on HSV-1-induced cytopathology,
evaluated by MTS assay. Acyclovir (ACV; 10 𝜇g/mL) was included as a positive control. The graph represents data from 2 independent
experiments (ANOVA, Bonferroni’s Multiple Comparison Test; ∗𝑃 < 0.0001). (c) TCID

50
obtained from Vero cells preincubated for 24 h

with Transferon (20𝜇g/mL) or medium prior to HSV-1 infection (Student’s t test). (d) Titration of samples obtained from Vero cells infected
24 hwithHSV-1 and simultaneously treatedwithmedium (open circles) or 20 𝜇g/mL of Transferon (closed circles). ACV (10𝜇g/mL; triangles)
was included as a positive control. Sum-of-squares F test showed no differences between the TCID

50
from medium- and Transferon-treated

cells (𝑃 = 0.7527). The graph represents data from 2 independent experiments.
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Figure 5: Quantitative analysis of blood (serum) cytokine levels. Transferon (Batch 12C04; 0.75 𝜇g/mouse) significantly reduced the
concentrations of TNF-𝛼 (a) and IL-6 (b) at day 9 postinfection, but it increased that of IFN-𝛾 at day 7 (c). Transferon administration had
no effect on uninfected mice. All measurements were normalized to placebo-treated, uninfected controls. The graphs represent data of 2
independent experiments (ANOVA, Bonferroni’s Multiple Comparison Test; ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001; ∗∗∗∗𝑃 < 0.0001).

uninfected mice (Figures 5(a)–5(c)). In contrast, Transferon
did not change the cytokines levels in uninfected mice.
Treatment of HSV-1-infected mice with Transferon signifi-
cantly decreased TNF-𝛼 and IL-6 levels at day 9, compared
with placebo-treated animals (Figures 5(a) and 5(b). In
contrast, Transferon further increased IFN-𝛾 levels at day 7
(Figure 5(c)).

4. Discussion

All 27 batches of Transferon in this study complied with
quality standards with regard to their attributes. As shown for
batches that were produced in 2010-2011 [8], we noted high
homogeneity in microbial content, peptide concentration,
molecular weight, and time of retention of the main peaks by
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UPLC. These results demonstrate that is possible to produce
a mixture of peptides that have been extracted from complex
raw materials, such as lysed human leukocytes.

To evaluate the activity of these batches, a murine
model of herpes was standardized and validated. Transferon
partially protected animals from the HSV-1-induced weight
loss, which correlated with greater survival. This model was
chosen because DLEs are effective in clinical studies of
herpetic infections. DLEs significantly reduce the average
duration of the acute phase and the frequency of recurrences
in herpetic infections as successfully as antiviral drugs [15,
16]. All batches of Transferon significantly increased survival
dose-independently, indicating that it is biologically active
over a wide range of doses (10-fold).Thus, our murine model
of herpes can be used to measure efficacy—a fundamental
attribute of biological drugs—in DLEs.

However, the herpes murine model has several disadvan-
tages.The variability that is intrinsic to a whole-animalmodel
is significant; such a model requires the use of many animals.
Also, more time is needed to evaluate activity than for an in
vitro experiment.

Transferon has no direct virucidal or antireplicative
effects on HSV-1 nor cytoprotective effects on target cells,
suggesting that the in vivo activity of Transferon is mediated
by its effects on the immune system. We found that HSV-
1-infected mice had higher serum concentrations of TNF-
𝛼, IL-6, and IFN-𝛾 compared with uninfected controls.
Consistent with these findings, in astrocyte cultures, HSV-1
infection upregulates TNF-𝛼, IL-6, and NF-𝜅B in a Toll-like
receptor (TLR)-3-dependent manner [31]. Administration
of Transferon to HSV-1-infected mice downregulates TNF-
𝛼 and IL-6, suggesting that it suppresses innate immune
responses. The modulation of proinflammatory cytokines
by DLEs has been associated with reduced inflammation-
associated tissue damage by pathogens [32, 33].

Conversely, Transferon increased IFN-𝛾, a cytokine that is
produced during the adaptive phase of immunity, suggesting
that Transferon indirectly stimulates the activation of T lym-
phocytes that are specific for HSV-1. IFN-𝛾 effects resistance
against HSV-1 infection [34], and its upregulation in DLE-
treated herpes patients favors a positive clinical response
[17] and limits relapses [16]. Although the mechanisms of
action of DLEs have not been determined completely, our
results indicate that they have differential effects on innate
and adaptive immunity.

5. Conclusions

Our analysis of 27 batches of Transferon demonstrate that (i)
the cutaneous model of herpes can be used to evaluate the
biological activity of DLEs, such as Transferon; (ii) the assay
can be used as a routine test for batch release; (iii) Transferon
is produced with high homogeneity between batches, meet-
ing the standards that are required for hemoderivatives that
are intended for clinical use; (iv) Transferon does not have
direct virucidal, cytoprotective, or antireplicative effects; and
(v) the protective effects of Transferon in our murine model
correlate with changes in serum cytokine levels.
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The chronic inflammatory response is emerging as an important therapeutic target in progressive chronic kidney disease. A
key transcription factor in the induction of chronic inflammation is NF-𝜅B. Recent studies have demonstrated that sustained
activation of the unfolded protein response (UPR) can initiate this NF-𝜅B signaling phenomenon and thereby induce chronic
kidney disease progression. A key factor influencing chronic kidney disease progression is proteinuria and this condition has now
been demonstrated to induce sustained UPR activation.This review details the crosstalk between the UPR and NF-𝜅B pathways as
pertinent to chronic kidney disease. We present potential tools to study this phenomenon as well as potential therapeutics that are
emerging to regulate the UPR.These therapeutics may prevent inflammation specifically induced in the kidney due to proteinuria-
induced sustained UPR activation.

1. Introduction

Chronic kidney disease (CKD) is a major healthcare concern
in the population and its treatment places a large economic
burden on healthcare systems. The prevalence of CKD is
growing rapidly in North America, thereby increasing cost
of hemodialysis and the number of patients requiring organ
transplants [1, 2]. CKD can be defined as kidney damage
lasting over 3 months caused by structural or functional
abnormalities of the kidney, with or without decreased
glomerular filtration rate (GFR), that can lead to decreased
GFR [3]. Immune cell activation and inflammatory responses
are important factors in the development of both acute and
chronic kidney diseases [4]. Therefore, immunomodulation
therapy may be an important new avenue to help prevent
the progression of CKD, reducing patient morbidity and
mortality and its associated economic costs.

Endoplasmic reticulum (ER) stress is a cellular pathology
that occurs due to an imbalance between protein folding
capacity and protein folding demand [5, 6].The accumulation
of misfolded proteins in the ER results from disturbances

in ER homeostasis making conditions unfavourable for
protein folding, or, mutations in proteins that impair their
proper folding [6]. These disturbances in ER homeostasis
include hypoxia, glucose depletion, and oxidative stress [7].
ER stress plays an important role in the pathogenesis of
chronic diseases associated with the accumulation of mis-
folded proteins. These include neurodegenerative diseases
such as Alzheimer’s and Parkinson’s diseases, atherosclerosis,
diabetesmellitus and chronic kidney disease [8–10]. ER stress
results in the activation of the unfolded protein response
(UPR), an evolutionarily conserved cellular response regu-
lated primarily by glucose regulated protein 78-KD (GRP78).
The UPR involves the activation of processes such as apopto-
sis and inflammation that determine the fate of cell survival
and tissue scarring [6, 8, 11]. Therefore, ER stress is an
important factor in the development of renal diseases and the
study of theUPRpathways is likely to revealmolecular targets
that influence disease progression.

In this review, we will highlight the current literature
on inflammatory and ER stress responses in CKD and then
elucidate pathways of ER stress-mediated inflammation that

Hindawi Publishing Corporation
Journal of Immunology Research
Volume 2015, Article ID 428508, 10 pages
http://dx.doi.org/10.1155/2015/428508

http://dx.doi.org/10.1155/2015/428508


2 Journal of Immunology Research

link these two processes. ER stress-mediated inflammation
has been implicated in the pathogenesis and development of
several diseases including obesity, type 2 diabetes, inflamma-
tory bowel disease, atherosclerosis, cystic fibrosis, and cancer
[11]. Nuclear factor-𝜅B (NF-𝜅B) plays an important role in
renal inflammation in human and experimental models of
kidney disease [12, 13] and is the main transcription factor
in ER stress-mediated inflammation [11, 14, 15]. Therefore,
we suggest that ER stress-mediated inflammation could be
a key process in CKD development. The study of pathways
involved in ER stress-induced inflammation may give rise to
highly specificmolecular targets that can impact the outcome
of CKD progression.

2. Inflammation in Kidney Disease

CKD can lead to end stage renal failure (ESRF), an important
comorbidity of cardiovascular disease [16]. Human CKD
studies have indicated a relationship between hypertension
and renal diseases [17, 18]. Renal T cell and macrophage
infiltration has been established in experimental models of
hypertension such as in spontaneously hypertensive rats [19,
20], Dahl salt-sensitive rats [21–23], Angiotensin (Ang) II-
induced hypertension [24–26], and DOCA-salt hypertension
[26–28].The administration of the immunosuppressive drug,
mycophenolate mofetil, appeared to reduce renal inflam-
mation, mesangial cell and macrophage infiltration, oxida-
tive stress, and tubulointerstitial damage in animal models
of hypertension [29–31]. Previous reports have shown an
improvement in renal function and a reduction in tubular
necrosis and immune cell infiltration with T cell deficiency in
mouse models of renal ischemic injury [32, 33]. Moreover, in
a study byMoon et al., intrarenal CD3+ T cells were increased
in proteinuric mice with streptozotocin-induced diabetes
[34]. Type 2 diabetic patients also experienced an infiltration
of CD4+, CD8+, and CD20+ cells in the renal interstitium
where higher levels of CD4+ and CD20+ cells correlated with
proteinuria [34]. Therefore, T cells appear to play a role in
the development of renal damage in variousmodels of kidney
disease. Likewise, macrophage infiltration has been well-
established as a prominent characteristic of tubulointerstitial
damage that occurs in kidney disease irrespective of the
origin [35, 36].Monocyte chemoattractant protein-1 (MCP-1)
is a chemokine known for recruiting macrophages and lym-
phocytes to sites of tissue injury and infection [37]. Blockade
of MCP-1 or its receptor CCR2 has been shown to attenuate
macrophage infiltration, renal fibrosis, and tubulointerstitial
injury [38–40]. MCP-1 expression has been demonstrated in
membranous nephropathy, as an indicator of progression to
ESRF [41] and in human crescentic glomerulonephritis where
it has been associated with glomerular macrophage infil-
tration [42]. Also, Urinary excretion of MCP-1 is observed
in a majority of adult patients with autosomal dominant
polycystic kidney disease [43]. Collectively, these studies
suggest an important role for T cells and macrophages in the
development and progression of CKD.

Reports have pointed to the significant contribution
of the transcription factor, NF-𝜅B, in the pathogenesis of
proteinuric renal damage [44–46]. NF-𝜅B is present in an

inactive form in all cell types and is released from an
inhibitory subunit (I𝜅B) upon stimulation. When released,
NF-𝜅B activates the transcription of a large number of target
genes: RANTES (regulated upon activation normal Tcell
expressed and secreted), interleukin (IL)-1, IL-2, IL-6, MCP-
1, tumour necrosis factor- (TNF-) 𝛼, adhesionmolecules, and
several other proinflammatorymediators [47].The inhibition
of TNF-𝛼, an NF-𝜅B-inducible gene, has been shown to
delay the progression of hypertension and renal damage by
reducing proteinuria, urinary MCP-1 excretion, and renal
macrophage infiltration in animal models of DOCA salt
and Ang II-dependent hypertension [48, 49]. Renal NF-
𝜅B expression and/or activation was observed in patients
with glomerulonephritis [50, 51], diabetic nephropathy [52],
and proteinuric renal disease (minimal change disease and
membranous nephropathy) where it correlated with the
magnitude of proteinuria [46].

Studies onCKDhave established proteinuria as an impor-
tant modifiable factor in disease progression [53]. Kidney
disease patients with a higher mean baseline proteinuria
≥3.0 g/day demonstrated a greater drop in GFR over time
[54]. Therefore, the higher the urinary protein excretion
values, the faster the decline in GFR and disease progression,
making it an important predictor of ESRF independent of
the nature of the underlying disease [55]. Protein overload
models in vitro using albumin and IgG resulted in an increase
in NF-𝜅B activity accompanied by upregulation in NF-𝜅B-
inducible genes RANTES and MCP-1 [56]. Cultured rat
tubular epithelial cells treated with bovine serum albumin
(BSA) showed significant NF-𝜅B activation in a time- and
dose-dependent manner [57]. In a rat model of nephritis
using uninephrectomy and BSA-overload, nephritic rats
experienced an increase in NF-𝜅B activity that correlated
with augmentation in urinary protein excretion [57]. This
correlation is also observed in ratmodels of immune complex
glomerulonephritis [58], passive Heymann nephritis [59],
and renal mass reduction [59].This finding suggests that NF-
𝜅B activation may lead to proinflammatory gene expression
and recruitment of inflammatory cells in response to pro-
teinuria. Modulation of NF-𝜅B activity has been performed
experimentally [60, 61].The administration of a recombinant
adenovirus vector expressing a truncated form of I𝜅B𝛼 in
a rat model of tubulointerstitial injury (TI) was able to
specifically inhibit NF-𝜅B activation [60]. NF-𝜅B inhibition
in this model was able to attenuate proteinuria-induced TI
injury as well as TGF-𝛽, VCAM-1, and fibronectin expression
in TI lesions [60]. Parthenolide and gliotoxin are able to
block NF-𝜅B DNA-binding by stabilizing I𝜅B𝛼. The use of
these drugs in experimentalmodels ofmesangial proliferative
glomerulonephritis leads to lower activation of NF-𝜅B in
the glomeruli and tubules of nephritic animals [61]. These
agents resulted in decreased proteinuria and glomerular
lesions as well as downregulated inflammatory responses and
reduced glomerular recruitment of mononuclear cells [61].
Pathways regulated by NF-𝜅B are, therefore, essential in the
development of inflammation and proteinuric renal damage
in various human and experimentalmodels of kidney disease.
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3. ER Stress in Kidney Disease

ER stress leads to the activation of theUPR.TheUPR includes
the dissociation of GRP78 from three ER transmembrane
proteins: PKR (double-stranded RNA-dependent protein
kinase) like ER protein kinase (PERK), inositol-requiring
enzyme 1 (IRE1), and activating transcription factor 6 (ATF6)
[6, 62, 63]. UPR activation causes the release of ATF6 leading
to its cleavage in the Golgi by site 1 and site 2 proteases
[64, 65]. The cytosolic, DNA-binding fragment of ATF6
travels to the nucleus where it activates the transcription
of ER chaperones, enzymes that aid in protein folding and
secretion as well as components of ER-associated degradation
[62]. PERK is a Ser/Thr protein kinase and is activated
through homodimerization and transphosphorylation dur-
ing the UPR. PERK activation leads to the phosphorylation
and inhibition of eIF2𝛼, a component of the translation initi-
ation complex [66, 67].This pathway reduces the recognition
of initiation AUG codon thereby attenuating translation
to decrease protein load on the ER. Certain mRNAs with
short open reading frames in the 5-untranslated region
are preferentially translated in this pathway including ATF4
[66, 67]. ATF4 is a transcription factor that induces the
expression of ER stress target genes, notably CHOP, resulting
in apoptosis [6, 62]. CHOP is a transcription factor that
upregulates expression of proapoptotic factors and decreases
antiapoptotic genes such as Bcl2 [6, 62]. IRE1𝛼 activation
results in X-box binding protein-1 (XBP1) mRNA splicing.
This step causes a change in the reading frame allowing the
translation of a transcription factor that induces expression
of genes with an ER stress response element including ER
chaperons such as GRP78 [62, 68–70]. The IRE1𝛼 arm of
the UPR may also stimulate proapoptotic pathways via its
activation of Caspase 12 (rodents)/Caspase 4 (humans) and
c-Jun N-terminalkinase (JNK) phosphorylation [62, 68–70].

Kidney biopsies from patients at different stages of
glomerulonephritis showed upregulation of GRP78 and
CHOP highlighting the significance of ER stress responses in
renal disease progression [71]. The upregulation of ER stress
markers has also been shown in nephrotic syndrome patients
[72]. ER stress pathways may be targeted pharmacologically
to attempt to modify the outcome of renal disease [62]. The
use of 4-phenylbutyric acid (4-PBA), a low molecular weight
chemical chaperone, prevented ER stress in a rat model of
streptozotocin-induced diabetic nephropathy and also sig-
nificantly reduced urinary protein excretion [73]. Treatment
with 4-PBA in this model also reduced basement mem-
brane thickening, mesangial cell proliferation, andmesangial
matrix accumulation in rats with diabetic nephropathy [73].
Similarly, 4-PBA was able to cause a significant decrease in
fibrosis as shown by marked reduction in collagen type I,
fibronectin, and 𝛼-SMA in rats undergoing the unilateral
ureteral obstruction model [74].

In a model of acute kidney injury, 4-PBA treatment
prevented damage to the outer medullary stripe of the
kidney and reduced ER stress upregulation and CHOP-
induced apoptosis [75]. Further, the deletion of the GRP78
ER retention sequence, KDEL, has been shown to exacerbate
renal injury by increased urinary protein excretion and

tubular damage in an in vivo model of albumin overload
[76].Therefore, themanipulation of the UPR has a significant
impact on CKD progression.

4. Interrelationship between Inflammatory
Pathways and ER Stress in Kidney Disease

All three arms of the UPR, IRE1𝛼, PERK, and ATF6 result
in transcriptional activation of proinflammatory genes by
primarily activating NF-𝜅B [14, 15, 77]. In mammals, the NF-
𝜅B family consists of five members: p65/RelA, cRel, RelB,
p100/p52, and p105/p50 [12].These proteins can homodimer-
ize and form heterodimers with each other and share a highly
conserved domain, Rel homology region (RHR) [12, 78, 79].
NF-𝜅B dimers are bound to inhibitory I𝜅B proteins in the
cytoplasm and are inactive since I𝜅B interferes with the func-
tion of the nuclear localization sequence present on the RHR
domain [80]. Phosphorylation and subsequent degradation
of I𝜅B is required for NF-𝜅B translocation to the nucleus [78].

Figure 1 shows an overview of the pathways involved in
ER stress-mediated activation of inflammatory gene tran-
scription. During prolonged ER stress, the dissociation of
GRP78 results in autophosphorylation of IRE1𝛼 causing a
conformational change in its cytosolic domain. The cytosolic
domain of activated IRE1𝛼 then binds to adaptor protein
TNF𝛼 receptor-associated factor 2 (TRAF2) [81]. The IRE1𝛼-
TRAF2 complex recruits I𝜅B kinase (IKK), phosphorylating
I𝜅B resulting in its degradation and NF-𝜅B activation [82,
83]. IRE1𝛼-TRAF2 complex can also recruit protein kinase
JNK leading to phosphorylation of transcription factor AP1,
linking ER stress to other proinflammatory pathways [84].
UPR activation of PERK results in translation attenuation
via phosphorylation of eIF2𝛼, a component of the translation
initiation complex. This process causes decreased translation
of I𝜅B, freeing more NF-𝜅B to translocate to the nucleus
[85, 86]. ATF6 leaves the ER upon activation and undergoes
cleavage by site 1 and site 2 proteases in the Golgi complex.
These activated ATF6 fragments form homodimers and
induce transcription of acute-phase response genes [14, 64,
65]. Although the ATF6 pathway can also result in NF-𝜅B
activation via phosphorylation of AKT [87], the PERK and
IRE1𝛼 arms of the UPR have been demonstrated as crucial
for ER stress-inducedNF-𝜅B activation. In a study by Kaneko
et al. [82], human embryonic kidney (HEK) 293T cells
treated with thapsigargin (TG) showed phosphorylation and
degradation of I𝜅B andupregulation ofNF-𝜅B.This effectwas
suppressed with transfection of a dominant-negative mutant
of IRE1𝛼 or a dominant-negative mutant of TRAF2 [82]. ER
stress-induced activation of NF-𝜅B using thapsigargin and
tunicamycinwas impairedwith IRE1𝛼 knockdown and IRE1𝛼
deficiency in mouse embryonic fibroblasts (MEFs) [83].
Reconstitution of IRE1𝛼 deficient MEFs with IRE1𝛼 resulted
in the recovery of ER stress-induced NF-𝜅B activation [83].
Similarly, studies have shown eIF2𝛼 phosphorylation results
in NF-𝜅B activation through translation attenuation as it
occurs independently of I𝜅B phosphorylation or degradation
[85, 86]. Moreover, PERK deficiency and eIF2𝛼mutantMEFs
inhibited NF-𝜅B activation in response to treatment with ER
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Figure 1: Overview of UPR-induced inflammatory gene transcription. The dissociation of GRP78 from the transmembrane transducers,
PERK, IRE1𝛼, or ATF6, leads to their activation. PERK activation brought about by autophosphorylation results in the phosphorylation of
eIF2𝛼 and general translation attenuation reducing the I𝜅B available to bind to NF-𝜅B. Due to I𝜅B’s shorter half-life, more NF-𝜅B is free to
enter the nucleus and activate transcription of inflammatory genes. Autophosphorylation of IRE1𝛼 causes the cytosolic domain to associate
with TRAF2.The IRE1𝛼-TRAF2 complex recruits IKKwhich phosphorylates I𝜅B resulting in NF-𝜅B activation.This complex recruits protein
kinase JNK leading to phosphorylation of transcription factor AP1 as well. Upon activation, ATF6 leaves the ER and undergoes cleavage by
site 1 (S1P) and site 2 proteases (S2P) in the Golgi complex. The 50-kilodalton cleavage product (p50) acts as a transcription factor in the
nucleus and results in the transcriptional initiation of acute phase inflammatory response genes.

stress inducing agents indicating that PERK-induced eIF2𝛼
phosphorylation is essential in NF-𝜅B activation [85].

5. Investigating ER Stress-Induced
Inflammation in the Kidney

Since ER stress pathways and inflammatory responses have
been demonstrated in human CKD as well as in animal
models of the disease, the use of pharmacological tools
in vitro and in vivo may help elucidate molecular targets
essential to disease progression. Table 1 summarizes drugs
that could be used to manipulate the UPR.

Salubrinal (Sal) is a small molecule identified through
high-throughput screening for its ability to enable cells to
withstand ER stress.This drug acts as a phosphatase inhibitor
specific in preventing the activation of eIF2𝛼, a key compo-
nent of the PERK pathway [88]. In vivo, Sal has been shown to
protect against cyclosporine A-induced nephrotoxicity [89],

which has been associatedwith ER stress [90]. GSK2606414 is
a potent and selective PERK inhibitor shown to inhibit PERK
activation in response to ER stress inA549 cells, a human lung
adenocarcinoma cell line, and inhibits the growth of human
tumor xenografts in mice [91]. Since it penetrates the blood-
brain barrier, GSK2606414 administration has been shown
to impart neuroprotective effects and prevent clinical disease
in prion-infected mice [92]. Therefore, Sal and GSK2606414
provide pharmacological interventions that could be used to
study the effect of the PERK pathway on ER stress-induced
inflammation.

STF 083010 is a novel molecule, first identified though
high-throughput screening. This reagent was able to inhibit
IRE1𝛼 endonuclease activity during ER stress both in vitro
and in vivo. Pretreatment of RPMI 8226 human multiple
myeloma cells with STF 083010 blocked XBP1 splicing acti-
vated by both tunicamycin- and thapsigargin-induced ER
stress. Additionally, treatment of XBP1-luciferase reporter



Journal of Immunology Research 5

Table 1: Pharmacological manipulation of the UPR. To study the various pathways of the UPR, pharmacological manipulations to the specific
pathways can be utilized. To examine the PERK pathway, salubrinal is an inhibitor of the dephosphorylation of eIF2𝛼. To investigate the IRE1
pathway, STF-083010 and Irestatin are inhibitors of IRE1 endonuclease activity. The ATF6 pathway can be inhibited with 4-(2-aminoetheryl)
benzenesulfonyl fluoride (AEBSF) to prevent cleavage of ATF6.The role of protein folding chaperones can be determined by utilizing artificial
chaperones including 4-phenylbutyrate (4-PBA) and tauroursodeoxycholic acid (TUDCA), which aid in the folding of proteins. Further, to
investigate sustained activation of the unfolded protein response, classic ER stress inducers, tunicamycin and thapsigargin, can be used as
well as disease-related inducers including indoxyl sulfate.

UPR gene Pharmacological manipulation Description

PERK Salubrinal Phosphatase inhibitor prevents dephosphorylation of
eIF2𝛼

GSK2606414 Potent and selective PERK inhibitor

IRE1𝛼 STF083010 Specifically inhibits IRE1𝛼 endonuclease activity during
ER stress without affecting its kinase activity

Irestatin Specific inhibitor of IRE1𝛼

ATF6 4-(2-Aminoethyl) benzenesulfonyl fluoride
(AEBSF)

Serine protease inhibitor inhibits site 1 and site 2
proteases preventing ATF6 cleavage and inhibits
transcription of ATF6 target genes

Small chemical protein
folding chaperones

4-Phenylbutyrate (4-PBA) 4-PBA and TUDCA aid in protein folding reducing
misfolded protein accumulation in the ERTauroursodeoxycholic acid (TUDCA)

UPR activating agents

Tunicamycin Inhibitor of N-linked protein glycosylation hinders a
process required for proper protein folding

Thapsigargin Inhibitor of sarcoplasmic/endoplasmic reticulum
calcium ATPase (SERCA) pump causes ER stress

Indoxyl sulfate Uremic toxin that causes ER stress via oxidative stress

mice with STF 083010 reduced XBP1 splicing in an in vivo
model of ER stress induced by bortezomib [93]. Irestatin is
another molecule that is able to inhibit IRE1𝛼 endonuclease
activity and has been reported to disrupt the growth of
malignant myeloma cells [94]. Therefore, STF 083010 as well
as Irestatin could be used as pharmacological tools to study
the effect of inhibiting the IRE1𝛼 pathway on ER stress-
induced inflammation.

4-(2-Aminoethyl) benzenesulfonyl fluoride (AEBSF) has
been shown to prevent ER stress-induced cleavage of ATF6𝛼
and ATF6𝛽, resulting in inhibition of transcriptional induc-
tion of ATF6-target genes [95].This compound has been used
as a serine protease inhibitor in both in vitro [96, 97] and
in vivo studies [98, 99]. Therefore, AEBSF could be used as
a pharmacological tool to study the effect of inhibiting the
ATF6 pathway on ER stress-induced inflammation.

4-PBA is a chemical chaperone that has been shown to
stabilize protein conformation and improve protein folding
in the ER by inhibiting ER stress. This drug has been
used clinically for the treatment of urea cycle disorders in
children, sickle cell disease, thalassemia and cystic fibrosis
[100]. In particular, in vitro studies have shown that 4-
PBA administration results in a reduction in GRP78 levels
in response to ER stress [101, 102]. In a mouse model of
brain ischemia, pretreatment or posttreatment with 4-PBA at
therapeutic doses was able to attenuate disease progression
possibly as a result of a decrease in protein load retained by
the ER [103]. Tauroursodeoxycholate (TUDCA), a derivative
of an endogenous bile acid, is another chaperone that has
been shown to resolve ER stress in liver and adipose tissue
thereby normalizing hyperglycemia and restoring systemic

insulin sensitivity in obese and diabetic mice [104]. TUDCA
has also been shown to inhibit the expression of ER stress
markers in intestinal epithelial cells [105] and attenuate
intestinal inflammation in a rodent model of inflammatory
bowel disease [106]. Therefore, both 4-PBA and TUDCA
could be used to manipulate ER stress responses.

ER stress-inducing agents tunicamycin (TM), thapsigar-
gin (TG), and indoxyl sulfate (IS) could be used to evaluate
the effects of ER stress induction in vitro and in vivo. TM is a
nucleoside antibiotic, which inhibits N-linked protein glyco-
sylation, and is used tomodel acute kidney injury in vivo [75].
TG is a plant-derived sesquiterpene lactone and induces ER
stress by inhibiting the sarcoplasmic/endoplasmic reticulum
calciumATPase (SERCA) pump and alteringCa2+ homeosta-
sis [107]. Both TG and TM result in upregulation of ER stress
markers GRP78, GRP94, CHOP, and phosphorylated eIF2𝛼
in human proximal tubule cells [75, 108, 109]. IS is a uremic
toxin that has been reported to accumulate in the serum of
CKD patients and contribute to disease progression [110, 111].
IS interacts with organic anion transporter types 1 and 3 and
is therefore able to incorporate into the basolateralmembrane
of renal proximal tubule cells [112]. ISwas shown to induce ER
stress via oxidative stress in human proximal tubule cells and
inhibits cell proliferation through the upregulation of CHOP
and ATF4 in these cells [113].

Human kidney proximal tubule cells (HK2 cell line) [114]
could be used to generate a reporter cell line forXBP1 splicing.
A previously published tool for monitoring XBP1 splicing
involves an ER stress-activated indicator (ERAI) [115]. The
ERAI consists of a F-XBP1ΔDBD-venus plasmid, a variant
of green fluorescent protein, fused as a reporter downstream
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Figure 2: Detection of XBP1 splicing in human proximal tubule-2 cells using XBP1sVenus reporter. (a) XBP1sVenus was placed in a
hygromycin B selectable cassette and transfected into HK-2 cells. Cells were then selected for stable incorporation of XBP1sVenus with
0.5mg/mL hygromycin B. Clones were screened with 1 𝜇g/mL tunicamycin (Tm) for 6 or 18 hours. Clones 3, 12, and 16 were found to give
robust responses when probed with the flag-tag antibody and produced green fluorescence. (b) Clone 12 from the stably transfected XBP1s
HK-2 reported cell line was grown up and untreated (Un) or treated with 1𝜇g/mL tunicamycin (Tm). The expression of the flag-tag shows
IRE1 activation in the reporter cell line.

of a partial sequence of human XBP1 containing the 26-
nucleotide IRE1 splicing site [115]. The plasmid also contains
a hygromycin B resistance gene. We utilized hygromycin
B (0.5mg/mL) to select HK2 cells transfected with this
plasmid to generate a stable cell line. The ERAI contains
both a fluorescent reporter (venus) and a flag-tag. Thus, it
can be used to detect XBP1 splicing by immunofluorescence
and Western blotting. Figure 2 demonstrates our selection
of HK2 cells stably expressing ERAI and the detection of
XBP1 splicing in these cells in response to TM usingWestern
blotting for the flag-tag. This tool could be used to detect
IRE1 activity to evaluate its effect on inflammatory processes
in the kidney. The reporter construct has been employed in
transgenic mice to allow the detection of IRE1 activity in
whole animals [115]. This tool would be generally applicable
to various models of CKD.

A number of pharmacological and genetic tools are avail-
able to study ER stress-induced inflammation in the kidney
both in vivo and in vitro. Manipulation of ER stress pathways
will provide insight about the influence of the UPR on the
inflammatory response and might reveal useful and more
specific targets in key processes during CKD development.

6. Conclusion

ER stress-mediated inflammation appears to be important in
the progression of CKD. Further, specific pathways within
the UPR response result in ER stress-induced inflammation.
Thus, the targeted pharmacological manipulation of the UPR

holds promise to selectively inhibit the inflammatory conse-
quences of UPR activation without disrupting proteostasis.
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The danger model was proposed by Polly Matzinger as complement to the traditional self-non-self- (SNS-) model to explain
the immunoreactivity. The danger model proposes a central role of the tissular cells’ discomfort as an element to prime the
immune response processes in opposition to the traditional SNS-model where foreignness is a prerequisite. However recent
insights in the proteomics of diverse tissular cells have revealed that under stressful conditions they have a significant potential
to initiate, coordinate, and perpetuate autoimmune processes, in many cases, ruling over the adaptive immune response cells;
this ruling potential can also be confirmed by observations in several genetically manipulated animal models. Here, we review
the pathogenesis of rheumatic diseases such as systemic lupus erythematous, rheumatoid arthritis, spondyloarthritis including
ankylosing spondylitis, psoriasis, and Crohn’s disease and provide realistic approaches based on the logic of the danger model. We
assume that tissular dysfunction is a prerequisite for chronic autoimmunity and propose two genetically conferred hypothetical
roles for the tissular cells causing the disease: (A) the Impaired cell and (B) the paranoid cell. Both roles are not mutually exclusive.
Some examples in human disease and in animal models are provided based on current evidence.

Dr. César Pacheco-Tena respectfully dedicates this paper to Dr. Polly Matzinger

1. Outline of the Danger Model

The danger model (DM) was proposed by Poly Matzinger as
an alternative (or complement) to the traditional self-non-
self- (SNS-) model [1]. The DM postulates that the immune
system decides to start an immune response if a potential
threat is able to induce harm in the tissues, in counterpart to
the SNS-model where foreignness is a fundamental precon-
dition. Matzinger has explained the rationale of her model in
several papers [1–3], including a historical perspective [4, 5]
linking the DM to the SNS; we will only give a brief overview
to set the context of our paper (Figure 1).

In the initial conception of the SNS, Burnet proposed
that the B-cells carried multiple antigenic receptors specific
for one epitope. The binding of these receptors to its specific
ligand triggered an immune response, and it was assumed

that this binding sent a signal to the B-cell (signal 1).
Later, Bretscher and Cohn incorporated the T-cell in their
associative recognition model [6]; on it, the activation of
B-cells required not only the signal 1 but also the help
signal from another cell (helper T-cell) also specific for the
same antigen which provided an additional signal (signal 2);
otherwise, the antigen-primed B-cell, if not rescued from
the T helper cell, would die. Eventually it was found that
also the helper T-cells require a second signal in addition to
that provided by the antigenic recognition; this signal was
named co-stimulation, and it came from antigen presenting
cells (APC). APC are able to process and present antigens
from phagocytized material, but lack antigenic recognition
and therefore specificity. The decision of an APC to either
upregulate or not the co-stimulatory molecules at the time
the antigen is presented, defines the fate of the primed specific
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tolerance breakage.
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cells.

Figure 1: Basic comparison of the postulates between the self-non-self- (SNS-) model and the danger model (DM). In the SNS-mode, the
triggering stimulus is the antigen which is by definition foreign, or, if endogenous, it is mistaken as foreign; once the antigen specific cells have
been primed, the persistence of the immune response depends on the perpetual presence of an antigen and for the case of an autoantigen on
its expression where it can be detected and processed by antigen presenting cells to T-cells; the severity of the immune reactions depends on
the nature and amount of the antigen and the type of immune response it settles on. In the case of the DM the initial step is a scenario of
disturbance within the tissues which can be explained by both biological or physical aggressions, the disturbed tissular cell signals to the local
antigen presenting cells, and, as the aggression becomesmore chronic the tissular cell communicates directly to T- or B-cells; the perpetuating
cycle for the case of chronic autoimmune diseases relies on the repeated disturbance of the tissular cells by the annoying stimuli and self-
proteins are recognized eventually as antigens due to the enhanced antigenic presentation costimulation upregulated by the soluble factors
released by the stressed tissular cells. The severity of the immune reaction depends on the intensity and frequency of the disturbance that the
stimuli infringe in the tissular cells.

T-cell (stimulation, anergy, apoptosis, differentiation); yet the
cell that decides it (the APC), is unaware of the self-non-
self-status of the presented antigen. This central role for an
antigen-undiscriminating cell in the outcome of an immune
response posted a major challenge to the logic of SNS-model.

The discovery of pattern recognition receptors
(PRR) by Medzhitov et al. [7], gave the APC a certain

SNS-discriminating personality, because the PRR were
thought to target specifically highly conserved structures
from microorganisms. In that perspective, PRR could
warrant foreignness (non-self-) discernment as a criterion for
immunogenicity; self instead was spared. However, shortly
after the PRR and their specificities were characterized, it was
shown that PRR also bind, recognize and are activated by
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endogenous (self-) structural components in a physiological
basis [8–15]. PRR cannot distinguish self from nonself either,
nothing does.

The DM however does not require SNS-discernment; it
solves this apparent lack of control of the immunogenicity
because it transfers the control of the immune response not
to the mere antigenic recognition but to the prerequisite of
harmful conditions inducing the activation of the cells lying
within the tissues. In that command, the tissular cells require
the presence of harmful conditions as a critical step to stim-
ulate immune cells to start an immune response. In this per-
spective, the tissular cells become proactive elements enabled
to communicate with the local immune cells (i.e., dendritic
cells) and establish their status of wellbeing/suffering. The
DM postulates that the presence of disturbance (stress)
or damage within the tissue structure triggers a series of
mediators released from the tissular cells that activates the
APC (or others) to up-regulate costimulatory molecules and
eventually prime specific T-cells. Quiescent tissues, on the
other hand, are tolerogenic.

The DM gives a holistic approach to the immune system
as a simple integrant in tissue homeostasis extending it
beyond the antigenic recognition. An updated review of the
mechanisms involved in the tissue-over-immune-response
control have been detailed byMatzinger and Kamala recently
[16]. Conceding a commanding role for the tissular cells, the
autoimmune scene gains several potential actors which may
play undisclosed roles that will fill some of the inconsistences
that currently trouble us.

The SNS-model requires an antigen, while the DM
requires an abnormal stress signal. In the setting of an
immune response if there is a danger signal, any protein
processed and recognized is an antigen because the avidity of
the T-cells is increased by a cocktail of stimulating cytokines,
they are unable to discriminate whether the recognized
protein explains the damage, they assume the connection, if
a protein is abundant in the setting a tissue harm, probably
there is a connection.

When microorganisms cause harm, a non-self-compo-
nent exists in the scenario. The immune response preferably
will target non-self- over self-antigens and the incipient
autoimmunity will be eventually controlled. On the other
hand, when harm is explained by aseptic cellular dysfunction
(cold, mechanical stress, and hypoxia) the tissues will deliver
the danger signal as a result of cell suffering, the presented
antigens will be by definition self, and tolerance will even-
tually be broken because this type of cellular distress repeats
itself in an incompetent cell. From this point on, a connection
is created; there will be a link between the insulting stimuli
(cold, mechanical stress, and hypoxia) to the inflammatory
response and the immune aberration. The severity of the
abnormality will be explained by both: the intensity of the
stimuli (i.e., UV radiation in Lupus, cold in chilblains) and
the degree of cellular dysfunction conferred by its impairing
genome.

In multicellular complex organisms, the terminally dif-
ferentiated cells adopt a wide diversity of phenotypes. As
a particular stem cell matures and differentiates in both its
structure and its function, it prepares itself to the expected

harms it will face (infection, mechanical demand, and cold).
The cells are programmed to endure to their environment, to
choose the adequate response to overcome the threats, and to
prepare their own healing; however under certain conditions
defective genes have been described that avoid the proper
functioning of the cell. We could think of dissimilar cells
like the keratinocyte and the osteoblast, how different their
local environments are, and also the threats they face. We
could think of dissimilar cells like the keratinocyte and the
osteoblast, how different their local environments are, and
also the threats they face, how specialized these cells are,
the number of specific stimuli they have to respond to, and
the number of particular proteins and compounds they are
able to produce in consequence. Could not be in the moiety
of such specialization, in the mastering of its environment,
the ability to tailor its local immune responses? Or, on the
other hand, from the antigen-driven SNS-perspective if the
T-cell is in command, how can a T-cell be instructed to
both recognize an antigen and also to suit a specific immune
response to every scenario, how can the thymus anticipate
in which tissue that antigen-T-cell receptor (TCR) encounter
will take place, and how can that instruction be? Likely
the selection of the immune response effector mechanisms,
healing, and tolerizing processes result as consequence of a
dialog between local cells and T-cells, chances are that the T-
cells are listening, and they are not in command.

2. The Danger Model Boundaries

DM is frequently associated to PRR and innate immune
response; also it is commonly linked to the recognition
of microbial structures (danger signals) by immune cells
through antigen nondiscriminating receptors [12, 17, 18].
Mostly, the DM is connoted as an array of archaic or
rudimentary mechanisms. For most conceptual frameworks
DM is subordinated to the regulation of the adaptive immune
response, which we consider to be more complex, modern,
and versatile.

The DM is mostly limited to the recognition of harmful
situations. It is restricted to be an enhancer triggering inflam-
mation or a costimulation inducer in the antigenic presen-
tation, but not to command an already established immune
response. This perspective remains antigen-centered; once
the danger recognition causes an antigenic recognition and
costimulation catches on, the tissular cells open the door
for the professionals and afterwards become bystanders or
victims of the resultant inflammation. This casing of the DM
as amere detector is probably a hyperbola tomake it fit under
the perspective of SNS and make it politically correct. At this
point the idea that an autoimmune disease can be explained
solely by a tissular cell abnormality without a relevant role for
the immune system seems to say the least unlikely; however,
as will be mentioned later in the text, current evidence shows
the opposite.

TheDM is neither limited to the innate immune response
mediators nor its cells; it is not necessarily primitive or sub-
ordinated. Tissular cells (keratinocytes, adipocytes, chondro-
cytes, etc.) may interact directly to T-cells or B-cells bypass-
ing APC because they produce relevant fancy high-profile
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immune mediators. Tissular cells are in the position to
control processes so critical as the differentiation of T- or
B-cells to specific subtypes or downregulate them in many
different ways [16].

Keratinocytes, for example, produce type-I interferons
[19, 20], IL-1 [21], IL-6 [22], IL-8 [23, 24], IL-17C [25, 26],
IL-18 [27, 28], IL-20 [21], IL-24 [29], IL-25 [21], and IL-
33 [30] and also several chemokines [31–33] and growth
factors, so why do we need to limit the danger signals to
innate immune response? Several other tissular cells such
as fibroblasts, chondrocytes, and epithelial cells bear similar
arsenals. Therefore these cells can also communicate directly
to cells of the adaptive immune response; they prime them,
stimulate or inhibit them, and control their differentiation.
In the DM the key players are indeed the tissular cell, the
mediators produced by it, and the effect of these mediators in
the environment, regardless of the type of immune response
involved.

3. Evolutionary Vision of Danger Model

The concept that the cell should perceive the danger in its
environment is understandable in the context of its eternal
quest for survival, and the fact that the adaptive immune
response is a more recent evolutionary advance does not
implicate that its presence precludes the tissular cells from
being the commanders. In evolution a basic premise is the
structure-function combination; structures remain only if
they are functional. Evidently tissular cells have to exist to
maintain structural features of the organism, but they did
not had to preserve, almost intact, the intricate signaling
systems that communicate harm or wellbeing. These signal-
ing cascades are conserved all over from the stimuli, the
receptor, and the signaling cascade down to the effector
mechanism; the diversity of the natural potential dangers
explains the existence of specific signaling cascades triggered
by a diversity of harmful conditions (i.e., heat, osmotic
changes, ultraviolet radiation, mechanical strain, etc.).

The elicited responses from bacteria and human cells
to several of these threats are very similar; in fact, the
involved proteins in these responses are preserved between
prokaryotes and humans and exhibit a high phylogenetic
preservation. These signaling pathways include responses
to heat [34], cold including the cold shock proteins which
evolved into cold shock domain in eukaryotes [35], DNA
damage and repairingmechanisms [36], apoptosis [37], aging
and inflammation throughout nuclear factor kappa-light-
chain-enhancer of activated B-cells (NF-𝜅B) [38], protective
mechanism against oxidative stress [39], hyperosmolarity
[40], autophagy and transcription [41], and prime intra-
cellular signaling pathways such as G-protein [42] and
tyrosine kinases [43]. Therefore ancient protective mecha-
nisms remain basically unchanged and represent relevant
players in mammal and human defensive and housekeeping
cellular processes including intercellular communication.
If the adaptive response had provided a solution for the
diversity of potential harms, what is the logic of preserving
these tissular cell sensors? Very likely the adaptive response
remains subordinated to these ancestral mechanisms, and

we could think of the adaptive immune response as the
microphone, not as the voice.

To exemplify how evolution defines development and
control we could exemplify the central nervous system.What
is in your opinion more complex, the brain cortex or the
brain stem? Undoubtedly it is the brain cortex, which has
provided the evolutionary advantage of the intelligence to
the mammals and particularly the humans. However, we can
survive without the brain cortex, but not at all without the
brainstem; the brain cortex is a mere scalar extension of the
brain stem.

Immune system evolution and diversification rely on
basic ancient mechanisms which have developed altogether
trying to resolve harm and threats to tissular cells (for most
cases the ones endangered); these mechanisms incorporate
new elements, cells, and mediators in a progressive fashion,
but its fundamental structure has probably changed a little
from its basics. Our fascination with the concept of the
antigenic recognition as the onset of any immune response
gave to the antigen specific cells a primal spot to drive our
understanding assuming that the threats are external and
neglecting the role of immune system in tissue homeostasis
under aseptic conditions.

In evolution, similar functions are accomplished
throughout different strategies but in increasingly complex
scalar models. Competent nervous systems were there
before the brain developed the cortex (think of the complex
behavior of bees) and competent immune systems were there
far before T- or B-cells appeared in the jawed fishes (think
of the septic environment of several invertebrates, insects
included). Although autoimmunity cannot be presumed
in an organism lacking self-discernment, organic damage
associated to an exaggerated inflammatory response due to
failure of normal immune regulators is indeed detected in
invertebrates such as the fruit fly, Drosophila.

These alterations in Drosophila include scenarios not
unfamiliar with human disease such as abnormal inter-
action with commensal flora causing uncontrolled intesti-
nal inflammation [44–46], chronic inflammation associated
to carcinogenesis [47, 48], defective immunoregulation in
the TGF-𝛽 cascades affecting wound healing [49], exces-
sive uncontrolled inflammatory responses [50], structural
mutations in structural proteins like lamin which cause
encapsulation by hemocytes, therefore presenting the link
between mutations inducing cell dysfunction and its trans-
lation into proinflammatory environments [51]. We can also
see inadequate responses to stress oxidative responses which
associate with mutations resulting in chronic inflammation;
also, in the case of mutation of the Parkin gene it induces
mitochondrial dysfunction and upregulation of genes of the
innate immune response, degenerating the flying muscles
[52, 53]. Therefore autoimmune-like phenomena precede the
existence and function of the adaptive immune response;
and, likely some mechanisms explaining autoimmunity in
human beings are linked to tissular cells and disorganization
of danger signaling/perceiving systems and not only to
innate immune response. Abnormalities in ancient survival
mechanisms could therefore explain chronic autoimmunity
in humans aswell; adaptive immune cells obviously could add
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more instruments to the orchestra but only to play the same
song.

4. Danger Model and Rheumatic Diseases

As we look into the histopathological picture of the inflamed
tissues in the immune mediated rheumatic diseases, it is
logical to assume that immune cells are responsible for the
aberration in the inflamed tissues, and it is logical, too, to
assume that the dysfunctional behavior of these immune cells
is the key pathogenic process, but what is really the role of
the inflamed tissues? If we (our society) were seen under
a microscope, the observer could deduct several concepts
when looking at our ordinary conflicts; likely he or she would
assume that fireman causes the home to fire since most of the
time when a fire is detected eventually the presence of the
firemen would be advisable. What can we conclude when we
see the densely packed lymphocytic infiltrates lining under
the dermis of psoriatic or lupic patients? What happened
before they got there? Do we know it? Are these infiltrating
lymphocytes responsible for the abnormality, or are they
simply taking the call? Where the problem does really lies?
In the abnormal call from an abnormal tissue to a normal
lymphocyte or in the normal call to an abnormal lymphocyte?
Both? Furthermore these infiltrates are replicated in animal
models with the mutation of genes affecting tissular cells’
wellbeing but with no clear role in immune regulation (vide
infra).

The antigenic responses observed in autoimmune
rheumatic diseases frequently target harmless housekeeping
proteins. For a stressed cell, its physiologic response to
the harm involves the upregulation of several of these
housekeeping, stress-induced proteins. These proteins are
therefore abundant in stressed cells and in their vicinity.
When antigen processing cells are recruited due to the
tissular stress response, very likely the upregulated proteins
will be ingested and presented to immune competent cells
altogether with the adequate costimulation which is induced
by the danger signals from the tissular cells. Immune
targeting to housekeeping proteins in chronic autoimmune
diseases is no better exemplified than that to heat-shock
proteins (hsp).

Traditionally immune response toward hsp in rheumatic
diseases was assumed to be the consequence of hsp phy-
logenetic preservation and putative cross-reactivity toward
bacterial hsp. The reactivity toward hsp is assumed as a
sequel to either a previous infection or the habitual com-
mensal contact [54–57]. In RA, antibodies against hsp40,
hsp47, hsp60, hsp70, and hsp90 have been described [58]
and humoral and cellular immune reactivity to several hsp
have been reported as well in SpA patients [59, 60]. The
immunoreactivity to hsp is not limited to rheumatic diseases
and is present also in unrelated diseases such as diabetes
mellitus [61] or schizophrenia [62]. Interestingly, although
the immune response in several models of arthritis in rodents
reacts with hsp, direct immunization with hsp has repeatedly
failed to induce arthritis [63]. In recent times more than its
putative cross-reactivity, is the biology of human hsp the one
that has become a matter of interest. Citrullinated human

hsp90 is linked to interstitial lung disease in patients with RA
[64] and, recently, it was shown that the humoral immune
response in patients with SpA targets human hsp-60 and not
the bacterial one, therefore challenging the cross-reactivity
scenario [27] and suggesting a direct role for that protein in
the inflammatory process. The increased presence of hsp in
the RA synovium has been interpreted as a potential door
for them to become autoantigens, that is, hsp90 as a ligand
to TLR2 [65] or hsp22 binding to TLR4 [66], but what is the
real situation inducing the upregulated expression of these
hsp in the synovium in the first place? Is it assumed that
they are upregulated to become autoantigens? Most likely
they are upregulated because synovial cells (i.e., fibroblasts)
are stressed and hsp are fundamental chaperones if the cell
damages or stresses; and the inflammatory response is asso-
ciated to this stress and not to the presence of the hsp. Hsp are
antigenic because they are abundant in the context of this cell
stress; then they are trimmed, processed, and presented, and
sooner or later they become recognized altogether with the
cocktail of danger signals enhancing antigenic presentation
and costimulation. As shown in animal models, they are not
on their own antigenic (as DNA).

5. Theoretical Approach for Tissular
Cell Dysfunction as an Etiology in
Rheumatic Diseases from the Perspective
of the Danger Model

In this paper, we propose that chronic tissular cellular
dysfunction is the prerequisite for autoimmunity to be settled.
We propose that this nonlethal tissular dysfunction drives
the cells to a status of “perennial annoyance.” This perennial
annoyance is caused by continuous disturbing stimulation,
which is physiologically expected in this tissue. This annoy-
ance will eventually result in a sustained proinflammatory
response from the tissue itself, and it is within the course of
this chronic and cyclic response signaling process, where the
autoimmune inflammatory process is subsequently induced
and defined. This perennially annoyed status of the tissular
cells mediates indeed the activation of the innate immune
cells, also explains the induction of costimulation in APC
cells, and eventually stimulates the antigenic presentation of
self-upregulated tissue homeostatic mediators (counteract-
ing the stimuli). These annoyance-induced self-proteins are
eventually recognized as antigens by T-cells, and—probably
the most emphatic asseveration in this paper—we propose
that the tissular perennial annoyance indeed mandates the
fate and phenotype of every chronic immune response even
in the stages after the T-cells and the rest of adaptive immune
response cells have been primed and differentiated and that
the persistence of the inflammatory process has little to do
with the subsequent antigenic recognition and binding, but
does indeed rely on the dangerous cocktail of mediators that
after a new challenging stimulus (cold, ultraviolet radiation,
mechanical stress, etc.) reinforces the perennial annoyance in
the tissular cells.

Therefore we consider that the DM can explain a sig-
nificant proportion of the pathogenesis of autoimmune (or



6 Journal of Immunology Research

autoinflammatory) rheumatic diseases from the perspective
of this tissular perennial annoyance. We propose two models
strictly attached to de DM logic in order to explain it: the
first model is the impaired cell and the second is the paranoid
cell.

5.1. Model A: The Impaired Cell. For this model, the basic
feature is a structural or metabolic impairment in the tissular
cell. This impairment limits the capacity of the cell to
undertake its physiologic functions or to respond to the
normal stressing factors expected by its place in the body.The
cell adapts as far as its impairment allows it, but eventually
the dysfunction becomes evident, the cell is stressed, and
it enters into the perennial annoyance status. We propose
several potential scenarios exemplifying tissular cells with
impairments to deal with specific aggressions that eventually
generate inflammatory environments that lead to chronic
immune responses.

5.1.1. The Sun-Burned Defective DNA Repairer Keratinocyte
in SLE. Inflammation of the skin is frequently seen in
patients with SLE; specifically, acute cutaneous lupus relates
to sun exposure, primarily UV radiation. UV radiation is
a major threat for DNA; it is therefore expected that the
naturally sunlight-exposed keratinocyte should be fitted to
overcome that everyday induced DNA damage. DNA repair-
ing mechanisms are numerous, involving a series of sequen-
tial enzymatic chains—which are critical in their roles—
and, unfortunately, polymorphisms may generate hypofunc-
tional or defective enzymes. In this scenario of defective
DNA repairing, DNA damage could not reversed, and DNA
integrity is critical to warrant genome functionality and
cell homeostasis. DNA housekeeping represents an incessant
time- and energy-consuming task for the cells.

Defects in DNA repairing mechanisms have been
reported in SLE patients [67–75]. This defective DNA repair-
ing has been implicated with the generation and accumu-
lation of nuclear material, which is potentially antigenic.
But would not the impairment to repair the damaged DNA
induce a perennial stressed status in the keratinocyte? What
drives the proinflammatory engine, the abnormal genetic
material itself—and its potential antigenic nature—or the
perennial annoyance of the cell? What is the real critical
step for the antigen to be recognized and prime an immune
response? Is the immune response explained by an abnormal
(antigenic) recognition or is simply the keratinocyte upscal-
ing its unconformity?

Defective DNA repairing as a relevant pathogenic mech-
anism explaining the induction of SLE can be confirmed in
the Dnase1-deficient mice [76]. These mice replicate cardinal
clinical and serologic features of SLE, and, in this controlled
scenario, the complete picture is explained by the deficiency
in one gene, which is a DNA housekeeping molecule, not
an immune related one. Several aspects in this model are
worth considering: first, the fact that both, the homozygous
(Dnase1−/−) and the heterozygous (Dnase1−/+) deficiency
induce the disease although the frequency and tittering of
antinuclear antibodies are higher in the homozygous KO
opens the possibility that partial defects and not necessarily

deletions could induce the SLE phenotype; second, several
specific SLE antinuclear antibodies were detected, such as
double-stranded anti-DNA (only observed in the Dnase1−/−)
and anti-Sm suggesting that the mere defective maintenance
of DNA (no immune deregulation, no cross-reactivity) is
being able to induce them; and, third, the mice developed
glomerulonephritis therefore linking themere defectiveDNA
conservation to several key pathogenic manifestations in the
human disease. In this same study the authors demonstrate
a significant reduction in the activity of Dnase1 in human
patients with SLE if compared to healthy controls. We can
infer that the involvement of the adaptive immune response
cells is simply a cascade of events precipitated by the DNA
damage response.

An additional link between defective DNA handling and
SLE can be seen in the Aicardi-Goutières syndrome (AGS).
AGS is characterized by familial encephalopathy, calcification
of basal ganglia, and cerebrospinal lymphocytosis; addition-
ally, it shares some features with SLE [77] such as the involve-
ment of interferon-alpha [78] and it also causes chilblains
[79]. The AGS is caused by the mutation on any of the 3
domains of the H2 ribonuclease [80], in DNA exonuclease
1 (TREX1) [81], the sterile alpha motif domain and HD
containing protein 1 (SAMHD1) [82], or adenosine deami-
nases acting on RNA (ADAR1) [83]. TREX1 has been already
implicated as a susceptibility gene in SLE [84]. Eventually
it became evident that patients with AGS—irrespective of
the mutant causing enzyme—demonstrated SLE clinical and
laboratory features such as positive antinuclear antibodies
(including anti-DNA), leukocytopenia, thrombocytopenia,
arthritis, and oral ulcers [85, 86].

In our opinion, as it happens with the Dnase1 model,
it is of primary relevance how a single genetic mutation is
able to confer a SLE phenotype. An hypothetical approach
for the link between autoimmunity and the deficiency of
these enzymes in AGS is related to an increment in the
interferon type-I response [87, 88]; nevertheless the intrinsic
physiological role of the AGS enzymes is the housekeeping
care of nucleic acids [89–91] and they have no physiological
relationship to the interferon production; defective function
of the AGS conferring enzymes increases interferon produc-
tion but not by a direct stimulus; TREX deficiency results
in the ATM-dependent DNA damage checkpoint [92, 93]
because single-stranded DNA accumulates in the cytoplasm
where TREX normally resides.

DNAdamage is an everyday fact and it induces inflamma-
tion [94–96] but also a DNA reparative response [97–100]. In
physiological conditions, damaged DNA is repaired and the
consequent inflammation fades; however, in a defective DNA
repairing scenario (i.e., impaired keratinocyte), a perpetual
inflammatory status could be eventually settled. Repeated
efforts from the keratinocyte to maintain its DNA integrity
and physiological function eventually fail. A defective repair-
ing pathway could be compensated by others, and the
repairing proteins will be upregulated beyond physiological
levels that altogether with the cell stress scenario will make
great antigenic candidates out of them. Once the tolerogenic
nature of the tissue is lost and the danger signals spread
up, an unspecific mononuclear infiltrate lies around immune
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activated keratinocytes, and the role of the immune com-
petent cells is far from being understood; likely those cells
are just answering the call; the caller has the structure to
congregate them (Figure 2).

Keratinocytes under UV irradiation secrete a diversity
of proteins [101, 102]: some of them are linked to the
reparation of the DNA and others carry proinflammatory
actions rendering the keratinocyte capable of activating local
dendritic cells and also adaptive immune response cells. Since
the reason for the call is sustained stress, a quest for an antigen
to be detected is a must for antigen specific cells. However
in this milieu of stress induced immune cell activation,
with the cocktail of costimulatory molecules upregulated by
danger signals in the APC, eventually a self-antigen becomes
recognized. DNA metabolic pathways are targeted, maybe
because some defects among those pathways are detected as
failures.

The DNA damage response upregulates several DNA
repairing enzymes. It is therefore probable that, in the
cytoplasm of these cells, DNA and RNA repairing or keeping
enzymes or chaperones are abundant, altogether with his-
tones and other DNA packing and unpacking proteins, and
also the synthetic machineries of nucleic acids and nucleic
acid associated proteins, such as U-RNP and its subunits
(including Sm), and proteic synthetic enzymes are required.
At the same time the cell is repairing itself; it is also calling
for help as can be inferred by the transcriptomes of UV-
damaged keratinocytes. It would be interesting to find out
whether relevant antigen targets in connective tissue diseases
(topoisomerase, U1-RNP, Ro, La, etc.) actually play a role in
the process of DNA reparation.

5.1.2. The Hypoxic Fibroblast in Rheumatoid Arthritis (RA).
Pathogenesis of RA is complex and likely includes several
physiologic abnormalities aside from immunological abnor-
malities. Hypoxia has been recalled as a potential mechanism
for RA since a long time ago [103]; abnormally low levels of
PO
2
in the periarticular tissues and in the synovialmembrane

were described by Doust and eventually confirmed by Ng et
al. [104].The severity of the synovial hypoxia in patients with
RA correlates with the levels of inflammatory cytokines and
also with the density of the immune cells in the membrane
implicating a role for the hypoxia in the pathogenesis of
the disease. Rothschild and Masi in 1982 also correlated
the hypoxia with the vascular proliferation [105], another
cardinal feature at early stages of synovitis. Although the
genesis of hypoxia in the synovial membrane is unclear,
vasoconstriction due to upregulation of angiotensin and
angiotensin converting enzyme is a candidate mechanism
[106]. Interestingly hypoxia is also a feature of animal models
of RA such as collagen induced arthritis, and Jeon et al.
[107] demonstrated that in this model hypoxia precedes
inflammation; the hypoxia was inferred by the expression of
hydroxyprobe-1 which was detectable 1 week earlier to the
inflammation.

Hypoxia was eventually linked to several critical patho-
logical processes of the synovitis [108, 109].Hypoxia induces a
wide array of inflammatory genes inmacrophages [110]. Allen
et al. linked the hypoxia in the synovium to the induction of

superoxide radical generation [111] and Stevens et al. linked
hypoxia to both inflammation and neovascularization [112].
Additionally a secondary hypoxic-reperfusion cycle [113, 114]
involving the Von Willebrand factor and reactive oxygen
radicals release [110, 115, 116] was reported; this cycle has been
also related to the expression of NF𝜅B and upregulation of
ICAM-1, very likely enhancing several inflammatory mecha-
nisms [117].

Hypoxia also induces several cytokines in the rheumatoid
synovium, which presumably play a role in the induction
and perpetuation of the inflammation. Some of the induced
cytokines are the stromal cell-derived factor 1 (CXCL12),
the vascular endothelial growth factor (VEGF) [118–121],
TGF B, IL-1, and TNF-𝛼 [122], IL-20 [123], and IL-8 [124,
125]. Also hypoxia induces the expression of COX 2 [126]
in fibroblast-like synoviocytes and upregulates MMP-1 and
MMP-3; meanwhile it inhibits TiMP-1 [127]. Some redun-
dancy in the pathways is assumed since TNF-𝛼 and IL-1
themselves modulate the production of VEGF in vitro.

Hypoxia also induces the expression of hypoxia-induced
factor alpha (HIF) [128]. HIF is upregulated in synovial
macrophages of RA synovium in comparison to that of
osteoarthritis (OA) [129], and its expression induces the
production of VEGF and platelet endothelial derived cell
growth factor (PD-ECGF) [130] relating it to the vascular
proliferation observed in the synovium;HIF is also connected
to the production of MMP-3.

But more importantly, oxygen levels determine several
aspects of the metabolism. Energy production by the conver-
sion of glucose to ATP can be obtained either by the aerobic
pathway or by glycolysis depending on the oxygen availability.
Aerobic oxidation of one glucose molecule generates C0

2
,

H
2
0, and 36 to 38 ATP molecules; conversely anaerobic

glycolysis generates lactic acid and 2 ATP molecules per
glucose molecule. The efficacy of both pathways is out of
comparison. Likely anaerobic glycolysis represents a forced
second choice, an unpleasant stressing situation; the hypoxic
rheumatoid synovium is on it (Figure 3).

As evidence of this metabolic turnaround, critical
enzymes of the glycolysis pathway (glyceraldehyde 3-
phosphate dehydrogenase and lactate dehydrogenase) are
increased in the synovial membrane of patients with RA
[131]. HIF is in part responsible for this metabolic phenotype;
it upregulates glucose transporters and also induces the
synthesis of glycolysis cycle enzymes [132–134]. This
preponderance of glycolysis has been confirmed by different
methods including resonance magnetic spectroscopy [135].
Additional to HIF, other factors including p53 influence
glucose metabolism via ikappaB kinase- (IKK-) nuclear
factor and (NF)-kappaB pathways; p53 mutations that
suppress its activity have been found in patients with RA
[136]; this suppression is thought to enhance glycolytic
pathway.

This induction of a glycolytic profile in a setup of stressed
cells could result in an effectively costimulated autoimmune
presentation of glycolysis related proteins. In that context,
hypoxia could drive the immunospecificity of the autoim-
mune response in RA because it induces several antigenic
targets, although those antigens were initially expressed for
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Figure 2:The sun-burned defective DNA repairer keratinocyte in SLE.The exposure of the keratinocyte DNA toUV radiation infringes DNA
damage, which cannot be normally repaired because of faulty enzymes. DNA repairing proteins are upregulated and therefore presented as
antigens; in the stressed context costimulatory molecules are upregulated and an autoimmune response toward nucleoproteins is settled.
Repetitive cycles of UV radiation perpetuate the immune process because the tissue is harmed again and releases danger mediators.

metabolic correction purposes [137]. For example, Naughton
[138] suggested that the anaerobic metabolism induced by
the hypoxia increases the expression of glycose-6-phosphate
isomerase (GPI). In RA, this enzyme is recognized as an
antigen by T- and B-cells [131] and as hypoxia persists, so
does the induction of GPI, and that creates a mechanism that
perpetuates the hypoxia-induced inflammation. Is that a clue
to the almost always relapsing disease activity? GPI performs
several roles aside from being a glucose-6-phosphate cat-
alyzer; it is also a maturation factor and a neuroleukin [139];
it is present in synovial fluid from patients with RA [140]
in both an isolated metabolically active and also immune-
complexed isoform [141]. Patients with RA have antibodies
targeting GPI both in serum and synovial fluid and they are
clinically meaningful [142, 143], and overexpression of GPI
in the synovium has been described as well [144]. However,
antibodies to GPI are neither exclusive nor predominant
in RA [142]. Therefore hypoxia and secondary glycolysis
associated with cellular stress may play a role in the genesis
of other arthritides.
𝛼-Enolase is another highly conserved catalytic enzyme

of the glycolytic cycle and has also been pointed as a potential
antigen in RA. Antibodies to 𝛼-enolase have shown a speci-
ficity of 97.1%, in RA patients [145]; furthermore, citrullinated

𝛼-enolase is even more immunogenic [146]. 𝛼-Enolase is
very phylogenetically preserved and a cross-reactive scenario
with the bacterial enolases has been inferred [147]—a lá
hsp. In the same direction, other enzymes of the glycolytic
pathway, aldolase and the triose phosphate isomerase, have
been also defined as autoantigens in patients with RA [137].
Furthermore not only the enzymes but also some glycolysis
substrates such as pyruvic acid [148] enhance angiogenesis
and lactate carries some proinflammatory effects since it
increases VEGF and HIF [149].

A desirable outcome for hypoxia as a real pathogenic
process would be whether it could be linked to citrullination
under a feasible and realistic mechanism. In that regard,
del Rey et al. [150] analyzed the transcriptional response
of normal synovial fibroblasts and those obtained from RA
patients in normoxic and hypoxic conditions. Of interest,
the upregulated transcripts in RA fibroblasts under hypoxia
included several enzymes linked to metabolic pathways
(mostly for lipids and carbohydrate) and many signaling
pathways were preferentially upregulated as well. Although
not in the focus of the authors, peptidylarginine deiminase
type II (PADI2) and 𝛼-enolase both linked to the process
of citrullinated antigens were upregulated under hypoxic
conditions, and also IL-6 as well as several cytokines and
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Figure 3: The hypoxic impaired fibroblast in RA. The hypoxia in the rheumatoid synovium induces several phenotypic changes in the
fibroblasts; it not only enhances the synthesis of proinflammatory cytokines and metalloproteases, but also induces the glycolysis pathways
upregulating the enzymes, which become antigenic because they are abundant in a stressed scenario and eventually are presented by the local
APC.

proinflammatory mediators. The link between hypoxia and
citrullination is not defined in the synovium but such link has
been described in astrocytes where PADI2 [151] upregulates
citrullination under hypoxic conditions; it is reasonable to
assume it could happen in the synovium.

However despite all the negative probed effects that
hypoxia induces in the synovium, it would be interesting to
ask: why is RA not more common in patients with systemic
hypoxia, even chronic progressive hypoxia, such as chronic
pulmonary diseases? Probably this is because in most scenar-
ios the level of cellular discomfort induced by the hypoxia
is manageable. The synovial fibroblast seems to be unable
to deal with a real threat, because the synovium is indeed

hypoxic; therefore it is an impaired cell—not a paranoid,
but as mentioned by Jeon et al. [107] hypoxia precedes
inflammation at least in the collagen-induced rat model of
arthritis, so we can assume this sequence of events could be a
possibility in the human disease.

Hypoxia has been explained in the rheumatoid synovium
to be a consequence of the rapid cellular proliferation induced
by the inflammatory response; if the opposite could be
true, that is, the cellular proliferation is induced by the
inflammatory response caused by the hypoxia, then two
fundamental factors are to be defined: first, what explains the
localized synovial hypoxia in an otherwise normoxic subject
and, second, which mechanisms that make the cells endure
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the hypoxia are defective in the synovial fibroblasts in patients
with RA.Very probably both answers lie far from the immune
response we have been focused on as the explanation for
the pathogenesis of this disease, as the relationship between
tobacco and RA does.

5.1.3. Impaired Keratinocyte in Psoriasis (and Psoriasiform)
Lesions. Psoriasis is chronic inflammatory skin disorder
caused by keratinocyte hyperproliferation, angiogenesis, and
infiltration of the skin by immune cells; an autoimmune
background has been inferred. The role of the keratinocyte
has been considered as secondary to that of T-cells, which
are recalled as the central player; however the keratinocyte
is anything but a passive actor in the skin homeostasis, with
inflammation included.

Psoriasis is known to have a high genetic predisposal
and several candidate genes have been described. Among
those, PSORS1 explains 50%of the genetic variance andHLA-
Cw6 (specifically Cw∗0602) seems to be the stronger link;
however the possibility that other alleles within the same
locus cosegregate with Cw∗0602 cannot be ruled out, and
at this time no clear role for HLA-Cw6 in the pathogenesis
of psoriasis has been inferred. Aside from its physiological
role as an antigen presenter no aberrant function of HLA-
Cw6 has been described and no differences have been found
between cases and controls in the sequence nor in regard to
epigenetic regulation [152]. Conversely other geneswithin the
PSORS1 locus have gained interest lately. In the samePSORS1,
HLA-Cw6 colocalizes with two other genes: corneodesmosin
and coiled-coil alpha-helical rod protein 1 (CCHCR1); there
is very strong linkage disequilibrium between them, and that
limits our possibility to understand their individual isolated
effect.

CCHCR1 is expressed in psoriatic skin in counterpart to
normal skin; transgenic mice with two variants of CCHCR1
do not express a psoriasis picture but present abnormal
keratinocyte proliferation suggesting a potential role for this
gene in this process [153]. CCHCR1 regulates the synthesis
of steroids from cholesterol, and altered lipid metabolism
has been detected in uninvolved skin from psoriatic patients
[154].

On the other hand, corneodesmosin SNPs do con-
fer susceptibility to psoriasis in humans [152, 155]. Cor-
neodesmosin is an extracellular protein that integrates into
desmosomes before their cornification and is responsible
for the corneocyte adhesion and the conformation of the
corneodesmosome [156, 157] which is fundamental in the
integrity of corneal stratum. Corneodesmosin is expressed
in abundance in the psoriatic skin—probably because it
is defective and therefore upregulated—in counterpart to
normal skin and its expression in psoriasis differs also
from other skin diseases associated with proliferation. The
complete absence of corneodesmosin leads to the peeling
skin disease [158] which differs from psoriasis so the variants
of corneodesmosin associated with psoriasis likely remain
functional at a certain level. Aside from mutations in cor-
neodesmosin the mechanopropioceptive Wnt signaling fam-
ily is downregulated in psoriatic skin [159]. Psoriasis lesions
appearmostly in skin regions under highmechanical demand

(i.e., elbows, knees). Defective corneodesmosin impairs the
keratinocyte cornification of the most superficial, final strata
and built a solid corneum stratum. This corneum stratum
constitutes a fundamental barrier to avoid the penetration of
several threats. The lack of this optimal corneal stratum very
likely will alter the cell environment (pH, mechanical stress,
and microbiological ecosystem). Additionally, the absence
of steady anchoring will modify the tensile properties of
the skin, increasing the mechanical stress in the underlining
epithelial layers and likely triggering compensatory mecha-
nisms. Cell proliferation could be one of them; the induced
cellular distress could recruit inflammatory cells throughout
danger signals.

The endurance of the keratinocyte is conferred by the
action of several constitutive proteins; cytoskeletal compo-
nents are evidently among them. The cytokeratin 1 knockout
mice present inflammatory disease resembling psoriasis or
atopic eczema [160]. Cytokeratin 1 (CK1) is specifically
expressed in the spinous and granular layers of the epidermis;
therefore it is assumed to play a role in the differentiation of
the keratinocytes to their final stages of the keratinocytes. In
the CK1−/− several cytoskeletal abnormalities in intermediate
filaments are observed, as well as a defective inside-out
barrier—twice the loss of transdermal water. The absence of
CK1 induced the upregulation of 163 genes and downreg-
ulation of 2. Amongst the upregulated proteins, some are
known to play a role in the inflammatory process: IL-1b,
IL-18, IL-33, defensins, and S100 proteins; IL-18 secretion
plays a prime role in the inflammatory process. Aside from
inflammatory genes some epidermal barrier genes (SPRRs,
S100, KLK) are upregulated as well suggesting an attempt
to strengthen the weakened skin barrier. Lipid metabolism
genes are upregulated as well. The authors conclude that
integer CK1 precludes the abnormal liberation of IL-18.
In the same journal an editorial to this paper by Hobbs
et al. [161] mentions that, based on the results, CK1 plays a
role regulating the innate immune response. Although any
perspective is valid, it should be noted the real capacity of the
keratinocyte to induce and sustain a chronic inflammatory
process without detectable abnormalities in the immune
response (innate or adaptive). It probably indicates, as well,
that our quest to understand chronic inflammatory diseases
should also be focused in tissular cell dysfunction and not
only in the immune cells and processes.

Following the same line of thought, understanding the
potential roles for the keratinocyte in the pathogenesis of
psoriasis, we can take a look into the transgenic murine
induction of IL-17C in the keratinocytes [25]. In this model,
cardinal psoriasiform features are replicated, including the
abnormal thickening and proliferation of the epidermis and
also the infiltration of CD4+ T-cells. In humans, the psoriasis
inflammatory process is considered to be driven by activated
T-cells and among them the TH17 subtype prevails. However,
specific analysis of IL-17 subtypes produced at the psoriatic
plaque and also the cell that produces them [162] has shown
that the predominant isoform is IL-17C in 125/1 ratio with IL-
17A, and the source is the keratinocyte, not the T-cell. From
themurinemodel we can conclude that the production of IL-
17 from the keratinocytes is all it takes to induce psoriasis;
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the rest of events (even with the involvement of the adaptive
immune cells) are a consequence of the downstream effects
of IL-17. From the analysis of the human psoriatic plaque
we can conclude that the keratinocyte is indeed the source
of IL-17. We can ask what is abnormal, the T-cell or the
keratinocyte? Or additionally we could state that once you
convince a keratinocyte to produce IL-17 little else is needed
to induce psoriasis; T-cells are just a part of the choreography.

Another murine model for psoriasis also induces the
disease solely altering genes in the keratinocyte. The
KO/transgenic mice that selectively express JunB/c-jun genes
in the keratinocytes also induce lesions that resemble psoria-
sis [163]. JunB is antagonic to c-jun and the signaling cascade
they relate to is not at all specific to the response to immune
mediator but it mostly acts as a cellular housekeeping signal-
ing system. JunB/c-jun are related to a diversity of cellular
functions such as the proliferation or to the reaction in
stressful scenarios; therefore we can conclude that this signal-
ing circuit deals with danger scenarios. JunB/c-jun mediate
responses to several homeostatic systems including calcium
channels or hormones; it binds directly to DNA activating
the AP-1 transcription factor and is antagonized by c-jun. In a
very interesting scenario the authors crossed these transgenic
JunB/c-jun mice with the T- and B-cell deficient RAG2−/−
model. As a relevant finding, the cardinal macroscopic
and microscopic features of psoriasis persist, although the
severity of the infiltrate is milder. The chemokine/cytokine
environment in the psoriatic plaques did not differ between
both groups of mice whether RAG genes were functional,
therefore implying that T-cells are not essential to establish
the chemokine/cytokine profile observed in psoriasis. Once
again the adaptive immune response is the microphone but
not the voice.

Also in another keratinocyte KO model, the deletion of
Evi/W1 and subsequent blockade of the WNT pathway also
induces a psoriasiform disorder [164]. After the deletion of
Evi, several cytokeratins are altered and several proinflam-
matory cytokines including IL-1, IL-13, and IL-17F, as well as
several chemokines, were upregulated.The epidermal barrier
was abnormal as evidenced by both protocols: increased
dye penetration and transepidermal water loss, suggesting
a stressful scenario for the keratinocytes. The onset of the
barrier abnormalities coincided with the onset of inflamma-
tion suggesting a time link, probably a causal relationship
and opening a door for danger signals from stressed ker-
atinocytes to explain the inflammatory phenotype. Infection
due to increased barrier permeability was ruled out as an
explanation for the inflammatory infiltrates.

So we can conclude that if a significant dysfunction
mounts on the skin barrier, inflammation is a likely con-
sequence, and the keratinocyte is able to drive an eventual
chronic immune response even in the absence of adaptive
immune response cells, and in the case of its presence the
keratinocyte is capable to instruct them.

5.1.4. Additional Examples of Impaired Cells. Duchene’s dys-
trophy (DD) is a lethal muscle disease affecting young
boys. It is not a rheumatic disorder but can help us to
understand the link between an impaired cell with chronic

inflammation and also with progressive destruction. DD is
explained in every case by the punctual mutation in one
protein, dystrophin. No other pathogenic feature aside from
a nonfunctional dystrophin is required to explain the disease;
no abnormalities in the immune response of the patients with
DD have been demonstrated. Dystrophin is an intracellular
rod-shaped protein which binds the actin in the sarcomeres
and connects it to a multiproteic membrane based complex;
the integrity of this complex (dystrophin associated protein
complex) is fundamental to avoid mechanical stress damage
in the sarcolemma induced by the contractile sarcomeres
[165]. Dystrophic muscle fibers are altered in their mor-
phology presenting a progressive reduction in their caliber
and an altered structure; they are repopulated by satellite
precursor cells, which are depleted as the disease progresses;
indeed this depletion is what explains the irreversible muscle
wasting.

Although DD was considered merely as a structural
disease, recently it was found that the progressive mus-
cular dysfunction in these patients has also an autoim-
mune inflammatory component. It is understood that aber-
rantmechanotransduction stimulates inflammatory cascades
[166, 167]. Indeed elevated cell infiltration and expression
of immunoregulatory molecules are assumed. The infiltrat-
ing cells are mostly T-cells (62%) evidencing a prime role
for the adaptive immune response, and also macrophages
(38%). T-cells are predominantly CD4+ and not CD8+ [168–
171]. Infiltrating T-cells respond in a polyclonal fashion to
uncharacterized antigens, APC appear in themuscle at a very
early age (6–12 months). Clonal analysis of T-cells shows
difference in the receptor genes if compared to polymyositis
suggesting a particular profile of immune response [172, 173].
Clear mutation of structural proteins and inflammation grow
around [174, 175]; indeed a TLR7 pathway of signaling has
been proposed [175]; several chemokines are upregulated and
correlate with inflammatory infiltrates and they are mostly
produced by macrophagic lineage (IL1, TNF-𝛼) [176, 177].
Indeed a murine model for muscle dystrophy mdx if bred
with TNF deficient mice (mdx/TNF −/−) has significantly
lower pathologic markers in themuscles although the disease
progresses but at a slower rate. As we can see many of the
aspects described in the immunopathogenic process in the
DD recall the immune infiltrates in rheumatic autoimmune
diseases.

DD is included in this paper despite not being rheumatic
to illustrate two key elements in the relationship between
the impaired cell and the chronic destructive inflammatory
process. First, despite being a genetic prenatal abnormality,
the expression of the disease appears later in life despite a
period of apparent normality; during this period compen-
satory mechanisms preclude the abnormality; DD is an early
disease but several other dystrophies appear at later stages
in life. Second, inflammation is a consequence of a tissular
cell dysfunction (the myocyte) with no role in the immune
response; however its dysfunction eventually involves even
the adaptive immune response in an antigenic unspecific
profile. The stressful unresolved scenario that myocytes face
in the absence of functional dystrophin eventually triggers
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the inflammatory process and the immune response and both
explain tissular damage.

5.2. Model B: The Paranoid Cell. In this model, the cell
is not impaired metabolically nor structurally and from a
theoretical perspective is normal in regard to its structure,
but nevertheless there is a deficit in the calibration between
the sensor mechanisms and those exerting the outcome
messaging signals; the threshold is out of tune. That is, either
the cell is more sensitive than required to a specific stimulus
(mechanic, temperature, and hypoxia) or a normally sensed
stimulus is transferred into an exaggerated response. In both
circumstances even a normal, physiological stimulus (like
commensal flora) drives the cell to the perennial annoyance
status. The cell is considered to be paranoid because the
release of danger signals occurs in the absence of a real threat.
Defective anti-inflammatory receptors or mediators could
explain this paranoid scenario. Below we will discuss two
different scenarios to illustrate the theory of a paranoid cell.

5.2.1. The Overstimulated Intestinal Epithelial Cell in Crohn’s
Disease. One example of a paranoid cell could be the
intestinal epithelial cell in Crohn’s disease (CD). CD is a
multifactorial inflammatory disorder of the gastrointestinal
tract. Uncontrolledmucosal inflammatory response targeting
intestinal flora plays a role in the pathogenesis of the dis-
ease. Mutations on the nucleotide-binding oligomerization
domain 2 (NOD2) gene confer strong genetic risk for CD.
However the mechanisms by which this mutation predis-
poses to intestinal inflammation remain controversial. NOD2
is a key PRR in innate immune responses; it is encoded by
the CARD15 gene and its polymorphisms are the single more
important risk factor to develop CD [178]. NOD2 contains
a NOD domain linked on its C-terminal side to a leucine-
rich repeat domain (LRR)which is responsible for interacting
with the microbial ligands (mainly peptidoglycan), and in
its N-terminal side it has 2 caspase recruitment domains
(CARDs)which are responsible for the downstream signaling
interactions [179, 180]. NOD2 is expressed on dendritic cells
and also in epithelial cells in the gut including Paneth’s cells
at the bottom of the crypts. Interestingly, NOD2 stimulation
with microbial ligands exerts weaker responses than those
of observed with TLR stimulation [181] and therefore NOD2
is considered to be a downregulator of several TLR related
responses. NOD2 has been proposed as a relevant protec-
tive molecule against the invasiveness of certain bacteria
including L. monocytogenes or H. hepaticus; NOD2 deficient
mice lack an adequate production of cryptins including
defensins [182] which are a critical regulatory mechanism
in the epithelial microbial interface; however a reduction
in defensins has been reported in CD patients without
NOD2 mutations [183]. Mutations of the NOD2 protein in
CD generate a hypofunctional protein explained by lower
proinflammatory responses after the binding of NOD2 to
the microbial ligands; most CD related polymorphisms are
located in the LRR region of NOD2 therefore reducing its
responsiveness to them. It has been traditionally assumed that
NOD2 deficient response impairs the bactericidal response
of the gut mucosa and explains exaggerated inflammation

to compensate its lack of efficiency; in that perspective the
epithelial gut cell would be an impaired cell; however recent
evidence at some point contradicts that premise unveiling
a potential role as a downregulator of the local mucosal
inflammatory response.

In that regard the risk for infection is not that real. The
role of NOD2 as a regulatory molecule is crucial in the GI
tract since the perennial and abundant presence of bacterial
components which are ligands to NOD, TLR, and other PRR
has the potential to trigger a continuous stimulation of the
immune elements of the intestinal mucosa. It is possible
to assume that defective NOD2 function could explain an
impaired regulation of TLR responses specially TLR2 [181].
It is also hypothesized that the inferred immunodeficiency
conferred by a defective NOD2 is arguable and that the
presence of bacteria or bacterial components in the lamina
propria has not been proved to trigger the inflammation
in CD. In the other hand, the continuous stimulation of
NOD2 with muramyl peptide could tolerize macrophages
previously stimulated with either TLR2 or 4 [184, 185];
therefore, defective tolerizing proteins such as NOD2 could
induce a perpetual inflammatory status despite; in this case,
the threat of infection (i.e., bacterial invasion) is not real
(Figure 4).

At this point the specific mechanisms that explains how
NOD2 confers tolerance to bacterial cell wall components
providing a protective scenario against the unleashed acti-
vation of TLR [186] are unclear. The ligation of NOD2 to
the muramyl peptide dipeptide induces rapid degradation of
NOD2 via ubiquitination and proteasomal degradation but
some mediators could influence this degradation.

Persistent unregulated TLR2 stimulation may result in
perennial inflammation despite the absence of a specific
infection. The immune cells are stimulated with no specific
purpose. Therefore since the threat is not real, the cell is
paranoid; inflammations arise as the consequence of a defec-
tive immunomodulator mechanism, an anti-inflammatory
mechanism crucial for the everyday coexistence with non-
pathogenic intestinal flora.

5.2.2. The Paranoid Osteotenocyte in Ankylosing Spondylitis.
Ankylosing spondylitis (AS) is an inflammatory disease
characterized by the ossification of entheses of the spine at
latter stages of the disease; it is highly associated to HLA-
B27. Enthesitis is the hallmark of AS and of the group where
it belongs, the spondyloarthritides (SpA). Benjamin and
McGonagle provided an outstanding review of the structural
and functional aspects of the enthesis affected in SpA [187]. In
the authors’ opinion, two relevant factors explain the selective
pattern of SpA enthesitis. The first factor is the presence of
fibrocartilage (FC) in the enthesis in the interface between
the tendon and the bone attachment; all of the larger entheses
have it. The second factor is a high mechanical demand
explaining a mechanical stress (MS).

The pattern of ossification in the spine of AS patients also
suggests a role for mechanical stimuli. The lower segments of
the lumbar spine are the first to ossify and once they become
rigid, the tensile demands for the ligaments in the upper
segments increase. This relation between the ossification
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and mechanical stimuli and its relative dissociation to the
inflammation have also been described [188, 189]; indeed
the roles of signaling systems such as WNT [190–192] and
bone morphogenetic proteins [193, 194] have being selected
as responsible mediators to drive the osteogenic stimuli.

A role for MS as a pathogenic factor has been assessed
in animal models for SpA. In the paper from Jacques et al.
[195] the authors selected amurinemodel with increased and
deregulated expression of TNF-𝛼 (TNFΔARE) which develops
arthritis and ileitis.The authors prove the relevance of theMS
over the entheses to explain the onset of arthritis, enthesitis,
and sacroiliac fusion, with all of those being basic features of
AS. To do so, the authors demonstrated higher inflammation
and proliferation scores in the group of mice which were kept
in normal gait against a comparative group that were sus-
pended from the tail before the arthritis began. Interestingly
in this model (as with the psoriasis IL-17c being transgenic)
the absence of mature T- and B-cells made no difference in
the severity of the enthesitis; mostly stromal cells (fibroblasts,
chondrocytes) explained the complete pathogenic picture.
The authors conclude that MS triggers the inflammation; it
begins in the entheseal insertion and suspending the mice
from the tail precludes the inflammation in the rear limbs.

Thepathogenesis of the SpA involvesMS very likely. But is
the SpA typical on high demand athletes or obese persons?Or
are theymore prevalent in persons over a highweight loading
demand? None of the previous is correct. Under normal
circumstances, the enthesis responds to excessive weight load
reinforcing its structure. When an enthesis is overdemanded
morphological changes become evident; noninflammatory
ossification of the muscle insertions is seen in athletes.

Entheses are designed to feel and resist the mechanical
stress; they are designed to adapt and respond to mechanical
stress, so we could better hypothesize that the link between
inflammation and MS is related to an abnormal perception
of MS; lesions in the tendinous structures (such as ruptures)
are not described in SpA patients so we have no evidence
that the SpA patients’ tendons are weaker than those in
normal persons and therefore under higher MS. Microscopic
microfractures in the entheseal bone have been proposed as
an indicator of impairment [196], but the histological samples
fromSpAdonot show as a rule evidence ofweakened tendons
or enthesis, weakened entheses have been reported neither in
the transgenic HLA-B27 nor in other SpA rodent models.

Likely, the problem is not the MS itself, but an abnormal
perception of it; but in this case, the cell (the osteotenocyte)
is not impaired, but paranoid. An additional element on
this paranoid behavior of the osteotenocyte comes from
the fact that the bone formation exceeds by far the actual
requirements of the remodeling process. It does so, up to a
point where the ossification itself becomes a problem. The
mechanical demand is not real; it is the cell’s perception of
it which is pathogenic.

Genetic risk conferring genes for AS or SpA in general do
have very little to do with structural proteins and HLA-B27
does not play a known role in the buildup of the enthesis or
bone.

In order to understand the role of abnormal mechano-
sensing to the pathogenesis of SpA it has to be connected

somehow to HLA-B27. HLA-B27 has been described as a
cardinal association to AS [197, 198]. Understanding the
precise role of HLA-B27 in the pathogenesis of SpA, however,
is far from being clear. The HLA-B27/𝛽2 microglobulin
transgenic rat model rat model replicates some key features
of SpA [199]; therefore it is assumed that HLA-B27 is not an
epiphenomenon.

The initial approach to understand the pathogenic role
of HLA-B27 was based on its role as an antigen-presenting
molecule to CD8T-cells.This hypothesis is further supported
by the fact that polymorphisms in antigen processing related
proteins such as ERAP1 [200] confer also an increased risk
to develop AS. However CD8+ T-cells do not predominate
at biopsy sites in patients with AS [201, 202], and the CD8
knockout transgenic HLAB27/ß2 microglobulin rat presents
the SpA-like disease with no change in its severity [203],
so the role of HLA-B27 as antigen presenter to CD8 is
questioned.

It was eventually known that HLA-B27 can take several
molecular conformations [204–208] and this expands its
potential interactions with other cellular populations beyond
CD8. Free heavy chains interactwith a diversity of ligands like
killer cells immunoglobulin-like receptors (KIR), which are
expressed by CD4, CD8, and natural killer cells. Two recent
papers [209, 210] conclude that HLA-B27∗05 induces more
KIR3DL2 reactive polymers than HLA-B27∗09 and also than
HLA-A3. These HLA/KIR interactions are limited neither
to SpA [211, 212] nor to HLA-B27 [213–215]. However, does
MS influence the presence or proportion of these pathogenic
variants?

Aside from the intercellular interactions of HLA-B27
canonical or not, its intracellular posttranscriptional pro-
cessing has been pointed as a potential source for cellu-
lar annoyance. The folding of HLA-B27 takes longer time
than other HLA-class I subtypes [216]; its persistence in
the endoplasmic reticulum is prolonged; HLA-B27 binds
to several chaperones including BiP and induces a stress
response. Although this slow intracellular traffic is known
to be specific neither to HLA-B27 nor to those subtypes
conferring AS susceptibility [217]. However, does MS further
delay the folding and posttranscriptional handling of HLA-
B27? Or does MS share signaling mediators with those of
the delayed folding response opening a door for potential
synergy? Would not it be great to analyze the intracellular
trafficking of HLA-B27 under the scope of in vitro models of
mechanical sheer stress?

But in the end of the day, neither the HLA-B27 multi-
faceted surface expression, nor the possibilities to interact
with a diversity of ligands, nor its annoying, prolonged
intracellular presence is exclusive for the HLA-B27 AS-
risk-conferring alleles. So probably its uniqueness as a AS
susceptibility conferring genemight be in its specific behavior
in the entheseal cell under MS and the type of cellular
discomfort that is produced in the diseased patient in every
step and every bending. As can be inferred by the Jacques
et al. [195] model probably T- or B-cells are not required.

Of interest, maybe other cardinal features in AS patients
such as acute anterior uveitis and aortitis might be partially
explained by the high mechanical demand on both organs
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instead of its antigenic composition. Very likely, both cell
strains share the mechanical stress/HLA-B27 paranoid com-
bination with the osteotenocyte.

6. Final Remark

IL-17, Is It the Emblematic Mediator of the Ruling T-Cells and
the Adaptive Immune Response? Or Is It Every Tissular Cell’s
Danger T-Cell Herding? Every Cell Seems to Be Able to Produce
It, but Who Is in Command? TH17 cells seem to be in the
center of our current understanding for the pathogenesis of
several rheumatic diseases, making us forget about TH1/TH2
perennial dichotomy; basically every updated analysis of the
pathogenic pictures of rheumatic diseases deals with TH17
cells.

Th17 preponderance has been inferred by the presence of
IL-17 as a relevant proinflammatory mediator, and IL-17 has
gained a growing interest, both as a key pathogenic element
and also as a potential therapeutic target in rheumatic dis-
eases including rheumatoid arthritis [218–220] and spondy-
loarthritis [221] including among them psoriatic arthritis
[222, 223].

But IL-17, though traditionally attributed to T-cells (more
precisely TH17), is far from being restricted to them. Aside
from macrophages [224, 225], neutrophils [226], and Paneth
cells [227] several cell lineages including epitheliums produce
it. The catalog include keratinocytes [25], gingival cells [228],
lung alveolar [229], respiratory airway [230, 231], and nasal
[232] epithelia, endometrium (both epithelial and stromal
cells) [233], seminal vesicles glands epithelia [234], colonic
epithelial cells [235], and mammary gland acini [236] cells.

IL-17 is not a single molecule but a family and it includes
6 subtypes; IL-17 (also called IL-17A) and IL-17F are those
attributed to be produced by TH17; however several of the
above referenced tissues produce specifically IL-17A and not
only the “epithelial” IL-17C.

Indeed, going back to rheumatic diseases in the synovial
membrane where TH17 response is considered pivotal, the
neutrophils [237] and the mast cells are indeed the principal
source of IL-17 for the case of rheumatoid arthritis [238,
239] and mast cells are also relevant IL-17 secretors in the
spondyloarthritis [240], and keratinocyte derived IL-17C is
the predominant isoform in psoriatic skin lesions [171].

So, who drives the IL-17 train?

7. Conclusion

Although significant advances in our understanding of the
pathogenesis of rheumatic diseases are evident, our knowl-
edge of their precise etiology remains evasive. Most of our
current strategies have focused on the study of the immune
response cells and processes related to them; however, an
increasingly important role of the tissular cells and the
disturbance in their basic functions is being detected as
we dig in that field in our quest to understand rheumatic
diseases.

From the danger model perspective we can state that
whatever surrounds or lies within a harmed tissue is poten-
tially antigenic; clonal deletion from the thymus biases

the response toward foreign structures, however in a far from
perfect fashion.

Autoimmunity is a tree of immune dysregulation planted
in a soil of defective cell housekeeping.
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Propionibacterium acnes (P. acnes) is a gram-positive anaerobic bacillus present in normal human skin microbiota, which exerts
important immunomodulatory effects, when used as heat- or phenol-killed suspensions. We previously demonstrated that heat-
killed P. acnes or its soluble polysaccharide (PS), extracted from the bacterium cell wall, suppressed or potentiated theTh2 response
to ovalbumin (OVA) in an immediate hypersensitivity model, depending on the treatment protocol. Herein, we investigated
the mechanisms responsible for these effects, using the same model and focusing on the activation status of antigen-presenting
cells (APCs). We verified that higher numbers of APCs expressing costimulatory molecules and higher expression levels of these
molecules are probably related to potentiation of the Th2 response to OVA induced by P. acnes or PS, while higher expression of
toll-like receptors (TLRs) seems to be related toTh2 suppression. In vitro cytokines production in cocultures of dendritic cells and
T lymphocytes indicated that P. acnes and PS seem to perform their effects by acting directly on APCs. Our data suggest that P.
acnes and PS directly act on APCs, modulating the expression of costimulatory molecules and TLRs, and these differently activated
APCs drive distinct T helper patterns to OVA in our model.

1. Introduction

Propionibacterium acnes (P. acnes) is a gram-positive anaer-
obic bacillus present in normal human skin microbiota [1]
but also implicated in inflammatory diseases, such as acne
vulgaris [2] and sarcoidosis [3]. An important property
of this bacterium is its immunomodulatory effect, which
has been extensively studied in human and animal models,
using heat- or phenol-killed P. acnes suspensions. Its main
biological activities include sensitization to the toxic activity
of lipopolysaccharide (LPS) [4], activation of macrophages
[5], induction of tumoricidal activity [6], increase of the

resistance to pathogens [7, 8], and adjuvant effect to antibody
response [9]. These effects are mediated by proinflammatory
cytokines, enhanced by P. acnes treatment, such as IFN-𝛾,
TNF-𝛼, IL-1𝛽, IL-6, IL-12, and IL-18 [10–14].The induction of
these cytokines by P. acnes is dependent on TLR2, TLR9, and
MyD88 [15–17]. The bacterium also enhances the expression
of TLR2 and TLR4 by keratinocytes [18] and TLR4 and
MD-2 by hepatocytes [19], what can explain its ability to
potentiate the endotoxic shock to LPS. Recently, it was also
demonstrated that P. acnes can activate the inflammasome
of human peripheral neutrophils, as shown by caspase-1
increased expression [20].
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Due to the cytokines pattern induced by P. acnes, it has
been used as a Th1-inducer antigen [21–23]. However, in a
previous study from our group, we demonstrated that heat-
killed P. acnes could not only induce a typical Th1 response,
but also enhance the Th2 pattern elicited by another antigen
[24], using amurinemodel of type I hypersensitivity reaction
previously described [25].

A soluble polysaccharide component purified from the
bacterium cell wall also induced the same responses in
such model [26]. This polysaccharide (PS) was purified and
characterized by our group [26], and it had already been
studied in other models, inducing similar effects to the whole
bacterium, such as adjuvant effect to antibody response on
a Trypanosoma cruzi DNA vaccine [27], increase of the
number and tumoricidal activity of peritoneal macrophages
[28], and enhancement of dendritic cells in vivo and in
vitro [29]. Recently, PS was also shown to modulate the Th2
response observed in a murine model of focal segmental
glomerulosclerosis, inducing a Th1 polarization and kidney
preservation [30]. All these results suggest that PS can be a
majorP. acnes component responsible for its effects, including
the polarization of T cell responses.

In the present data, we investigated the mechanisms
by which P. acnes and PS polarize the immune responses
in the type I hypersensitivity model cited above. In such
model, described by Facincone et al. [25], F1 BALB/c x
A/J mice are subcutaneously sensitized with heat-coagulated
hen’s egg white (HEW) and 14 days later challenged with
heat-aggregated OVA in the footpad. A typical late phase
reaction (LPR) of immediate hypersensitivity, with intense
eosinophilia, is induced [25]. In our previous works using
this model, we established two P. acnes- or PS-treatment
protocols [24, 26]. In Protocol 1 (Th2 potentiation),mice were
subcutaneously injected with P. acnes or PS once a week,
during 3 weeks, and HEW was implanted concomitantly
to the last P. acnes or PS injection. In Protocol 2 (Th2
suppression), HEWwas implanted 1 week after the third dose
of P. acnes or PS. For each protocol, the respective control
group was treated with sterile saline, at the same conditions.
Twoweeks afterHEW implantation, animals were challenged
with heat-aggregatedOVA in the footpad, as described above.
Footpad swelling and histological analysis were performed,
determining the number of eosinophils and other inflamma-
tory cells infiltrating the footpad lesions. Intracellular and
sera cytokines levels were also analyzed. Protocol 1 increased
all the parameters evaluated, indicating Th2 potentiation,
while Protocol 2 decreased the response, indicating Th2
suppression [24, 26]. These data clearly demonstrated that
differences between the two protocols occur at the time
of HEW implantation, indicating different environment in
the moment of antigen capture by antigen-presenting cells
(APCs).

Therefore, herein we focused our interest onAPCs, which
are responsible for T cell direction. We observed that the
activation status of spleen B lymphocytes, macrophages, and
dendritic cells was different depending on the treatment
protocol with P. acnes or PS in the hypersensitivity model.
Therefore, the Th1/Th2 polarization by the bacterium or its
compound is related to the activation status of APCs, with

different patterns of costimulatory molecules and toll-like
receptors expression, leading to the production of different
types of cytokines.

2. Material and Methods

2.1. Animals. Male or female 6-week-old F1 BALB/c x A/J
mice were used in all experiments. Animals were housed
in standard cages and kept on a 12-hour light/dark cycle,
at controlled temperature, with water and food ad libitum.
Experimental procedures were approved by the special Uni-
versity Ethics Committee for animal care and experimenta-
tion (CEP-1211/2004).

2.2. Antigens

Heat-Killed P. acnes Suspension. P. acnes (gently provided by
Instituto Adolfo Lutz, SP, Brazil) was cultured in anaerobic
medium (Hemobac, Probac, SP, Brazil) for 3 days, at 37∘C.
After this period, bacteria were washed three times at 2,000 g,
for 30minutes.The pellet was resuspended in 0.9% saline and
subjected to continuous water vapor for 20 minutes, at 120∘C.
The protein concentration of the suspension was determined
by the Bradford method [31].

P. acnes Soluble Polysaccharide (PS) Extraction. The polysac-
charide extraction and purification were performed as previ-
ously described by us [26], based on Palmer and Gerlough
protocol [32]. Briefly, 30mL of heat-killed P. acnes (800 𝜇g
of protein/mL) was mixed with 30mL of 90% phenol and
30mL of distilled water and incubated for 10 minutes in
70∘C water bath. After centrifugation at 2,000 g and 4∘C,
the water phase and the polysaccharide-enriched ring were
collected. This step was repeated three times. Three volumes
of ethanol were added to each volume of the mixture. After
overnight incubation at 4∘C, the precipitate was obtained by
centrifugation and designated as the soluble polysaccharide
(PS). The carbohydrate concentration was determined by the
Dubois method [33].

Heat-Coagulated Hen’s Egg White (HEW) for Mice Sensiti-
zation. Heat-coagulated HEW was prepared as previously
described [25]. The solid egg white was obtained after 30
minutes in boiling water; then, it was isolated, washed in
distilled water, and dehydrated in 100% ethanol overnight.
Fragments of approximately 40mg were obtained and rehy-
drated in sterile PBS for 2 hours at room temperature, before
implantation.

2.3. Type I Hypersensitivity Murine Model. The immediate
hypersensitivity model used in our previous studies was
developed by Facincone et al. [25]. Accordingly, when F1
BALB/c x A/J mice are subcutaneously implanted with heat-
coagulated HEW (40mg) and challenged, after 14 days, with
50 𝜇L of heat-aggregated OVA (20mg/mL) in the footpad,
they develop a late phase reaction of the type I hypersensitiv-
ity reaction, characterized by footpad swelling and eosinophil
infiltration [25]. In the present work, mice were submitted
only to the sensitization phase (HEW implantation) of type
I hypersensitivity model.
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Figure 1: Schematic representation of P. acnes- and PS-treatment protocols and gates strategy. F1 BALB/c x A/J mice were subcutaneously
injected with P. acnes or PS once a week, during 3 weeks. Heat-coagulated hen’s egg white (HEW) was implanted concomitantly to the last P.
acnes or PS dose in Protocol 1 (a) or 1 week after the third dose in Protocol 2 (b). For each protocol, the respective control group was treated
with 350 𝜇L of sterile commercial 0.9% saline, at the same conditions. Spleen cells were analyzed 14 days after HEW implantation. (c) Gates
strategy used for flow cytometry analysis.

2.4. P. acnes- or PS-Treatment Protocols. As described above,
in our previous studies, we established two P. acnes- or PS-
treatment protocols, which potentiated (Protocol 1) or sup-
pressed (Protocol 2) the Th2 response to OVA after footpad
challenge [24, 26], and the same protocols were used in the
present work. In Protocol 1 (Th2 potentiation), mice were
subcutaneously injected with P. acnes (140 𝜇g/350 𝜇L/animal)
or PS (25𝜇g/350 𝜇L/animal) once aweek, during 3weeks, and
HEW was implanted concomitantly to the last P. acnes or PS
injection (Figure 1(a)). In Protocol 2 (Th2 suppression),HEW
was implanted 1 week after the third dose of P. acnes or PS
(Figure 1(b)). For each protocol, the respective control group
was treated with 350𝜇L of sterile commercial 0.9% saline, at
the same conditions.

Herein, mice were treated according to both protocols
described above but not submitted to footpad challenge.
Instead, at the moment in which OVA challenge should be
done, that is, 14 days after HEW implantation, spleen cells
were collected and activation status of APCs was analyzed by
flow cytometry (Figure 1).

2.5. Expression of Costimulatory Molecules, TLRs, and
Cytokines Synthesis by Spleen Cells. Spleen cells from control,
P. acnes- or PS-treatedmice were obtained 14 days after HEW
implantation.Cellular viability and concentration (total abso-
lute number of cells/mL) were determined by counting with
Trypan Blue. Cells (1 × 106/100 𝜇L/tube) were then incubated
for 30 minutes at 4∘C with normal mouse serum (5% in PBS)
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to block Fc receptors. After washing, cells were labeled for 1
hour at 4∘C with fluorochrome-conjugated monoclonal anti-
mouse antibodies (BD Pharmingen, CA, USA) to determine
the expression of costimulatory molecules (CD40, CD80,
and CD86), TLRs (TLR2, TLR4, and intra- and extracellular
TLR9), and cytokines synthesis (IL-4 and IL-12) by B lympho-
cytes (CD19+ CD23+), macrophages (CD11b+ F4/80+), and
dendritic cells (CD11c+ MHC II+). TLR9 was analyzed not
only intracellularly, but also extracellularly, since the presence
of this receptor on the cell membrane of human peripheral
blood B lymphocytes and of mouse peritoneal B-1b cells has
already been described [34, 35].

When intracellular staining had to be performed (intra-
cellular TLR9 and cytokines), cells were washed and fixed
(1% paraformaldehyde) after extracellular labeling and then
permeabilized with Triton-X-100 (0.2% in PBS) for 6 min-
utes, followed by intracellular labeling for 40 minutes, at
room temperature. Cells were then washed and analyzed
in a FACSCalibur flow cytometer, using the CellQuest Pro
software (Becton Dickinson, CA, USA).

Percentages of positive cells were converted to absolute
number (cells/mL) based on the total cell concentration
obtained by Trypan Blue counting, once both P. acnes and PS
treatments were able to increase the absolute number of total
spleen leukocytes (data not shown). The absolute numbers
of B lymphocytes, macrophages, and dendritic cells positive
for each molecule were added to obtain the total number of
spleen APCs positive for such molecule. Expression level of
costimulatory molecules, TLRs, and cytokines synthesis was
also determined by mean fluorescence intensity (MFI) and
individually analyzed in each population. Gates strategy used
in flow cytometry analysis is shown in Figure 1(c).

Similarly to what was described above, intracellular stain-
ing was performed to determine the absolute number of total
spleen cells positive for IL-5 synthesis, an important cytokine
in type I hypersensitivity reaction, with an essential role in
eosinophil recruitment [36, 37]. Gates strategy used for this
analysis is shown in Figure 5(a).

2.6. Cytokines Detection on Cocultures of
Bone Marrow-Derived Dendritic Cells (BMDC) and
OVA-Primed T Lymphocytes Stimulated In Vitro with
P. acnes, PS, and/or OVA

BMDC Achievement. Femur and tibia from näıve F1 BALB/c
x A/J mice were extracted, and their cavities were washed
with RPMI (Cultilab, SP, Brazil) to obtain bone marrow cells,
which were submitted to 400 g centrifugation for 5 minutes
and resuspended in 1mL of R10 (RPMI supplemented with
10% fetal cow serum). Cellular viability and concentration
were determined by counting with Trypan Blue. Based on
previously described protocols to obtain BMDC [21–23],
cells (2 × 105/mL) were cultured for 10 days at 37∘C and
5% CO

2
in R10 supplemented with GM-CSF (20 ng/mL),

replacing the medium on days 3, 6, and 8. At 10th day, GM-
CSF concentration was reduced to 5 ng/mL; OVA-primed
T lymphocytes and in vitro stimuli were then added, as
described below.

OVA-Primed T Lymphocytes Enrichment. Näıve F1 BALB/c
x A/J mice were submitted to HEW implantation, and after
14 days, spleen cells were obtained and mixed to carbonyl
iron (0.1mg/mL) to increase macrophage density. After
incubation at 37∘C for 30 minutes, macrophage-depleted
supernatant cells were collected, washed, and submitted
to Histopaque (Sigma-Aldrich, MO, USA) density gradient
centrifugation (𝑑 = 1.077 g/mL), for 30 minutes, at 400 g.
Mononuclear cells-enriched ring was collected and washed
with RPMI, for 5 minutes, at 400 g. Cell suspension was then
transferred twice to Petri dishes, previously coated with puri-
fied anti-mouse IgM (10 𝜇g/mL), and incubated for 1 hour
at 37∘C and 5% CO

2
, for B cell depletion. Supernatant cells

were collected, and purity was verified by flow cytometry. A
T cell-enriched population (95%) was obtained and added to
BMDC cultures, as described below.

BMDC and OVA-Primed T Lymphocytes Cocultures. At 10th
day of BMDC culture, OVA-primed T lymphocytes (5 ×
105/mL) were added, and different in vitro stimuli were
performed as follows: (a) cultures stimulated or not with
P. acnes (2.5 𝜇g/mL), PS (0.5𝜇g/mL), or OVA (17.5 𝜇g/mL)
at 10th day; (b) cultures stimulated with P. acnes or PS,
concomitantly to OVA, at 10th day; (c) cultures stimulated
with P. acnes or PS at 10th day and OVA at 11th day. All
supernatants were collected at 12th day and submitted to
ELISA for IL-4, IL-5, IL-12, IL-17, and IFN-𝛾 detection.

ELISA for Cytokines Detection. IL-17 detectionwas performed
according to the manufacturer’s instructions (eBioscience,
CA, USA). For the other cytokines, plates were coated
with 50 𝜇L/well of purified monoclonal anti-mouse IL-4
(1 𝜇g/mL), anti-mouse IL-5 (2 𝜇g/mL), anti-mouse IL-12
(4 𝜇g/mL), or anti-mouse IFN-𝛾 (6 𝜇g/mL) (R&D Systems,
MN,USA) overnight, at room temperature, andwashed three
timeswith PBS-Tween 20 0.05% (200𝜇L/well). After blocking
free sites with PBS-BSA 1% (200 𝜇L/well), for 1 hour, at room
temperature, plates were washed again, and recombinant
cytokines (15 pg/mL to 4,000 pg/mL) (R&D Systems) or
samples (50 𝜇L/well) were incubated for 2 hours at room
temperature. After washing, biotinylated monoclonal anti-
mouse IL-4 (400 ng/mL), anti-mouse IL-5 (400 ng/mL), anti-
mouse IL-12 (200 ng/mL), or anti-mouse IFN-𝛾 (400 ng/mL)
(R&D Systems) was added (50𝜇L/well) and incubated for 2
hours, at room temperature. Plates were washed again and
incubated with 50𝜇L/well of HRP-conjugated streptavidin
(1 : 4,000) (BD Pharmingen) for 30 minutes, at room temper-
ature. After washing, peroxidase activity was assessed with
OPD-substrate and stopped with 4NH

2
SO
4
. Optical density

was determined at 492 nm. Cytokines levels were calculated
based on recombinant cytokines curves.

2.7. Statistical Analysis. The statistical differences between
control and treated groups were analyzed by one-way
ANOVA followed by Tukey’s multiple comparison posttest,
using GraphPad Prism software (GraphPad Software, CA,
USA). Differences were taken as statistically significant when
𝑃 < 0.05.
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3. Results

3.1. P. acnes or PS Treatments according to Protocol 1 (Th2
Potentiation) Increased the Absolute Number and Expression
Level of CD40+, CD80+, and CD86+ Spleen APCs. Absolute
numbers of spleen B lymphocytes, macrophages, and den-
dritic cells CD40+, CD80+, or CD86+, from each treated
group, were added to obtain the total number of spleen APCs
positive for these costimulatory molecules, while expression
level (MFI) was analyzed individually for each population.

We observed that P. acnes and PS treatments according to
Protocol 1 increased the absolute number of APCs express-
ing costimulatory molecules, except CD40 in PS group
(Figure 2(a)), and also enhanced their expression levels by
macrophages and dendritic cells (Figures 2(c) and 2(d)). PS
also upregulated the expression of CD80 and CD86 by B
lymphocytes (Figure 2(b)).

3.2. In General, P. acnes or PS Treatments according to Protocol
2 (Th2 Suppression) Slightly Increased or Even Decreased the
Absolute Number of Costimulatory Positive Spleen APCs and
Reduced Their Expression Levels. P. acnes treatment accord-
ing to Protocol 2 enhanced the number of APCs expressing
CD80 and CD86, but at a much lower level than Protocol 1,
besides having impaired the number of CD40+ cells (Figure
2(e)). PS decreased the number of cells expressing all three
analyzed molecules (Figure 2(e)). In addition, there was also
a decrease in the expression level of CD80 and CD86 by
B lymphocytes from P. acnes-treated group (Figure 2(f)),
as well as CD40 by macrophages (Figure 2(g)), and only
a slight increase of CD80 by dendritic cells (Figure 2(h)).
PS downregulated the expression of the three molecules by
macrophages (Figure 2(g)), CD40 and CD86 by dendritic
cells (Figure 2(h)), and CD86 by B lymphocytes (Figure 2(f)).

3.3. Both Protocols Increased the Number of APCs Expressing
TLRs, but the Expression Levels of These Molecules Were
Predominantly Enhanced inMice Submitted to Protocol 2 (Th2
Suppression), Mainly in P. acnes Group. In mice submitted
to Protocol 1, there was an increase in the absolute number
of spleen APCs expressing TLR2, TLR4, and extra- and
intracellular TLR9 in P. acnes and PS groups, except intra-
cellular TLR9 for PS group (Figure 3(a)). P. acnes treatment
increased the expression level of intracellular TLR9 by B lym-
phocytes and macrophages, while PS increased extracellular
TLR9 in these populations (Figures 3(b) and 3(c)). PS also
upregulated the expression of TLR2 and intracellular TLR9
by macrophages (Figure 3(c)). On the other hand, P. acnes
decreased the expression of TLR2 by B lymphocytes (Figure
3(b)), TLR4 by macrophages (Figure 3(c)), and extra- and
intracellular TLR9 by dendritic cells (Figure 3(d)). PS only
decreased the expression of intracellular TLR9 by dendritic
cells (Figure 3(d)).

In Protocol 2, there was also an increase in the abso-
lute number of spleen APCs expressing TLR2 and extra-
and intracellular TLR9 in P. acnes and PS groups, but
not TLR4 (Figure 3(e)). Differently from Protocol 1, P.
acnes upregulated the expression of all TLRs by B lym-
phocytes (Figure 3(f)), extracellular TLR9 by macrophages

(Figure 3(g)), and TLR2, TLR4, and intracellular TLR9 by
dendritic cells (Figure 3(h)). PS also increased the expression
of extracellular TLR9 by B lymphocytes (Figure 3(f)), TLR2,
TLR4, and extracellular TLR9 by macrophages (Figure 3(g)),
and intracellular TLR9 by dendritic cells (Figure 3(h)).

3.4. P. acnes and PS Treatments according to Protocol 1 (Th2
Potentiation) Increased IL-4+ and Decreased IL-12+ Spleen
APCs Absolute Number. Confirming the potentiation of the
Th2 response to OVA, an increase in the number of spleen
APCs synthesizing IL-4 in mice treated with P. acnes or PS
according to Protocol 1 was observed, with a concomitant
decrease in the number of IL-12+ cells (Figure 4(a)). Inter-
estingly, P. acnes induced lower levels of these two cytokines
on B lymphocytes and dendritic cells (Figures 4(b) and 4(d))
but increased the production of IL-12 bymacrophages (Figure
4(c)). On the other hand, PS increased the production of IL-
4 and IL-12 by macrophages and dendritic cells (Figures 4(c)
and 4(d)).

3.5. P. acnes and PS Treatments according to Protocol 2 (Th2
Suppression) Increased Both IL-4+ and IL-12+ Spleen APCs
Absolute Number, but IL-4+ Cells Increment Was Not so
Pronounced as in Protocol 1 (Th2 Potentiation). In Protocol
2, both treatments also elevated the number of APCs synthe-
sizing IL-4, but this increase was not so marked as the one
observed in Protocol 1 (Figure 4(e)). Besides, differently from
Protocol 1, P. acnes and PS treatments according to Protocol
2 induced an increase in the number of APCs positive
for IL-12 (Figure 4(e)), confirming the suppression of Th2
response. P. acnes treatment also increased the production
of IL-12 by B lymphocytes (Figure 4(f)) and decreased IL-4
by macrophages and dendritic cells (Figures 4(g) and 4(h)),
while PS decreased the synthesis of IL-4 by B cells (Figure
4(f)).

3.6. The Numbers of IL-5+ Spleen Cells Confirmed the Th2
Potentiation in Protocol 1 and the Suppression in Protocol 2 by
Both P. acnes and PS Treatments. P. acnes and PS treatments
according to Protocol 1 also increased the number of total
spleen cells positive for IL-5, unlike the one observed in
Protocol 2, in which P. acnes and PS treatments decreased the
number of IL-5+ cells (Figure 5(b)). These data also confirm
Th2 potentiation response in Protocol 1 andTh2 suppression
in Protocol 2.

3.7. Higher Levels of IL-5 and IL-17WereDetected inCocultures
of Bone Marrow-Derived Dendritic Cells (BMDC) and OVA-
Primed T Lymphocytes Submitted to Protocol 1-Like (Th2
potentiation), Compared to Lower Levels in Protocol 2-Like
(Th2 Suppression). In order to confirm the direct effect of
P. acnes and PS on antigen-presenting cells in this model of
type I hypersensitivity reaction, we performed a coculture of
BMDC and OVA-primed T lymphocytes, differently stimu-
lated with P. acnes, PS, and/or OVA, analyzing the pattern of
cytokines released in the culture supernatant.

BMDC were obtained after culturing bone marrow cells
for 10 days with GM-CSF. At 10th culture day of BMDC,
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Figure 2: Expression of costimulatory molecules by spleen antigen-presenting cells. Spleen cells from mice treated with saline (Sal), P. acnes
(Pa), or PS were obtained 14 days after HEW implantation and stained with fluorochrome-conjugated monoclonal anti-mouse antibodies
to determine the expression of CD40, CD80, and CD86 by B lymphocytes, macrophages, and dendritic cells. Percentages obtained by flow
cytometric analysis were converted to absolute numbers of B lymphocytes, macrophages, and dendritic cells positive for each molecule,
which were added to obtain the total number of spleen APCs positive for such molecule in Protocols 1 (a) and 2 (e). Expression levels were
also determined by mean fluorescence intensity (MFI) and individually analyzed in B lymphocytes ((b) and (f)), macrophages ((c) and (g)),
and dendritic cells ((d) and (h)) for Protocols 1 and 2, respectively. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.0001.
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Figure 3: Expression of toll-like receptors by spleen antigen-presenting cells. Spleen cells frommice treated with saline (Sal), P. acnes (Pa), or
PSwere obtained 14 days afterHEW implantation and stainedwith fluorochrome-conjugatedmonoclonal anti-mouse antibodies to determine
the expression of TLR2, TLR4, and intra- and extracellular TLR9 by B lymphocytes, macrophages, and dendritic cells. Percentages obtained
by flow cytometric analysis were converted to absolute numbers of B lymphocytes, macrophages, and dendritic cells positive for each receptor,
which were added to obtain the total number of spleen APCs positive for such receptor in Protocols 1 (a) and 2 (e). Expression levels were
also determined by mean fluorescence intensity (MFI) and individually analyzed in B lymphocytes ((b) and (f)), macrophages ((c) and (g)),
and dendritic cells ((d) and (h)) for Protocols 1 and 2, respectively. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.0001.
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Figure 4: Cytokines synthesis by spleen antigen-presenting cells. Spleen cells from mice treated with saline (Sal), P. acnes (Pa), or PS were
obtained 14 days after HEW implantation and stained with fluorochrome-conjugated monoclonal anti-mouse antibodies to determine the
intracellular synthesis of IL-4 and IL-12 by B lymphocytes, macrophages, and dendritic cells. Percentages obtained by flow cytometric analysis
were converted to absolute numbers of B lymphocytes, macrophages, and dendritic cells positive for each cytokine, which were added to
obtain the total number of spleen APCs positive for such cytokine in Protocols 1 (a) and 2 (e). Production levels were also determined by
mean fluorescence intensity (MFI) and individually analyzed in B lymphocytes ((b) and (f)), macrophages ((c) and (g)), and dendritic cells
((d) and (h)) for Protocols 1 and 2, respectively. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.0001.

OVA-primed T lymphocytes were added. To reproduce the
potentiation protocol (Protocol 1-like), cocultures were stim-
ulated with P. acnes and OVA or PS and OVA at 10th day,
and supernatants were analyzed at 12th day. To reproduce
the suppression protocol (Protocol 2-like), cocultures were

stimulated with P. acnes or PS at 10th day and with OVA at
11th day and supernatants were analyzed at 12th day.

IL-4, IL-12, and IFN-𝛾 were not detected in any culture
(data not shown). In vitro stimulus with OVA alone (antigen-
specific positive control) induced the release of detectable
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Figure 5: IL-5 synthesis by spleen cells. Spleen cells from mice treated with saline (Sal), P. acnes (Pa), or PS were obtained 14 days after
HEW implantation and intracellularly stained with fluorochrome-conjugated monoclonal anti-IL-5 antibody. Percentages obtained by flow
cytometric analysis (a) were converted to absolute numbers of IL-5+ spleen cells (b). ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.0001.
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Figure 6: Cytokines production in cocultures of bone marrow-derived dendritic cells and OVA-primed T lymphocytes. Bone marrow cells
from näıve F1 BALB/c x A/J mice were cultured during 10 days with GM-CSF, for dendritic cell differentiation. At 10th day, enriched OVA-
primed T lymphocytes, obtained from the spleen of HEW-implanted F1 BALB/c x A/J mice, were added to the cultures.The following in vitro
stimuli were performed: P. acnes, PS, or OVA at 10th day; P. acnes or PS, concomitantly to OVA, at 10th day (P. acnes + OVA and PS + OVA,
resp.); P. acnes or PS at 10th day and OVA at 11th day (P. acnes → OVA and PS → OVA, resp.). Supernatants were collected at 12th day and
submitted to ELISA for IL-5 (a) and IL-17 (b) detection. ∗𝑃 < 0.05; ∗∗∗𝑃 < 0.0001.

levels of IL-5, when compared to the negative controls
(medium,P. acnes or PS) (Figure 6(a)).Therewas a significant
increase in these levels when cocultures were submitted to
Protocol 1-like (P. acnes + OVA), but a significant decrease
when using the Protocol 2-like (P. acnes → OVA or PS →
OVA) (Figure 6(a)). Similar results were observed for the

production of IL-17, whose levels were elevated in cultures
submitted to the potentiation protocol (P. acnes + OVA) and
drastically impaired in the suppression protocol (P. acnes →
OVA or PS → OVA) (Figure 6(b)). These data suggest that
P. acnes or PS can directly act on antigen-presenting cells to
modulate theTh2 response to OVA.
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4. Discussion

In previous studies from our group, we demonstrated that,
depending on the treatment protocol, P. acnes or PS could
suppress or enhance the Th2 response to OVA in a murine
model of type I hypersensitivity reaction [24, 26]. Herein,
we investigated the mechanisms of action of P. acnes and PS
in Th1/Th2 polarization, focusing on the immunophenotype
and the activation status of APCs, which are responsible for
driving the T helper response.

As previously described, Protocols 1 (Th2 potentiation)
and 2 (Th2 suppression) differ only at the time of HEW
implantation [24, 26]. Therefore, we hypothesized that P.
acnes and PS could modulate the activation status of APCs
during sensitization phase, leading to different responses to
OVA challenge. In order to confirm this hypothesis, spleen
cells from mice submitted to Protocols 1 (Th2 potentiation)
and 2 (Th2 suppression) were analyzed at the moment in
which OVA challenge should be done, that is, 14 days after
HEW implantation (Figures 1(a) and 1(b)).

The activation status of spleen B lymphocytes, macro-
phages, and dendritic cells was analyzed by the expression
of costimulatorymolecules, TLRs, and cytokines production,
considering both the number of positive cells and the expres-
sion level of each molecule analyzed.

According to our and others’ previous publications, the
better way to represent the modulatory effects of P. acnes
and PS is analyzing the absolute number of cells, rather than
the percentage, once both treatments are able to increase
the total number of leukocytes in different organs, according
to the inoculation route. In fact, among other organs, P.
acnes increases the number of leukocytes in spleen, liver, and
peritoneal exudate [13, 16, 28].

A great increase in the number of APCs expressing
costimulatory molecules in P. acnes and PS groups submitted
to Protocol 1 (Th2 potentiation) was observed, except CD40
in PS group (Figure 2(a)), as well as upregulation of the
three molecules, mainly by macrophages and dendritic cells
(Figures 2(b) to 2(d)). On the other hand, in Protocol 2 (Th2
suppression), there was little increase or even decrease in
the number of positive APCs (Figure 2(e)), as well as down-
regulation of CD40, CD80, and CD86 (Figures 2(f) to 2(h)).
Table 1(a) summarizes the effects of P. acnes and PS on
the expression levels of costimulatory molecules and clearly
shows that both treatments mainly upregulate these mole-
cules in Protocol 1 and downregulate in Protocol 2.

These results suggest that higher number of positiveAPCs
and higher expression levels of costimulatory molecules
could be related to potentiation of Th2 response to OVA by
P. acnes and PS. In fact, several studies have demonstrated
the role of costimulatory molecules in different models of
Th2 responses. Lindell et al. (2008) verified that B cells
from allergen-challenged mice upregulated the expression
of CD40, CD80, and CD86 and induced the production of
Th2 cytokines by T cells [38]. It has also been demonstrated
that CD80 and CD86 are critical and potent stimulators of
Th2 differentiation in vitro [39] and that these molecules are
essential for the generation of Th2 cells during the sensitiza-
tion phase in a murine model of asthma [40]. Similarly, it has

Table 1: Schematic representation of P. acnes and PS effects on co-
stimulatory molecules and TLRs expression in Protocols 1 and 2. P.
acnes and PS effects on co-stimulatory molecules (a) and TLRs (b)
expression in Protocols 1 and 2 are summarized and represented as
different symbols. (e) indicates up-regulation, while (I) indicates
down-regulation of each molecule compared to the control group.
(—) indicates that there was no difference in the expression of the
molecule in relation to the control group.

(a)

P. acnes Protocol 1 Protocol 2
B M DC B M DC

CD40 — e e — I —
CD80 — e e I — e
CD86 — e e I — —

PS Protocol 1 Protocol 2
B M DC B M DC

CD40 — e e — I I
CD80 e e e — I —
CD86 e e e I I I

(b)

P. acnes Protocol 1 Protocol 2
B M DC B M DC

TLR2 I — — e — e
TLR4 — I — e — e
exTLR9 — — I e e —
inTLR9 e e I e I e

PS Protocol 1 Protocol 2
B M DC B M DC

TLR2 — e — — e —
TLR4 — — — — e —
exTLR9 e e — e e —
inTLR9 — e I — — e

been shown that the expression of CD40 by dendritic cells is
essential for the initiation of Th2 responses [22]. Moreover,
several data revised by Lenschow et al. (1996) indicate that
higher stimulation of CD28 by B7 molecules is related to the
induction of Th2 responses [41].

On the other hand, we hypothesize that the downreg-
ulation of costimulatory molecules observed in Protocol 2
can be related to Th2 suppression. It is important to note
that the downregulation of costimulatory molecules does not
mean that APCs are less activated, because other parameters,
such as TLRs expression and cytokines production, have to
be considered in order to determine the activation status of
these cells.

Concerning the effects of PS on the modulation of CD40,
it is important to note that the modulation of the number of
CD40+ cells is not necessarily related to the modulation of
the CD40 levels in cell membrane, and the same applies to
all the other molecules studied. Besides, differences observed
between P. acnes and PS treatments can be explained by the
presence of other compounds in the whole bacterium, such
as proteins and lipids, which could be responsible for the
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increase in the CD40+ population in Protocol 1, explaining
why the same effect is not observed in PS group.

P. acnes and PS also modulated the number of APCs
expressing TLRs, but the differences between Protocols 1
(Th2 potentiation) and 2 (Th2 suppression) were not as
pronounced as that observed for costimulatory molecules,
except for TLR4+ cells, which were increased in Protocol 1
(Figure 3(a)) and decreased in Protocol 2 (Figure 3(e)). On
the other hand, as shown in Figure 3 and summarized in
Table 1(b), the expression level of TLRs was enhanced in
Protocol 2 (Th2 suppression) rather than Protocol 1 (Th2
potentiation), mainly in P. acnes-treated groups. These data
suggest that higher expression of these receptors could be
related to the suppression of Th2 responses. Indeed, several
studies have shown the relationship between TLR signaling
and the induction of Th1 responses or suppression of Th2
pattern in allergic diseases. In farmers’ families, LPS exposure
and higher levels of TLR2 mRNA were related to lower
incidence of allergic diseases [42, 43]. TLR2 ligands were
also able to inhibit Th2 responses in house dust mite allergic
patients [44] and TLR4 signaling by LPS suppressed asthma-
like responses in mice [45]. It was also shown that TLR9
intracellular signaling by CpG induced the release of Th1
cytokines [46] and promoted IgG2a switch, which is related
to Th1 pattern [47]. Although our results do not show a
clear Th1 pattern in Protocol 2, we hypothesize that the Th2
suppression could also be related to higher expression of
TLRs by APCs in P. acnes group.

On the other hand, PS treatment did not induce distinct
patterns of TLRs levels between Protocols 1 and 2, as clearly
shown in Table 1(b). Therefore, we believe that the effects
induced by PS in Th2 potentiation or suppression may be
only related to the expression of costimulatory molecules,
while the effects induced by P. acnes involve a more complex
mechanism, including not only the expression of costimu-
latory molecules, but also the levels of TLRs. However, we
cannot exclude othermolecules and receptors whichwere not
analyzed in the present work.

The modulation of Th1 and Th2 responses by P. acnes
and PS was also analyzed by intracellular staining of IL-4
and IL-12 on APCs. In Protocol 1, P. acnes and PS treatments
increased the number of IL-4+ APCs and decreased the
number of IL-12+ (Figure 4(a)), confirming the potentiation
of Th2 response. In Protocol 2, there was little increase of IL-
4+ cells and also increase of IL-12+, indicating the suppression
of Th2 response, but not changing to a Th1 pattern, since the
number of IL-4+ cells remained higher than the number of
IL-12+ (Figure 4(e)). The production level of these cytokines
by APCs did not show a defined pattern when comparing
the two protocols (Figure 4). We believe that, in our model,
maybe the modulation of the intracellular levels of cytokines
in APCs is not as relevant as the number of producing cells.
The most abundant APC population in spleen is composed
of B lymphocytes, which highly impacted the total number
of APCs (data not shown). Interestingly, MFI of IL-12+ B
lymphocytes is decreased in P. acnes treatment according to
Protocol 1 (Figure 4(b)) and increased in Protocol 2 (Figure
4(f)). The same is not observed in PS groups, probably

because the whole bacterium has other components that can
be responsible for this specific effect.

Although the production of IL-4 and IL-12 by spleen
APCs does not show a clear Th1 pattern in Protocol 2, we
have already demonstrated the induction of intracellular and
serum IFN-𝛾 in mice treated with P. acnes according to this
protocol [24]. Another important effect ofP. acnes is its capac-
ity to induce the production of IL-18 [11]. Therefore, maybe
the combination of IL-12 and IL-18 production byAPCs could
be responsible for directing the T helper response, resulting
in the release of IFN-𝛾. The production of IL-18 in this model
needs further investigation.

Another essential cytokine in this model is undoubtedly
IL-5, whose production was analyzed in the total spleen pop-
ulation, certainly including IL-5-producing T lymphocytes,
which are the main IL-5 producer cells. The analysis of IL-5+
spleen cells strongly correlated to previous data, since P. acnes
and PS increased the number of IL-5+ cells in Protocol 1 (Th2
potentiation) and decreased in Protocol 2 (Th2 suppression)
(Figure 5). IL-5 induces maturation, survival, and chemoat-
traction of eosinophils and enhances their effector functions,
playing a pivotal role in allergic inflammation [36, 37]. In fact,
in our previous data, P. acnes and PS treatments had a great
impact on eosinophilia in the type I hypersensitivity model,
inducing enhanced eosinophil infiltration in Protocol 1 and
inhibiting it in Protocol 2 [24, 26].

Then, even with little differences in the production of IL-
4 and IL-12 by APCs, both protocols induced significant dif-
ferences on IL-5 production and eosinophilia. We believe IL-
5 is an essential cytokine involved with the biological effects
observed in this model, while IL-4 and IL-12 production by
APCs might not be an essential factor for potentiation or
suppression of theTh2 response.Therefore, in this model, the
differential expression of costimulatory molecules and TLRs
by B lymphocytes, macrophages, and dendritic cells seems to
bemore relevant forTh1/Th2direction byP. acnes andPS than
the production of cytokines by these cells.

Our results suggest that APCs can be directly modulated
by P. acnes and PS in this model, which is in agreement with
other studies showing direct activation of innate immune
cells by P. acnes via TLR2 and TLR9 [15, 16]. In order to
confirm this hypothesis of direct activation of APCs, we
differently stimulated BMDC with P. acnes, PS, and/or OVA
and cocultured these cells with OVA-primed T lymphocytes,
analyzing the pattern of cytokines released in the culture
supernatants. Interestingly, only IL-5 and IL-17 were detected
in these cultures, although we have shown the production
of IL-4 and IL-12 by APCs in Figure 4. It is clear for us that
these cocultures did not represent exactly the same condi-
tions obtained in vivo, concerning the microenvironment
and treatment periods, for example, which can explain the
absence of IL-4 and IL-12 in vitro. Besides, it is not reasonable
to compare the levels of intracellular cytokines, which may
not necessarily be released, with the levels of cytokines in
culture supernatants. Therefore, a better analysis of in vitro
results should include the intracellular cytokines staining,
which needs further investigation.

Both IL-5 and IL-17 were increased in the in vitro
potentiation protocol (Protocol 1-like) and decreased in the
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in vitro suppression protocol (Protocol 2-like) (Figure 6). As
mentioned above, IL-5 is involvedwith eosinophilia and plays
an essential role in allergic inflammation [36, 37]. On the
other hand, IL-17 has been implicated in noncanonical forms
of asthma, where neutrophilia is more evident than eosino-
philia [48]. Interestingly, in our previous studies using this
hypersensitivity model, although eosinophilia in control
(saline) groups is considered intense, these cells are not the
only population present in the cellular infiltrate [24, 26], and
the remaining cells are mainly neutrophils (data not shown).
This may be an indication of the participation of IL-17 in
this model. In fact, clinical observations have suggested the
coexistence of both Th2 and Th17 phenotypes in the same
patient [48], and a new population of CD4+ T lympho-
cytes which produces both IL-4 and IL-17 has been recently
identified [49]. Therefore, it is possible that our model could
induce both patterns, and future functional studies will
certainly contribute to better understand the roles of IL-5 and
IL-17 in this model.

5. Conclusions

Our data indicate that P. acnes can directly act on antigen-
presenting cells, mainly modulating the expression of cos-
timulatory molecules and TLRs, and that PS is an important
bacterium compound involved in these immunomodulatory
effects.

In ourmodel, this differential expression of costimulatory
molecules and TLRs by APCs seems to be essential, rather
than the production of IL-4 and IL-12, for driving the T cell
response. The modulation of APCs by P. acnes and PS results
in different levels of cytokines produced by T helper cells,
probably including IL-5 and IL-17, which seem to be major
cytokines in this hypersensitivity model. Ultimately, different
patterns of T helper responses are, then, induced, resulting in
all the biological effects observed in our previous works using
this model.

These results provide new and important contribution
to understanding the mechanisms by which P. acnes and
PS modulate the immune response to OVA in a type I
hypersensitivity murine model.
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Vitamin D features immunomodulatory effects on both the innate and adaptive immune systems, which may explain the growing
evidence connecting vitamin D to allergic diseases. A wealth of studies describing a beneficial effect of vitamin D on atopic
dermatitis (AD) prevalence and severity are known. However, observations linking high vitamin D levels to an increased risk
of developing AD have also been published, effectively creating a controversy. In this paper, we review the existing literature on
the association between AD and vitamin D levels, focusing on childhood. As of today, the role of vitamin D in AD is far from
clear; additional studies are particularly needed in order to confirm the promising therapeutic role of vitamin D supplementation
in childhood AD.

1. Introduction

Atopic dermatitis (AD) is a common chronic inflammatory
condition characterized clinically by pruritus, eczematous
lesions, and a defective epidermal barrier [1].

AD affects mainly children, but it may occur in adults [2];
these patients exhibit both impaired skin barrier function and
defects in skin innate immunity [3].

AD is often associated with a personal or family history of
type I allergies [4] (allergic rhinitis and asthma) and develops
from a complex interplay between environmental, genetic,
and immunologic factors.

Current treatment of severe disease is challenging
because the safety profile of available systemic treatments
limits its use.

2. Vitamin D

Vitamin D (also known as cholecalciferol) is an active steroid
hormone.The function of vitamin D, traditionally associated
with calcium and phosphate homeostasis, is thought to be
highly complex, and its potential roles in cardiovascular, neo-
plastic, and microbial infections and autoimmune diseases

have been investigated in recent studies [5]. Vitamin D defi-
ciency and insufficiency in patients with asthma [6] and aller-
gic diseases [7] have also recently been discussed.

Two independent pathways lead to vitamin D synthesis:
the photochemical action of solar ultraviolet B (UVB) light
in the skin and specific dietary sources. Vitamin D from sup-
plements can be ingested as vitamin D2 from plant sources
or vitamin D3 from animal sources [8].

Vitamin D3 is transported to the liver and is converted
to 25-hydroxyvitamin D (25(OH)D). 25(OH)D is released
into the circulation and is transported to the kidney where
it undergoes further hydroxylation to 1,25-dihydroxyvitamin
D (1,25(OH)D). This compound subsequently activates the
vitaminD receptor (VDR), regulating the expression of genes
involved in calcium metabolism, proliferation, differentia-
tion, apoptosis, and adaptive immunity [9]. Individuals with
higher phototypes, whose melanin functions as a natural
sunblock, those who extensively use sunblocks, those who
stay primarily indoors, and those living at high latitudes show
a reduced vitamin D synthesis [10].

An inverse relationship between serum 25(OH)D con-
centration and age has been highlighted. The reason for this
is presently unclear, although some have theorized that older
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children may take less oral supplementation or spend less
time engaged in outdoors activity [11].

Factors such as obesity, gastrointestinal malabsorp-
tion, parathyroid hormone, calcium, phosphorus, fibroblast
growth factor, and 1,25(OH)D itself can also alter 1,25(OH)D
levels.

A 25(OH)D level of 20–30 ng/mL constitutes relative
insufficiency and <20 ng/mL defines deficiency [12]. Data in
adults suggests that vitamin D levels less than approximately
30 ng/mL are associated with changes in parathyroid hor-
mone levels, as well as intestinal calcium transport [13]. Based
on this, blood levels of 25(OH)Dabove 30 ng/mL should yield
maximum health to the human body. As a matter of fact,
vitamin D deficiency has become a public health issue. This
has been largely attributed to dietary and lifestyle behaviors
during recent decades [14]. Both children and pregnant/lac-
tating women are identified as groups particularly vulnerable
to vitamin D deficiency [15].

TheAmericanAcademyof Pediatrics recommends a daily
intake of 400 IU of vitamin D for infants and children,
whereas the Institute of Medicine andThe Endocrine Society
recommend 400 IU daily for infants and 600 IU daily for
children of 1 to 18 years old [16].

3. Vitamin D and Immune Regulation

The extent of vitamin D’s biological actions goes further than
calcium homeostasis and bone metabolism. Vitamin D fea-
tures its immunomodulatory effects on both the innate and
adaptive immune systems [17].

The VDR, a member of the nuclear receptor family [18],
has been found on a wide range of immune cells, especially
when activated, such as macrophages and T and B lympho-
cytes [19].

The activation of VDR on dendritic cells has been proven
to modulate the tolerance of these antigen-presenting cells
in adaptive immune responses. In detail Th2 cell response
is enhanced not only by Th1 inhibition, but also as a result
of balance shifting toward Th2 [20]; an effect on the differ-
entiation of naive T cell into Th2 cells has been also noted
[21].

Coherently to the above, Boonstra et al. [22] demon-
strated that vitamin D inhibits IFN-𝛾 production and pro-
motes IL-4, IL-5, and IL-10 production in a mouse model.

These studies suggest that deficiencies in vitamin D levels
and/or signaling would favor a predominant Th2 response
and that the presence of vitamin D, while suppressing Th1
effects, also promotes Th2 responses. However limited data
showed vitamin Dmight attenuate, rather than promote,Th2
responses.

4. Vitamin D and Skin Barrier Function

Vitamin D is also implicated into stratum corneum barrier
formation, by means of protein synthesis (such as filaggrin)
and regulation of keratinocytes proliferation and differentia-
tion.

Vitamin D stimulates the production and the regulation
of skin antimicrobial peptides, such as cathelicidins [23].

Among the hypothesized mechanisms, an action on the Toll-
like receptor 2 seems to be primarily involved.

Antimicrobial peptides show both a direct antimicrobial
activity and an induced host cellular response yielding to
cytokine release, inflammation, and angiogenesis.

Given the above, vitamin D deficiency might predispose
patients with AD to skin superinfection by Staphylococcus
aureus or its superantigens [24].

5. Vitamin D Levels and
AD Severity and Prevalence

Few studies have evaluated the prevalence and severity of AD
in vitamin D deficient children.

Oren et al. [25], in a case-control study of 290 obese
patients, showed that 5% of patients with vitamin D defi-
ciency had AD, compared with 1% of the vitamin D-replete
group. On the other hand no significant associations with
asthma or allergic rhinitis were noted.

Peroni et al. [26] studied 37 children with AD with mild
(𝑛 = 13), moderate (𝑛 = 15), or severe (𝑛 = 9) disease
using the SCORAD index. They noticed that serum levels of
25(OH)D were higher in patients affected by mild AD com-
pared to those with moderate or severe AD. Similar results
were obtained by El Taieb et al. [27], who compared 29 AD
children to a control group of 30 healthy individuals, and
Wang et al. [28], who considered 498 Hong Kong Chinese
children affected by AD and compared them to 328 controls.
Overall these data seem to indicate that vitamin D deficiency
is related to the severity of AD.

There are, however, many controversies. Despite the
above evidences, several authors have had opposing results
[29].

Bäck et al. [30] observed that higher intake of vitamin D
during the first year of life was correlated with increased risk
of eczema at age six. 123 children were investigated through a
postal questionnaire looking for the cumulative incidence of
AD, allergic rhinitis, or asthma at 6 years of age. Regardless of
family history of atopy, AD was more prevalent in those with
the highest intake of vitamin D.

Through a nationwide cross-sectional survey on 9838
German children and adolescents with eczema, Heimbeck
et al. [31] found a significantly reduced risk of eczema for the
lowest vitamin D serum quartile compared to the reference
quartile in a multivariate analysis.

Chiu et al. [32] evaluated 94 children of 1 to 16 years
old living in urban Milwaukee (USA), finding no statistically
significant association between vitamin D levels and AD
severity. Further, children with mild AD had serum levels of
25(OH)D lower than patients with moderate and severe dis-
eases, although this difference was not statistically significant.

In conclusion, although there is a predominance of papers
pointing to vitamin D as a protective factor, various studies
actually identify it as a risk factor for AD.These controversial
results could be explained by the hypothesis of Benson et al.
[33], who proposed a bimodal and/or gender specific rela-
tionship between vitamin D and allergic skin diseases. Hyp-
pönen et al. [34] also demonstrated a statistically significant
nonlinear association between serum 25(OH)D and serum
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IgE that could account for this discrepancy. As a matter of
fact, patients with low vitamin D (<10 ng/mL) or with very
high vitamin D serum levels (>54 ng/mL) had significantly
higher IgE levels than healthy individuals (40–50 ng/mL).
Consequent correction of serum concentrations of vitamin
D reduced IgE level significantly.

6. Climate Influence on AD and Vitamin D

It is well known that climate and sun/UVB exposure generally
exert a beneficial effect on AD clinical course. As an example,
a higher prevalence of AD in children who were born during
autumn and winter was evidenced [35]. Similarly, AD usually
worsens in winter as a consequence of reduced exposure to
solar radiation and a higher prevalence of the dermatosis has
been noted in countries at higher geographic latitude [36].

Since sun/UVB exposure increases vitamin D serum lev-
els, some authors have logically hypothesized that AD clinical
improvement by sun/UVB might be mediated at a molecular
level by vitamin D.

This is supported by the observation that vitamin D defi-
ciency is associatedwithmore severe skin lesions localized on
body sites that are not exposed to sun [37]. This would be a
consequence of vitamin D decreased production in covered
skin areas, thus indicating a local protective effect of vitamin
D against the development of AD lesions.

Nevertheless, using five different population samples,
Thyssen et al. [38] demonstrated that significantly higher
concentrations of serum vitamin D were found in carriers of
filaggrin mutations.This indirectly challenges the hypothesis
that the increased prevalence of atopic disease can be a
consequence of vitaminD insufficiency secondary to reduced
solar/UVB exposure.

7. Association of Allergic
Sensitization to AD and Vitamin D

Lee et al. [39], studying AD in 157 patients, 73.3% of which
between the ages of 0–15, showed that, in the 36 patients with
diagnosed food sensitization, mean serum levels of vitamin
D were significantly higher in patients with mild AD (21.2 ±
5.18 ng/mL) compared to those with moderate (17.9 ±
4.02 ng/mL) or severe AD (13.3 ± 5.11 ng/mL).

Mohiuddin et al. [40] confirmed these results, further
showing that, in patients with severe AD, for every 1-unit
increase in serum 25(OH)D levels, the odds of food allergy
development decreased by 6%.

Finally, assessing seventy-three children with AD, Akan
et al. [41] demonstrated a negative correlation between the
SCORAD [42] and serum vitamin D levels in allergic sen-
sitized individuals, whereas no correlation was noted in the
group without sensitization.

8. Vitamin D in Pregnant and Breastfeeding
Women and AD

8.1. Pregnancy Vitamin D Levels. The maternal vitamin
D profile during pregnancy has also been long debated.

Camargo Jr. et al. [43] noted no decreased risk of AD in
children whose mothers had higher intakes of vitamin D.

Gale et al. [44] reported that high vitaminDvalues during
pregnancy might also be harmful with respect to allergic dis-
ease development: children whose mothers had a 25(OH)D
concentration during pregnancy of greater than 30 ng/mL
had an increased risk of atopic eczema on examination at 9
months compared with children whose mothers had a con-
centration of less than 12 ng/mL.

Conversely, other studies demonstrated that children
born from mothers with low fish or vitamin D intake during
pregnancy had an increased prevalence of AD [45, 46].

8.2. Cord Serum Vitamin D Levels. Finally, a significant
inverse association was observed by Baı̈z et al. [47] between
cord serum 25(OH)D levels and risk of transient early wheez-
ing and AD by the ages of 1, 2, 3, and 5 years. Similar results
were found by Jones et al. [48], who demonstrated that, for
each 4 ng/mL increase in cord blood vitamin D levels, the
risk of eczema diminished by 13.3%. From a pathogenetic per-
spective, the above observations are supported by evidence
[49] indicating that low circulating 25(OH)D levels con-
tribute to low IL-10 levels, the latter being notably associated
with antiallergic proprieties. However there is also evidence
to the contrary. Chi et al. [50] demonstrated an inverse
association between cord plasma vitamin D levels and T-
regulatory cells number.

8.3. Vitamin D Levels in Breastfeeding Women. There is
evidence that breastfeeding in the first fourmonths of life can
reduce the risk of childhood eczema at 4 years of age [51].

Bäck et al. [30] also evidenced that breastfeeding is
generally associated with low vitaminD intake, as opposed to
replacement formulas and dairy drinks fortified with vitamin
D, which provide a considerably higher intake.

Trying to elucidate whether maternal vitamin D supple-
mentation during lactation improves infantile eczema and
other subsequent allergic disorders, a randomized double-
blind, placebo-controlled trial [52] was conducted on 164
breastfeeding mothers of infants with facial eczema.

The analysis showed that vitaminD supplementationmay
not decrease the severity of infantile eczema at 3 months of
age but may rather increase the risk of later food allergy up to
2 years of age. The limits of this study include a large number
of subjects lost at follow-up and the generic diagnosis of facial
eczema (which comprises conditions other than AD).

Corroborating this association, Milner et al. [53] revealed
that early infant multivitamin supplementation is associated
with increased risk of food allergy and asthma in black
ethnicity.

However, data on vitamin D dietary intake and higher
prevalence of AD must be assessed critically.

Traditionally, food sensitization and higher incidence of
atopy in children have been linked to increased intestinal
permeability. Therefore, the increased prevalence of AD in
childrenwith a higher dietary intake of vitaminD could result
from such early alimentary exposure to this antigen, rather
than being a direct consequence of vitamin D serum levels.
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9. Vitamin D Genes Polymorphisms

In 2002, Heine et al. [54] showed that, in adults with severe
forms of AD, VDR gene polymorphisms were significantly
overrepresented. This finding suggests that VDR may affect
AD through regulation of epidermal barrier functions and
cutaneous immune responses.

As a matter of fact, VDR can inhibit the maturation of
dendritic cells and decrease proinflammatory cytokines such
as IL-6 and TNF-𝛼. Nonetheless, this haplotype also occurs
with high frequency in the healthy population. Perhaps it acts
more as a cofactor, which requires one ormore environmental
and genetic additional elements.

In 2014, Wang et al. [55] reported a genetic association
study in which a vitamin D-related gene polymorphism
rs4674343 on CYP27A1 was found to be protective against
atopic eczema. Other genes (CYP2R1 and VDR) have been
investigated and they may increase the susceptibility to
develop eczema, as well as altering eosinophil percentage, and
total IgE amount.

An interesting observation by van Belle et al. [56]
demonstrated that certain polymorphisms in the VDR and
metabolism genes might constitute genetic susceptibility fac-
tors for autoimmune diseases, although this requires further
evidence to be confirmed.

There are also evidences to link the risk of atopy and
asthma with polymorphisms in the VDR [57, 58].

10. Therapeutic Approach

10.1. Vitamin D Supplementation. A nutritional survey [59]
comparing AD patients (𝑛 = 132) with healthy controls
(𝑛 = 132) demonstrated that patients with AD had a lower
vitamin D dietary intake than the control group. However,
serum vitamin D levels were not measured.

Based on this rationale and comforted by the data
obtained from observational studies, the following clinical
trials investigated the therapeutic role of vitamin D supple-
mentation in the treatment of AD.

In 2008 a double-blind randomized controlled trial in
childrenwithwinter-relatedADwas performed [60] utilizing
a regimen of 1,000 IU/day of vitamin D for onemonth during
the winter. Five subjects received supplementation versus
placebo in six subjects. Four of the five children who received
vitamin D improved, whereas only one of the six children in
the control group improved. The study was however limited
by the small number of participants.

Other well-designed studies targeting exclusively a pedi-
atric cohort are lacking; nonetheless a large amount of data is
available on adult or mixed populations.

Javanbakht et al. [61] carried a randomized, double-
blind, placebo-controlled study on forty-five patients with
AD. Clinical improvement was assessed by SCORAD, which
decreased significantly at 60 days in the groups receiving
vitamin D or E or both vitamins.

A larger trial [62] also showed a significant reduction
in SCORAD after vitamin D supplementation. 30 patients

received vitamin D 1,600 IU/day and 30 patients received
placebo. The treated group improved significantly at 60 days
and had significantly higher serum vitamin D values than
baseline, regardless of the initial severity ofAD. In the placebo
group, the improvement was not significant.

Furthermore, Hata et al. [63] tested a 3-week supplemen-
tation with 1000 IU/day vitamin D in 14 atopic subjects with
moderate to severe AD, showing a significant increase in
cathelicidins expression in lesional skin.

Mallbris et al. [64] confirmed this by showing that vita-
minD leads to cathelicidins production and activation in ker-
atinocytes. The above data may explain why skin infections
occur more frequently in winter, when keratinocytes are less
stimulated by vitamin D to produce antimicrobial peptides.

However, despite all of the above evidences, no significant
difference in AD severity after vitamin D supplementation
compared with placebo was found in a 2012 systematic litera-
ture review [65].

Trying to clarify the issue, in 2013, Samochocki et al.
[66] carried out a study in which 20 out of 95 patients were
selected for vitamin D supplementation (2000 IU of oral
cholecalciferol daily); 25(OH)D mean concentrations were
very low, between 4 and 15 ng/mL. After supplementation
bothmean objective SCORAD and SCORAD index were sig-
nificantly lower than before. Similarly, after supplementation,
all SCORAD parameters, except lichenification, were signif-
icantly decreased. After 3 months of supplementation most
patients’ vitamin D levels switched from <10 ng/mL to 10–
20 ng/mL. For the whole supplemented group the subjective
Patient Global Assessment parameter was between 0 and 3
points (mean 1.9). After 3 months of supplementation, the
mean total IgE level was significantly lower than before.

As a corollary, in 2014, Borzutzky et al. [67] reported
a case of vitamin D deficiency rickets in an adolescent
with severe AD. Her serum 25(OH)D level was 4.8 ng/mL.
Vitamin D supplementation increased her 25(OH)D level
to 17.6 ng/mL, with normalization of alkaline phosphatase,
parathyroid hormone, and calcium, as well as a noticeable
improvement in her AD severity. This report, together with
Samochocki et al.’s [66] observation, suggests that improve-
ment may be more evident in case of severe vitamin D
deficiency.

10.2. Heliotherapy. Different studies focused on the effect
of heliotherapy on both vitamin D levels and AD severity.
Vähävihu et al. [68] assessed 23 patientswithAD fromNordic
countries before and after daily heliotherapy in January (𝑛 =
11) or March (𝑛 = 12). Before heliotherapy, 17 of 23 patients
had vitamin D deficiency; after 2 weeks of therapy, only 4
patients remained deficient. Of note, a positive correlation
was evidenced between the increase in vitamin D levels and
the decrease in the SCORAD index in March but not in
January. The same authors carried out a later study [69] on
18 patients with AD. Of these, 16 were vitamin D deficient
and underwent 15 sessions of narrowband UVB.This therapy
resulted in a significant increase in serum vitamin D levels.
Moreover, a significant decrease in mean SCORAD was
recorded.
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10.3. Topical Therapy. Certain observations further aimed at
clarifying the role of topical vitamin D analogues. Evidence
shows that topical application of the 1,25-dihydroxyvitamin
D analogue is able to elicit an AD-like eruption in mice [70].
This reaction has been clarified to be not a simple irritant
contact dermatitis, but rather a VDR- and thymic stromal
lymphopoietin-dependent process [71, 72].

11. Conclusions

Epidemiological and clinical evidences indicate a beneficial
role for vitamin D in AD. These observations are supported
by basic research data showing that vitamin D acts on many
different immune cell functions. However, how such a com-
plex system may translate into nutritional guidelines and
supplementation advice for the general population is yet to
be understood.

Similarly, to devise a strategy for using vitamin D in the
therapy of AD seems at present to be not feasible for dif-
ferent reasons: many confounding and unidentified variables
appear in existing studies, and they are often limited by small
numbers of participants, their short durations, and the use
of a fixed dose without optimizing for adequate serum levels.
Therefore systematic supplementation of vitamin D in child-
hood AD currently cannot be recommended except for
uncommon cases which may prove refractory to traditional
therapeutic options.

Additional studies, with adequate sample size, dose
adjustment based on target serum vitamin D levels, longer
duration of treatment, standardization of AD severity assess-
ment, and adequate correction for confounding factors such
as sun/UVB exposure and food intake, are currently much
needed.
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Single nucleotide polymorphisms (SNPs) in gene encoding pro- and anti-inflammatory factors have been associated with the
occurrence of aGvHD. We retrospectively tested a wide panel of 38 polymorphisms in 19 immunoregulatory genes, aiming to
first establish, in a pediatric HSCT setting, which SNPs were significantly associated with the development of aGvHD. A significant
association was found between aGvHD grades II–IV and SNPs of donor IL10-1082GG, and Fas-670CC +CT and recipient IL18-607
TT + TG genotype. aGvHD grades III-IV resulted associated with donor IL10-1082GG, Fas-670CC + CT, and TLR4-3612TT as well
as the use of peripheral CD34+ cells as stem cell source. The multivariate analysis confirmed the association between donor IL10-
1082GG and Fas-670CC + CT and aGvHD grades II–IV and between donor IL10-1082GG and TLR4-3612TT and aGvHD grades
III-IV. In conclusion we found an association between IL10, FAS, and TLR4 in the donor and IL18 in the recipient and an increased
risk of developing aGvHD in transplanted children. Knowledge of the SNPs of cytokine genes associated with aGvHD represents
a useful tool for an integrated pretransplantation risk assessment and could guide the physicians to an optimal and more accurate
HSCT planning.

1. Introduction

Acute graft-versus-host disease (aGvHD) remains one of
the major determinants of the early outcome of allogeneic
hematopoietic stem cell transplantation (HSCT). Disparities
in human leukocyte antigen (HLA) molecules between the
donor and recipient represent a crucial factor determining
the alloresponse of aGvHD. Recent evidence has highlighted
the role of donor and recipient single-nucleotide polymor-
phisms (SNPs) in genes encoding inflammatory factors in
the occurrence of aGvHD [1]. Although this association has
been identified and confirmed in many studies conducted in

adults, little is known about cytokine gene SNPs and the onset
of aGvHD in paediatric patients [2–6].

Moreover,most studies have focused on the association of
a unique SNP or few SNPs with aGvHD, whereas few studies
have broadly tested a composite group of polymorphisms
[1]. We retrospectively studied a wide panel of cytokine gene
SNPswith a known role in aGvHDpathogenesis and analysed
the association of these SNPs with the incidence and grade of
aGvHD. The aim of this study was to establish which SNPs
among the panel of candidate SNPs play a significant role in
the development of aGvHD in a paediatric HSCT setting.
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Table 1: Association between clinical variable and aGvHD.

Tot. = 117 % GVHD I–IV GVHD II–IV GVHD III-IV
Tot. = 73 % 𝑃 Tot. = 48 % P Tot. = 13 % 𝑃

Sex
Recipient

M 82 70.0% 48 58.5% 0.21 32 39.0% 0.54 7 8.5% 0.20
F 35 30.0% 25 71.4% 16 45.7% 6 17.1%

Donor
M 73 62.3% 47 64.3% 1.00 31 42.4% 0.70 9 12.3% 0.76
F 44 37.7% 26 59.0% 17 38.6% 4 9.0%

Underlying disease
Leukemia and lymphoma 81 69.2% 50 61.7%

0.33
36 44.4%

0.47
8 9.8%

0.28Solid tumors 17 14.5% 13 76.4% 5 29.4% 1 5.8%
Nononcologic disease 19 16.3% 10 52.6% 7 36.8% 4 21.0%

Transplantation type
Matched, related 43 36.8% 25 58.1%

0.74
17 39.5%

0.91
4 9.3%

0.37Matched, unrelated 47 63.8% 30 63.8% 20 42.5% 4 8.5%
Mismatch, unrelated 27 23.0% 18 66.6% 12 44.4% 5 18.5%

Conditioning regimen
TBI-based 22 18.9% 16 72.7% 0.33 13 59.0% 0.10 3 13.6% 0.70
BU-based 95 81.1% 57 60.0% 35 36.8% 10 10.5%

Stem cells sources
Bone marrow 92 78.6% 60 65.2% 0.025 41 44.5% 0.17 7 7.6% 0.003∗
PBSC 25 21.4% 13 52.0% 7 28.0% 6 24.0%

GVHD prophylaxis
CSA only 33 28.2% 19 57.5% 0.52 11 33.3% 0.30 2 6.0% 0.34
CSA + other 84 71.8% 54 64.2% 37 44.0% 11 13.0%

Number of HSCT
1 101 86.3% 62 61.3% 0.78 40 39.6% 0.58 11 10.8% 1.00
>1 16 23.7% 11 68.5% 8 50.0% 2 12.5%

M: male; F: female; yrs: years; TBI: total body irradiation; BU: busulfan; GVHD: graft versus host disease; CSA: cyclosporine A; PBSC: peripheral blood stem
cells; ∗𝑃 < 0.05.

2. Material and Methods

The entire study population consisted of 117 children (mean
age: 9.5 (1–18) years) who underwent allogeneic HSCT in the
Paediatric Haematology-Oncology Department of Bologna
University between 1995 and 2010 and their respective donors
(age: 26 (0–53) years). All patient records/information was
anonymized and deidentified prior to analysis and all partic-
ipants to the study also signed a written informed consent.
The characteristics of the cohort are summarised in Table 1.

For sibling transplants, HLA typing was performed sero-
logically or by low-resolution molecular typing. Unrelated
patient-donor pairs were matched by high-resolution DNA
typing. aGvHDwas graded according to previously published
criteria [7]. Genomic DNA was extracted using a QIAamp
DNA Mini Kit-QIAGEN (Milan, Italy), and genotyping
was performed using iPLEX Gold technology and MassAR-
RAY high-throughput DNA analysis (Sequenom, Inc., CA).
Briefly, the assay consists of an initial locus-specific PCR reac-
tion, followed by single base extension using mass-modified
dideoxynucleotide terminators of an oligonucleotide primer
which anneals immediately upstream to the polymorphic

site of interest. Using MALDI-TOF mass spectrometry, the
distinct mass of the extended primer identifies the SNP
allele. Specific assays were designed for the locus-specific
amplification. In total, 38 SNPs in 19 immunoregulatory genes
related to aGvHD onset risk (ESR1, FAS, FCGR2A, IL1A,
IL1B, IL2, IL6, IL10, IL10RB, IL18, MBL2, MTHFR, NOD2,
TGFB1, TGFBR2, TLR4, TNF, TNFRSF1B, and VDR) were
selected. A complete list of the tested SNPs is reported in
Supporting Table 1 in the Supplementary Material available
online at http://dx.doi.org/10.1155/2014/248264. All alleles
were in Hardy-Weinberg equilibrium, and the allele frequen-
cies were not different between donors and recipients. SNPs
with allele frequencies less than 0.15 were retained for anal-
ysis. An analysis of the association between SNPs, aGvHD,
and clinical variables was performed using binary logistic
regression methods and 3 different genetic models, including
codominant, dominant, and recessive models (Table 1). The
sample dimension was estimated assuming a frequency of
the predisposing allele of 0.15, a disease prevalence of 0.3,
and a genotype relative risk of 2.2 (for both the homozygote
and the heterozygote conditions). Under these conditions, it
is possible to identify a susceptibility allele with a statistical
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Table 2: Univariate and multivariate analysis of the variables significantly associated with severe GvHD.

aGvHD 𝑛 with outcome/𝑛
with variant

𝑛 with outcome/𝑛
without variant

Univariate Multivariate
ODDS ratio CI 95% 𝑃 ODDS ratio CI 95% 𝑃

IL10-1082GG
DNR

II–IV 12/16 (75.0%) 33/85 (38.8%) 3.77 1.33–12.0 0.012 4.50 1.45–16.58 0.008
III-IV 4/16 (25.0%) 7/85 (8.2%) 4.21 1.17–14.65 0.029 5.15 0.95–30.15 0.057

FAS-670CC + CT
DNR

II–IV 38/74 (52.3%) 7/27 (25.9%) 2.81 1.12–7.65 0.027 2.90 1.11–8.35 0.029
III-IV 11/74 (14.9%) 0/27 (0%) 9.81 1.20–1274 0.029 ns

TLR4-3612TT
DNR III-IV 11/51 (21.6%) 2/56 (3.4%) 6.82 1.88–36.47 0.002 12.86 2.47–138.8 0.001

IL18-607TT + TG
PT II–IV 39/77 (50.6%) 7/30 (23.3%) 3.08 1.25–8.31 0.014 ns

SSC III-IV 3.83 1.25–8.51 0.003 6.20 1.40–32.31 0.016
DNR: donor; PT: patient; SSC: source of stem cells; ns: not significant.

power of 80% and a type I error rate of 0.05 in a study of 117
individuals (cases and controls).

3. Results

In total, 48/117 and 13/117 patients had grades II–IV or III-
IV aGvHD, respectively. The cumulative incidence (CI) of
aGvHD in the analysed cohort was 57.6% globally and 41.7%
and 10.5% for grades II–IV and III-IV, respectively. This CI
of aGvHD is comparable to the value previously published in
the paediatric field for grades III-IV,whereas this CI is slightly
higher than that previously reported for grades II–IV [7].

The univariate analysis conducted on clinical variables
showed a significant association between the source of stem
cells (SSC), particularly peripheral blood stem cells (PBSCs),
and severe grades III-IV aGvHD (𝑃 = 0.003).

Considering the cytokine gene SNPs with respect
to donor genotype, a significant association was found
in the univariate analysis between IL10-1082GG and
FAS-670CC + CT and grades II–IV aGvHD (𝑃 = 0.012 and
𝑃 = 0.027, resp.) or grades III-IV aGvHD (both 𝑃 = 0.029).
The TLR4-3612TT donor genotype was associated only with
grades III-IV aGvHD (𝑃 = 0.002). Regarding the recipient
genotype, IL18-607TT + TG was found to be associated with
grades II–IV aGvHD (𝑃 = 0.014).

The multivariate analysis confirmed the association
between grades II–IV aGvHD and the SSC, particularly
PBSCs (Table 2; 𝑃 = 0.016) and between grades II–IV
aGvHD and the donor IL10-1082GG and FAS-670CC + CT
genotypes (𝑃 = 0.08 and 𝑃 = 0.029, resp.). Grades III-IV
aGvHD was associated with donor IL10-1082GG (𝑃 = 0.057)
and TLR4-3612TT (𝑃 = 0.002).

The probabilities of overall survival (OS) and event-
free survival (EFS) were estimated using the Kaplan-Meier
method. No difference in outcome was noted between
patients carrying SNPs associated with aGvHD and patients
without SNPs associated with aGvHD.

4. Discussion

This analysis of a large panel of 38 candidate SNPs in cytokine
genes revealed that donor SNPs in IL10, FAS, andTLR4 yield a

greater risk for developing aGvHD. To our knowledge, this is
the first attempt to simultaneously test such a large number
of published genetic associations using a high-throughput
technique in a relatively large cohort of paediatric transplant
patients and donors.

The CI of aGvHD grades III-IV in our retrospective
cohort was comparable to the value previously published
in the paediatric field, whereas our CI was slightly higher
than that previously reported for grades II–IV [7]. It remains
relatively difficult to compare data on the incidence of
aGvHD in a retrospectivemixed cohort of paediatric patients
who received donations following different forms of HLA
matching (typed in different ways) or were administered
different aGvHD prophylaxis regimens over a wide period of
time (nearly 15 years).

We found that the only clinical variable that was sig-
nificantly associated with an increased risk of aGvHD was
the SSC, particularly PBSCs. Historically conflicting results
have been reported regarding the incidence of aGvHD using
different SSCs, such as PBSCs and bone marrow, although
a recent meta-analysis clearly demonstrated a slightly but
significantly higher risk of developing aGvHD and extensive
chronic GvHD in patients receiving PBSCs [8].

IL10 is an immunomodulatory cytokine produced by
B cells, regulatory T cells, monocytes, and dendritic cells
that suppresses proinflammatory cytokine production such
as TNF-𝛼, IL-1A, IL-1B, IL-6, IL-12, and IFN-𝛾. SNPs in the
promoter region of IL10 assemble into 3 conserved haplotypes
that lie between −1082 and −592: GCC, ATA, and ACC
[9, 10]. Conflicting results have been reported regarding
the genetic control of IL10 production, with certain authors
describing an association between the increased production
of IL10 and the GCC haplotype [9] and others reporting the
same haplotype to be associated with decreased production
[10]. Also in vivo the role of the polymorphisms in the
promoter region of IL10 has been extensively studied with
contrasting results by different authors [1, 11]. In particular
the seminal studies of Lin et al. highlighted the synergistic
effect between the IL10 genotype of the patient and the IL10
receptor 𝛽 chain genotype of the donor. But the same authors
found also a trend for an association of severe GVHD with
the IL10/-592 genotype of donor. These observations well
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describe the importance and the complexity of the pathway
of IL10 in the risk of developing GvHD in transplanted
patients [4, 12]. In this context our data showed a correlation
between donor IL10-1082GG and an increased risk of any
grade of aGvHD. One possible explanation could be that this
SNP may lead to a decrease in IL10 secretion, resulting in
an increased alloreactivity of donor T cells. However, it is
difficult to confirm this speculation in the absence of IL10
serum measurements, which was due to the retrospective
nature of our study.

The FAS-670G SNP in donors was also correlated with
aGvHD, confirming a previous observation of Mullighan
et al. in a study performed in transplanted adults [13].
FAS-mediated apoptotic cell death is an important pathway
involved in tissue damage in aGvHD. The FAS-670G SNP
lies in a gamma-activated sequence response element in the
FAS enhancer [14]. Although data regarding the functional
consequences of this polymorphism are limited, the -670G
polymorphism may increase FAS expression and thus medi-
ate increased tissue damage during aGvHD by apoptotic cell
death. Alternatively, this variant may influence the degree of
apoptosis of donor lymphocytes, which has been shown to
modulate GvHD in murine models [15].

Toll-like receptors are transmembrane proteins in
immune cells with conserved molecular motifs. TLR-4 has
been identified as a signal-transducing component in the
lipopolysaccharide receptor complex that plays a crucial
role in the pathogenesis of aGvHD [16, 17]. TLR-4 genetic
variants have beenmainly investigated in relation to infection
susceptibility [18], and few data have been reported regarding
their correlation with aGvHD [19]. In our paediatric cohort,
we found that donor TLR4-3612TT increased the risk of
aGvHD. One possible explanation for this finding is that this
SNP could result in higher expression of TLR-4, leading to
irregular LPS responsiveness, which may mediate increased
inflammation via the transduction of LPS signals.

IL18 is a proinflammatory cytokine, elevated in patients
with aGvHD, that induces Th1 differentiation and cyto-
toxic T-lymphocyte function. Patient IL18 GCG haplotype
has been associated with improved survival and decreased
transplant-relatedmortality after unrelated-donor bonemar-
row transplantation, while no association has been found
between the occurrence of aGvHD and patient/donor hap-
lotypes [20].

In our data, recipients’ IL18-607TT + TG SNP and
grades II–IV aGvHD have been also associated, even if the
multivariate analysis did not confirm the significance of this
association.Therefore, this data should be carefully evaluated
and further studies should be performed to confirm that an
increased risk of GvHD is linked to the SNPs of IL18.

Unlike our finding, SNPs on the promoter of other
immunoregulatory genes, such as IL2, IL6, or MTHFR,
have been described to be associated with aGvHD. These
associations were not found in our pediatric cohort [6, 11, 21,
22]. This fact may possibly be explained by the limitations of
our study that include the limited selection of candidate genes
and genotypes and the heterogeneity of the study population
owing to the requirement of a large number of patients.
Also, we included patients with heterogeneous diagnoses

receiving diverse conditioning regimens and various GVHD
prophylaxes. Nevertheless this is the first attempt to test such
a large number of published genetic associations in a large
cohort of pediatric patients.

5. Conclusion

Donor SNPs in IL10, FAS, and TLR4 seem to be significantly
associated with aGvHD in a paediatric HSCT setting. Further
insight into the mechanisms underlying the association
between the single-gene SNPs could prompt new strategies
for modulating the intensity of the alloimmune response and
reducing the toxicity of aGvHD.

Conflict of Interests

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

Authors’ Contribution

Riccardo Masetti and Daniele Zama contributed equally to
this study.

References

[1] J. W. Chien, X. C. Zhang, W. Fan et al., “Evaluation of pub-
lished single nucleotide polymorphisms associated with acute
GVHD,” Blood, vol. 119, no. 22, pp. 5311–5319, 2012.

[2] R. K. Goyal, Y. Lin, K. R. Schultz et al., “Tumor necrosis factor-
𝛼 gene polymorphisms are associated with severity of acute
graft-versus-host disease following matched unrelated donor
bonemarrow transplantation in children: a Pediatric Blood and
Marrow Transplant Consortium study,” Biology of Blood and
Marrow Transplantation, vol. 16, no. 7, pp. 927.e1–936.e1, 2010.

[3] A. M. Dickinson, P. G. Middleton, V. Rocha, E. Gluckman, and
E. Holler, “Genetic polymorphisms predicting the outcome of
bone marrow transplants,” British Journal of Haematology, vol.
127, no. 5, pp. 479–490, 2004.

[4] M.-T. Lin, B. Storer, P. J. Martin et al., “Genetic variation in
the IL-10 pathway modulates severity of acute graft-versus-host
disease following hematopoietic cell transplantation: synergism
between IL-10 genotype of patient and IL-10 receptor 𝛽 geno-
type of donor,” Blood, vol. 106, no. 12, pp. 3995–4001, 2005.

[5] B. Gruhn, J. Intek, N. Pfaffendorf et al., “Polymorphism of
interleukin-23 receptor gene but not of NOD2/CARD15 is
associated with graft-versus-host disease after hematopoietic
stem cell transplantation in children,” Biology of Blood and
Marrow Transplantation, vol. 15, no. 12, pp. 1571–1577, 2009.

[6] K. Robien, J. Bigler, Y. Yasui et al., “Methylenetetrahydrofolate
reductase and thymidylate synthase genotypes and risk of
acute graft-versus-host disease following hematopoietic cell
transplantation for chronic myelogenous leukemia,” Biology of
Blood and Marrow Transplantation, vol. 12, no. 9, pp. 973–980,
2006.

[7] D. A. Jacobsohn, “Acute graft-versus-host disease in children,”
Bone Marrow Transplantation, vol. 41, no. 2, pp. 215–221, 2008.

[8] H. Zhang, J. Chen, and W. Que, “Allogeneic peripheral blood
stem cell and bone marrow transplantation for hematologic



Journal of Immunology Research 5

malignancies: meta-analysis of randomized controlled trials,”
Leukemia Research, vol. 36, no. 4, pp. 431–437, 2012.

[9] E. Crawley, R. Kay, J. Sillibourne et al., “Polymorphic haplotypes
of the interleukin-10 5’ flanking region determine variable
interleukin-10 transcription and are associated with particu-
lar phenotypes of juvenile rheumatoid arthritis,” Arthritis &
Rheumatology, vol. 42, no. 6, pp. 1101–1108, 1999.

[10] A. W. Gibson, J. C. Edberg, J. Wu, R. G. J. Westendorp, T. W.
J. Huizinga, and R. P. Kimberly, “Novel single nucleotide poly-
morphisms in the distal IL-10 promoter affect IL-10 production
and enhance the risk of systemic lupus erythematosus,” Journal
of Immunology, vol. 166, no. 6, pp. 3915–3922, 2001.

[11] L. Karabon, B. Wysoczanska, K. Bogunia-Kubik, K. Suchnicki,
and A. Lange, “IL-6 and IL-10 promoter gene polymorphisms
of patients and donors of allogeneic sibling hematopoietic stem
cell transplants associate with the risk of acute graft-versus-host
disease,”Human Immunology, vol. 66, no. 6, pp. 700–710, 2005.

[12] M.-T. Lin, B. Storer, P. J. Martin et al., “Relation of an
interleukin-10 promoter polymorphism to graft-versus-host
disease and survival after hematopoietic-cell transplantation,”
TheNew England Journal of Medicine, vol. 349, no. 23, pp. 2201–
2210, 2003.

[13] C. Mullighan, S. Heatley, K. Doherty et al., “Non-HLA immu-
nogenetic polymorphisms and the risk of complications after
allogeneic hemopoietic stem-cell transplantation,” Transplanta-
tion, vol. 77, no. 4, pp. 587–596, 2004.

[14] W. Mahfoudh, B. Bel Hadj Jrad, A. Romdhane, and L. Chou-
chane, “A polymorphism in FAS gene promoter correlated
with circulating soluble FAS levels,” International Journal of
Immunogenetics, vol. 34, no. 3, pp. 209–212, 2007.

[15] N. Ruffin, S. S. Ahmed, L. M. Osorio et al., “The involvement
of epithelial Fas in a human model of graft versus host disease,”
Transplantation, vol. 91, no. 9, pp. 946–951, 2011.

[16] B. Beutler, “Inferences, questions and possibilities in Toll-like
receptor signalling,” Nature, vol. 430, no. 6996, pp. 257–263,
2004.

[17] N. C. Arbour, E. Lorenz, B. C. Schutte et al., “TLR4 mutations
are associated with endotoxin hyporesponsiveness in humans,”
Nature Genetics, vol. 25, no. 2, pp. 187–191, 2000.

[18] P.-Y. Bochud, J. W. Chien, K. A. Marr et al., “Toll-like receptor 4
polymorphisms and aspergillosis in stem-cell transplantation,”
The New England Journal of Medicine, vol. 359, no. 17, pp. 1766–
1777, 2008.

[19] T. Imado, T. Iwasaki, S. Kitano et al., “The protective role of
host Toll-like receptor-4 in acute graft-versus-host disease,”
Transplantation, vol. 90, no. 10, pp. 1063–1070, 2010.

[20] S. M. P. Cardoso, T. E. DeFor, L. A. Tilley, J. L. Bidwell, D. J.
Weisdorf, and M. L. MacMillan, “Patient interleukin-18 GCG
haplotype associates with improved survival and decreased
transplant-related mortality after unrelated-donor bone mar-
row transplantation,” The British Journal of Haematology, vol.
126, no. 5, pp. 704–710, 2004.

[21] M. L. Macmillan, G. A. Radloff, W. R. Kiffmeyer, T. E. Defor,
D. J. Weisdorf, and S. M. Davies, “High-producer interleukin-2
genotype increases risk for acute graft-versus-host disease after
unrelated donor bone marrow transplantation,” Transplanta-
tion, vol. 76, no. 12, pp. 1758–1762, 2003.

[22] Z. Ambruzova, F. Mrazek, L. Raida et al., “Association of IL6
and CCL2 gene polymorphisms with the outcome of allogeneic
haematopoietic stem cell transplantation,” Bone Marrow Trans-
plantation, vol. 44, no. 4, pp. 227–235, 2009.



Research Article
Inhibins Tune the Thymocyte Selection Process by
Regulating Thymic Stromal Cell Differentiation

Ebzadrel Carbajal-Franco, Marisol de la Fuente-Granada, Germán R. Alemán-Muench,
Eduardo A. García-Zepeda, and Gloria Soldevila

Departamento de Inmunologı́a, Instituto de Investigaciones Biomédicas, Universidad Nacional Autónoma de México,
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Inhibins and Activins are members of the TGF-𝛽 superfamily that regulate the differentiation of several cell types. These ligands
were initially identified as hormones that regulate the hypothalamus-pituitary-gonadal axis; however, increasing evidence has
demonstrated that they are key regulators in the immune system. We have previously demonstrated that Inhibins are the main
Activin ligands expressed in the murine thymus and that they regulate thymocyte differentiation, promoting the DN3-DN4
transition and the selection of SP thymocytes. As Inhibins are mainly produced by thymic stromal cells, which also express Activin
receptors and Smad proteins, we hypothesized that Inhibins might play a role in stromal cell differentiation and function. Here, we
demonstrate that, in the absence of Inhibins, thymic conventional dendritic cells display reduced levels of MHC Class II (MHCII)
and CD86. In addition, the ratio between cTECs and mTECs was affected, indicating that mTEC differentiation was favoured and
cTECdiminished in the absence of Inhibins.These changes appeared to impact thymocyte selection leading to a decreased selection
of CD4SP thymocytes and increased generation of natural regulatory T cells. These findings demonstrate that Inhibins tune the T
cell selection process by regulating both thymocyte and stromal cell differentiation.

1. Introduction

Inhibins are members of the TGF-𝛽 superfamily that regulate
different cellular functions including proliferation, apoptosis,
and differentiation of several cell types and play a role in the
immune system (reviewed in [1]).

Activins and Inhibins were first described as hormones
that regulate FSH release by the pituitary, either activating
or inhibiting its release, respectively. One of the evidences
that supported the role of Inhibins as antagonists of Activins
was the fact that Inhibin 𝛼-subunit deficient mice (Inh𝛼−/−)
develop gonadal tumors and cachexia with severe weight loss
and liver necrosis [2, 3]. Some of the observed symptoms in
Inh𝛼−/− appeared to correlate with the presence of high levels
of serum Activin after 6 weeks of age [3]. However, growing
evidence indicates that Inhibins do not always antagonize
Activin-mediated functions, arguing in favor of a putative
independent signaling pathway for Inhibins (reviewed in [4]).

Recent data has shown that Activins and Inhibins regulate
the differentiation of several immune cell types including
macrophages, dendritic cells (DCs), and T cells (reviewed
in [5, 6]). For example, Activin/Inhibin signaling has been
shown to regulate DC functions in steady-state and inflam-
matory conditions through several mechanisms (reviewed in
[5]). Interestingly, both Activin and Inhibin were shown to
impair DC maturation in vitro, further arguing against the
role of Inhibins as mere antagonists of Activin functions in
immune cells [7].

T cell development is a highly regulated process that
requires the close interaction between immature thymocytes
and stromal thymic cells. Both cell-cell contact interac-
tions and the presence of soluble mediators (cytokines,
chemokines, and growth factors), mainly produced by stro-
mal cells, regulate thymocyte differentiation and migration
[8]. In the mouse, thymocyte development is initiated during
fetal life with the arrival of lymphoid progenitors from
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the fetal liver that seed the thymic epithelial rudiment around
day 11 of gestation (reviewed in [9]). After birth, bone
marrow (BM) derived progenitors reach the thymus through
blood vessels located at the corticomedullary junction [10].
The most immature thymocytes (DN or CD4−CD8− double
negative) migrate outwards through the thymic cortex until
they reach the subcapsular region (reviewed in [11, 12]).
Pre-TCR signaling allows the differentiation of DN to the
double positive stage (DP, CD4+CD8+), where expression of
a functional TCR allows thymocytes to interact with self-
peptide-Major Histocompatibility Complex (MHC) com-
plexes expressed on cortical thymic epithelial cells (cTECs)
and rescue them from apoptosis by the process of positive
selection, while those thymocytes whose TCRs are unable to
recognize self-peptide-MHC ligands die by neglect. Positively
selected thymocytes migrate towards the medulla while they
downregulate the CD4 or CD8 coreceptor, depending on
the TCR specificity becoming CD4SP or CD8SP (SP, single
positive) [13].

The thymic stroma consists of a heterogeneous popu-
lation of epithelial and BM derived cells that provide the
specific microenvironment required to support T cell differ-
entiation in the thymus [12]. Among epithelial cells, cTECs
and medullary epithelial cells (mTECs) are originated from
a common bipotent precursor of endoderm origin which
simultaneously expresses the cTEC marker CD205 and the
mTEC regulator Receptor Activator of NF-𝜅B (RANK) ([14]
and reviewed in [15]). Among BM derived cells, DCs and
macrophages are abundant in the thymic stroma.Three types
of DCs, migratory (CD8-𝛼− SIRP-𝛼+) and resident (CD8-
𝛼+ SIRP-𝛼−) conventional DCs (cDCs) and plasmacytoid
DCs (pDCs) have been described in the thymus (reviewed in
[16, 17]). Non-migratory cDCs are generated in the thymus
and their development parallels the kinetics of thymocyte
development following the arrival of BM progenitors, while
migratory DCs include pDC and the CD8𝛼− SIRP-𝛼+ cDCs,
which arrive to the thymus as preformed DCs from the
bloodstream [18].

cTECs mediate positive selection of DP immature thy-
mocytes in the cortex while mTECs and DCs are involved in
negative selection of potentially autoreactive T cells, ensuring
the generation of a T cell repertoire highly diverse but devoid
of self-reactivity. In addition to a special CD4+ subpopula-
tion, the naturally occurring regulatory T cells (nTregs) are
also generated in the thymus under conditions of high avidity,
mostly selected by mTECs and DCs present in the medulla
[19]. On the other hand, pDCs also play a role in negative
selection [20] and in the generation of nTregs [21]. Finally,
macrophages are considered scavenger cells, responsible for
the elimination of apoptotic cells that fail to undergo positive
selection in the cortex, as well as those cells that die in the
medulla as a result of the negative selection process [22, 23].

TGF-𝛽 superfamily members regulate specific check-
points of thymocyte differentiation (reviewed in [1]). In this
context, we previously reported that Inhibins are the major
Activin ligands expressed in the thymus [24]. Moreover,
both Inhibins and Activins promote DN to DP thymocyte
differentiation during in vitro T cell development of murine
fetal thymocytes. In contrast, Activins, but not Inhibins,

promoted the transition from DN to intermediate single
positive (ISP, CD8+) stage, indicating that these ligands
may exert different actions depending on the differentiation
state of the cell [25]. In addition, both ligands (Activins
and Inhibins) and Activin receptors (ALK4, ActRIIA, and
ActRIIB) are expressed by stromal cells in the cortical and
medullary regions of the murine thymus [24, 26]. As these
ligands can act both in a paracrine and autocrine manner in
different cell types [5], here we investigated whether Inhibins
may be involved in stromal cells differentiation and function.

2. Materials and Methods

2.1. Mice. Inhibin 𝛼 heterozygous mice (Inh𝛼+/−) were pre-
viously described [2]. Mice were bred and maintained at
the Instituto de Investigaciones Biomédicas (IIB, UNAM,
Mexico) animal breeding facility in SPF conditions, accord-
ing to ethics guidelines. The study was approved by the
“Comité para el Cuidado y Uso de Animales de Laboratorio
(CICUAL)” of the IIB. Heterozygous Inh𝛼+/− mice were
intercrossed to generate homozygous wild type (Inh𝛼+/+) or
knockout mice (Inh𝛼−/−). For all experiments, 2-week-old
female mice were used.

2.2. Immunohistochemistry (IHC)

MHCII Detection. Paraffin-embedded thymi from 2-week-
old female mice were fixed in 4% paraformaldehyde in PBS
(pH 7.4) at 4∘C for 18 h and dehydrated (using an automated
Leica Tissue Processor). Then tissues were sliced (3 𝜇m) and
dewaxed in xylene and gradually rehydrated with graded
ethanol solutions and then washed with PBS for further
rehydration. For antigen unmasking Immuno/DNA retriever
with citrate (Bio SB)was used and then sectionswere exposed
to dry heat (65∘C) for 35min. Sections were subsequently
washed with PBS and incubated with Peroxidazed 1 solution
(Biocare Medical, Concord, CA, USA) for 5min to quench
endogenous peroxidases.The samples were washed with PBS
and incubated for 10min at RT with a protein-blocking
solution consisting of PBS containing 1% BSA. Sections were
then incubated with a 1 : 100 biotinylated monoclonal rat
anti-mouse I-A/I-E (BD Biosciences, San Jose, CA, USA)
antibody overnight at 4∘C. After three PBS washes, sections
were incubated with the 4+ Streptavidin HRP label (Biocare
Medical) for 20min at RT. The DAB chromogen kit (Biocare
Medical) was applied to tissue sections for 45 sec to detect
MHCII positive cells and counterstained with CAT Hema-
toxylin (Biocare Medical). Finally, all slides were dehydrated
through graded alcohols to xylene and coverslipped using
Entellan (Merck, Frankfurt, Germany).

CD11c Detection.Thymi were fixed as before and dehydrated
at 4∘C in sucrose (10, 20, and 30% in PBS). Tissues were
snap-frozen in OCT compound (Tissue-Tek, Sakura). 8 𝜇m
thick tissue sections were rinsed with PBS and endogenous
peroxidase was blocked by use of 0.28% periodic acid in
deionized water for 45 sec at RT. The samples were washed
with PBS and a protein-blocking solution was used. Sections
were then incubated overnight with a 1 : 50 biotinylated
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monoclonal hamster anti-mouse CD11c (BD Biosciences).
As for Class II analysis, the sections were stained with
4+ Streptavidin HRP, DAB, and counterstained with CAT
Hematoxylin. Previously dehydrated with graded alcohols to
xylene, all slides were coverslipped using Entellan.

Analysis of MHCII and CD11c Expression. Positive staining
was identified by the presence of ochre color. For each
molecule, micrographs of five fields were taken from each
thymic section with a light Olympus CX 31 microscope
coupled with an Olympus C-7070 digital camera (Olympus,
Tokyo, Japan). Quantitation of the positively stained area
and signal intensity (from 40x micrographs) was performed
with the ImageJ 1.46r software (National Institutes of Health,
USA).

2.3. Thymic Stromal Cell Isolation for Flow Cytometry Analysis

cDCs and pDCs Isolation. Thymi from 2-week-old female
micewere gently separated. Each thymuswas placed in a Petri
dish with 3mL of RPMI-1640 containing 0.125% Collagenase
type IV (Invitrogen, Life Technologies, Carlsbad, CA,USA)
and 25U/mL of Dnase I (Roche, Basel, Switzerland).Thymus
was cut into small fragments and incubated for 1 h at 37∘C, 5%
CO
2
in a humidified atmosphere.Then, the thymic fragments

were disaggregated using a syringe plunger and the cellular
suspension was filtered through 150 𝜇m nylon mesh. Finally,
the cells were washed and resuspended in cold EDTA/FACS
buffer.

2.4. Thymic Epithelial Cell (TEC) Isolation. Enzymatic diges-
tion of thymus was adapted from a previously described
protocol [27]. Briefly, each thymic lobe was nicked, placed in
a conical tube with 5mL of RPMI-1640, and gently vortexed
for several minutes to flush out as many thymocytes as
possible. The supernatant was collected on ice and replaced
as it became visibly cloudy. The thymic remnants were then
incubated at 37∘C for 15 minutes in 2mL of 0.125% (w/v) Col-
lagenase type IV (Invitrogen, Life Technologies) and 25U/mL
of DNase I (Roche) in RPMI-1640 with regular gentle
agitation. Fragments were allowed to settle. The supernatant
was collected and kept on ice, and the digestion was repeated
3 times using the remaining settled thymic fragments. Lastly,
remaining thymic fragmentswere incubed for 15min, or until
dispersed, with 3mL of 0.125% (w/v) Collagenase/Dispase
(Roche) with 25U/mL of DNase I (Roche) in RPMI-1640.
Cells from all supernatant fractions were washed, pooled,
and resuspended in cold EDTA/FACS buffer and filtered
through 150𝜇mnylonmesh. Finally, cells were counted using
a hemocytometer and dead cells were excluded by trypan blue
staining.

2.5. Flow Cytometry. For phenotypic analysis of the isolated
thymic stromal cells, they were incubated with primary
antibodies for 30min at 4∘C, followed by two washes with
EDTA/FACS buffer. When necessary, fluorochrome-coupled
secondary antibody or fluorochrome-coupled streptavidin
was added, incubated for 30min at 4∘C, andwashed. For anal-
ysis of cDCs the following primary antibodies and reagents
were used: anti-CD11c-PE (BioLegend, San Diego, CA, USA),

anti-CD86-APC (BioLegend), anti-CD80-PerCP/Cy5.5 (Bi-
oLegend), anti-IA/IE-Biotin (BD Biosciences), and Strep-
tavidin-FITC (SIGMA, Saint Louis, MO, USA). As primary
antibodies, anti-CD11c-PE, anti-IA/IE-Biotin, Streptavidin-
APC-Cy7, and anti-CD45R/B220-FITC (all from BD Biosci-
ences) were used to examine thymic pDCs. For analysis of
thymic epithelial cells anti-CD45-PerCP (BD Biosciences),
anti-IA/IE-Alexa Fluor 488 (BioLegend), and anti-Ly-51-
Alexa Fluor 647 (BioLegend) were used.

For intracellular Activin A detection, after surface stain-
ing for subpopulation markers, cells were permeabilized
using fixation/permeabilization buffer (eBioscience, San
Diego, CA, USA) for 2 h. Subsequently, the Fc receptors were
blocked with anti-mouse CD16/32 (BioLegend) and murine
serum and then incubated with anti-human/mouse/rat
Activin A (R&D Systems, Minneapolis, MN, USA) followed
by goat anti-mouse IgG-Alexa Fluor 488 antibody (Invitro-
gen, Life Technologies).

For thymocyte subpopulations and regulatory T cells
anti-CD25-FITC (BD Biosciences), anti-CD8-PerCPCy5.5
(BioLegend), anti-Foxp3-APC (eBioscience), and anti-CD4-
APC-Alexa Fluor 750 (Invitrogen, Life Technologies) were
used. For the intracellular staining of Foxp3, fixation/permea-
bilization buffer (eBioscience) was used according to the
manufacturer instructions.

All sampleswere acquired in anAttuneAcoustic Focusing
Flow Cytometer (Life Technologies). Dead cells were gated
out based on forward scatter (FSC) and side scatter (SSC).
The data were analyzed using FlowJo 7.6 software (Tree Star
Inc.).

2.6. Activin A ELISA. Serum samples of mice were assayed
for Activin A using the Human/Mouse/Rat Activin A Quan-
tikine ELISA Kit (R&D systems) following the instructions
of the manufacturer. Briefly, biotinylated capture antibody
was placed into 96-well microtiter streptavidin-coated plates
and incubated at RT for 15min. After a wash, standards and
samples were added into the wells and were incubated for
3 h at RT on a horizontal orbital microplate shaker. After
washing, anti Activin 𝛽A subunit antibody conjugated to
HRP was added, followed by substrate solution. Colorimetric
analysis was performed using a Modulus II Microplate
Multimode Reader (Turner Biosystems Inc., Sunnyvale, CA,
USA).

2.7. Statistical Analysis. Data were expressed as mean values
± SEM. For all the experiments, a Student’s t test (two
tailed, paired or unpaired) was used. Asterisk (∗) indicates
statistically significant differences (𝑃 ≤ 0.05).

3. Results and Discussion

3.1.Thymic Stromal Cells of Inh𝛼−/−Mice ShowReduced Levels
of MHCII Molecules. We have previously demonstrated that
Inh𝛼−/− mice have delayed T cell development mainly at the
DN to DP transition and reduced thymocyte numbers [25].
As engagement of endogenous peptide-MHCII complexes by
the TCRs expressed on developing thymocytes is crucial for
their selection and survival [8], we analyzed the expression
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of MHCII in the thymic stroma of 2-week-old Inh𝛼−/− mice
or Inh𝛼+/+. This age was selected to minimize the possi-
ble interference of intrinsic factors present in the Inh𝛼−/−
mice, since it has been reported that this mouse develops
gonadal sex cord-stromal tumors as early as 4 weeks of age
which cause cancer related cachexia-like symptoms [3, 28].
Immunohistochemical analysis showed that thymi of Inh𝛼−/−
mice expressed reduced levels of MHCII molecules, which
was evident in the thymic medulla (Figure 1(a)). Although
cTECs express both MHCI and MHCII molecules, the levels
of MHCII staining in the cortex are lower than in the
medulla, possibly due to thymocyte masking of MHCII as
a result of the smaller proportion of cTECs/thymocytes in
the cortex [29]. Therefore, by this technique we cannot rule
out the possibility that cortical stromal cells could also show
alterations in their MHCII expression.

MHCII-expressing cells in the thymus include cDCs,
pDCs, macrophages, epithelial cells, and B cells [30]. To
determine the subpopulation responsible for the diminished
expression of MHCII, we analyzed the presence of thymic
DCs by IHC using the CD11c marker [31, 32]. Our results
indicated that there was a slight decrease, although not
significant, in CD11c+ cells in Inh𝛼−/− thymi compared
to Inh𝛼+/+ (Figure 1(b)), suggesting that the difference in
MHCII could not merely be attributed to DCs.

3.2. Inh𝛼−/− Thymic cDCs Display Reduced Levels of MHCII
and CostimulatoryMolecules. To further analyze hematopoi-
etic derived thymic stromal cells, thymi were disaggregated
throughmechanical and enzymaticmethods and analyzed by
flow cytometry to identify cDCs, pDCs, andmacrophages. In
agreement with our previous data (Figure 1(b)), we observed
a small reduction, although not significant, in the percentage
and numbers of cDCs (CD11chi MHCIIhi) in Inh𝛼−/− com-
pared with Inh𝛼+/+ mice (Figure 2(a)). Importantly, in this
subpopulation we found a significant reduction in the mean
fluorescence intensity (MFI) of MHCII when comparing
Inh𝛼−/− with Inh𝛼+/+ (Figure 2(b)), suggesting that Inhibins
may also be involved in thematuration of cDCs.Next, we ana-
lyzed the expression of costimulatory molecules CD80 and
CD86, upregulated during DC maturation [31] and known
to mediate the negative selection as well as the generation of
nTregs (reviewed in [33]). As shown in Figure 2(c), CD86,
but not CD80 levels, were significantly reduced in Inh𝛼−/−

compared to Inh𝛼+/+ cDCs. The reduction of MHCII in the
absence of Inhibins opposes previously reported data show-
ing that Inhibin A is capable of preventing the upregulation
ofHLA-DR expression during humanDCmaturation in vitro
[7]. However, it is worth noting that Activin ligandsmay exert
different effects on immune cells under either inflammatory
[34, 35] or steady state conditions [36], as the data shownhere.

Next, we analyzed thymic pDCs which comprise the
∼0.04–0.12% of total thymic cells [37, 38] and 30% of
the total thymic DCs (reviewed in [39]). Similarly to the
effect observed in cDCs, the percentage of pDCs, defined
as CD11cmed MHCIIlo CD45R/B220+ cells (Figure 3(a)) [31,
40], is slightly lower in Inh𝛼−/− compared with Inh𝛼+/+

mice (0.07% ± 0.006% versus 0.09% ± 0.009%, 𝑃 = 0.07)
(Figure 3(b)). Interestingly, there was a significant decrease
in total numbers of thymic pDCs in Inh𝛼−/− mice compared
to Inh𝛼+/+ (149,890 cells ± 8,697 cells versus 187,202 cells ±
15,684 cells, 𝑃 = 0.05) (Figure 3(b)). However, in contrast
to that observed in cDCs, the levels of MHCII in Inh𝛼−/−
pDCs were similar to those in Inh𝛼+/+ thymi (Figure 3(c)).
These differencesmay be explained by the fact that expression
of the MHCII transactivator (CIITA), the master regulator
of MHCII, is controlled by different promoter regions in
different cell types. Specifically, CIITA expression on pDCs
relies on the B cell promoter pIII whereas all other DCs
depend on pI [41].

The differences observed in the numbers and proportions
of thymic DC subpopulations in Inh𝛼−/− mice may involve
alterations in DC differentiation and/or homing. It has been
described that homing of distinctDC thymic subsets depends
on specific receptors. For CD8-𝛼− SIRP-𝛼+ migratory cDCs,
expression of CCR2 (and its ligandCCL8) is required for their
intrathymic localization.On the other hand,CCR7 andCCR9
were shown to be crucial for homing of T/DC common BM
progenitors, that give rise toCD8-𝛼+ SIRP-𝛼− thymic resident
cDCs, while their accumulation in the medulla requires the
XCR1 and its ligand XCL1 produced bymTECsMHCIIhi [18].

Our data showed a slight reduction in the percentage
and numbers of cDCs. However, given that a subset of DCs
arrive from the periphery, while others differentiate in situ, we
cannot discriminate whether the effects observed in Inh𝛼−/−
mice are the result of either impaired homing of preformed
DCs or altered in situ differentiation of BM progenitors.
Additionally, the significant reduction of total numbers of
thymic pDCs may also indicate an impaired homing to the
thymus from the blood, which has been shown to depend on
CCR9 [20]. In this context, although there is no evidence on
the role of Activins/Inhibins on CCR9-mediated migration,
TGF-𝛽, another member of the same superfamily, was shown
to upregulate CCR9 on murine T cells [42]. Therefore we
cannot rule out the possibility that CCR9 expression on pDCs
could also be regulated by Activin ligands.

Regarding themigration of cDCs, ActivinAwas shown to
regulate CCR2 and CCL2 expression in human macrophages
[43]. Activin A induces DC migration through the polarized
release of CXCL12 and CXCL14 [44]. Moreover, Activin was
shown to upregulate CXCR4 in CD40L-stimulated Langer-
hans cells [45]. Conversely, Activin produced by monocyte-
derived DCs activated by TLR and CD40L signaling was
shown to negatively regulate DC migration [46]. Therefore,
Activin/Inhibin ligands may act either promoting or inhibit-
ing cell migration depending on the cytokine milieu and the
specific DC subset.

Thymic macrophages defined as MHCII+ F4/80+ cells
exhibited a different pattern. Although not statistically sig-
nificant, the percentage and cell numbers of macrophages
were slightly higher in Inh𝛼−/− compared to Inh𝛼+/+ mice
(Figure 3(d)). The levels of MHCII in Inh𝛼−/− macrophages,
although slightly increased, were not significantly differ-
ent compared to Inh𝛼+/+ (Figure 3(e)). Therefore, we can
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Figure 1: MHCII expression but not CD11c+ cells is reduced in thymus of Inh𝛼−/− mice. Representative micrographs of thymic sections from
2-week-old Inh𝛼+/+ (𝑛 = 3) and Inh𝛼−/− (𝑛 = 6) mice stained for MHCII (a) and CD11c (b) are shown at 5x (top panels) and 40x (bottom
panels) magnification. (a) MHCII staining and summary of data expressing the percentage of area stained per field (top, 𝑃 = 0.002) and the
MHCII staining intensity (bottom, 𝑃 = 0.04) are shown. (b) CD11c staining and summary of data expressing the percentage of area stained
per field (top) and the CD11c staining intensity (bottom). Values are expressed as mean ± SEM. Statistical significance: ∗𝑃 ≤ 0.05.

conclude that, in Inh𝛼−/− mice, there is a significant reduc-
tion of MHCII expression only in cDCs but not in other
hematopoietic stromal cells, such as pDCs or macrophages.
These results confirm that these ligands do not always exert
the same effects on different cell types.

3.3. Differentiation and Maturation of Thymic Epithelial Cells
(TECs) Are Altered in Inh𝛼−/− Mice. To determine whether

MHCII expression was also affected in nonhematopoietic
thymic cells, we next analyzed cTECs and mTECs from
Inh𝛼−/− and Inh𝛼+/+ mice, as previously described [27]. TEC
comprises heterogeneous subpopulations of epithelial cells.
Based on the staining with Ly51- andMHCII-antibodies, four
major TEC subsets can be identified: Ly51+MHCIIhi (cTEC
MHCIIhi), Ly51+MHCIIlo (cTEC MHCIIlo), Ly51− MHCIIhi
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Figure 2: MHCII and CD86 expression in cDCs are reduced in thymus of Inh𝛼−/− mice. (a) Representative flow cytometry dot plots and
frequency of thymic cDCs defined as CD11c+MHCII+ cells. For theMHCII (b), CD80 (c), and CD86 (c) expression,MFI was determined and
reported as relative expression compared to Inh𝛼+/+ mice. A significant reduction was observed for MHCII (𝑃 = 0.04) and CD86 (𝑃 = 0.04)
expression in Inh𝛼−/− thymic cDCs. One representative example of a total of 13 mice is shown (Inh𝛼+/+, 𝑛 = 6; Inh𝛼−/−, 𝑛 = 7) from 3
independent experiments. Values are expressed as mean ± SEM. Statistical significance: ∗𝑃 ≤ 0.05.
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Figure 3: Continued.
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Figure 3: In Inh𝛼−/− mice absolute pDCs numbers are diminished in thymus, while other hematopoietic derived stromal cells do not show
alterations (macrophages). (a) Representative dot plots of the strategy used to analyze pDCs; from total thymus an initial gate of CD11cmed

MHCIIlo cells was used (a, left) followed by a region in CD45R/B220+ cells (a, right). (b) Graphs represent the percentages and total numbers
of thymic pDCs identified as CD11cmed MHCIIlo CD45R/B220+ cells. (c) Expression of MHCII on pDCs. MFI was determined and relative
expression calculated as in Figure 2. For pDCs, Inh𝛼+/+, 𝑛 = 6 and Inh𝛼−/−, 𝑛 = 7were analyzed. (d) Analysis of macrophages was performed
using a CD45+ gate, followed by MHCII+ F4/80+ detection. Percentages and absolute numbers are shown. (e) A representative histogram
showing the MHCII expression in macrophages of Inh𝛼+/+ and Inh𝛼−/− mice (left panel); for each histogram two Inh𝛼−/− (gray and dashed
lines) and one Inh𝛼+/+mice (black line) were represented and the summary of data showing the relative expression ofMHCII inmacrophages
(right panel) is shown. For macrophages, Inh𝛼+/+, 𝑛 = 3 and Inh𝛼−/−, 𝑛 = 6 were used. Statistical significance: ∗𝑃 ≤ 0.05.

(mTECMHCIIhi), and Ly51−MHCIIlo (mTECMHCIIlo) [47]
(Figure 4(a)). Importantly, we found a significant decrease in
the percentage of total cTECs (31.3% ± 1.02% versus 37.5% ±
1.5%, 𝑃 = 0.009) and a concomitant increase in the
percentage of mTECs in Inh𝛼−/− mice (68.6% ± 0.9% versus
62.3% ± 1.4%, 𝑃 = 0.006) (Figure 4(b)), while total cells
numbers followed the same trend, although differences were
not statistically significant (Figure 4(b)).

On the other hand, in Inh𝛼−/− mice, the percentage
of mTECs MHCIIhi were significantly increased in per-
centages (45.2% ± 1.4% versus 39.8% ± 2.1%, 𝑃 = 0.03)
(Figure 4(c)), and slightly increased in numbers (sup-
plementary Figure 1A, Supplementary Material available
online at http://dx.doi.org/10.1155/2015/837859) while cTECs
(MHCIIlo and MHCIIhi) tended towards a decrease both in
percentage (Figure 4(c)) and numbers (suppl. Figure 1A). As
cTECs and mTECs develop from a DEC205+ TEC bipotent
common progenitor [14, 48], our results suggest that Inhibins
may be negatively regulating mTEC versus cTEC differentia-
tion, similarly to what has been recently reported for TGF-𝛽
[49]. Alternatively, the potential decrease in the percentage of
cTECMHCIIlo and concomitant increase inmTECs could be
attributed to the presence of thymic epithelial cells precursors
(TECP) within this Ly51+MHCIIlo subpopulation (TEClo),
recently identified byWong et al. [50], which are functionally
relevant and may give rise both to mTECs and to cTECs
MHCIIhi and which, in the absence of Inhibins, may be
preferentially differentiating towards the mTEC lineage.

Interestingly, analysis of MHCII expression in the four
TEC subpopulations demonstrated a significant reduction of
MHCII expression in the cTECMHCIIlo subpopulation from
all Inh𝛼−/− mice (suppl. Figure 1B), which correlated with

a slight decrease in the percentage of the cTEC MHCIIlo
(10.5% ± 1.1% versus 13.9% ± 2.2%, 𝑃 = 0.09) and cTEC
MHCIIhi (20.8% ± 0.9% versus 23.7% ± 1.7%, 𝑃 = 0.07)
subpopulations (Figure 4(c), left and right top panels, resp.).
As it has been presumed that cTEC MHCIIlo may represent
immature cells that later develop into cTECMHCIIhi mature
cTECs [51] we cannot exclude the possibility that cTEC
maturation is also affected by the absence of Inhibins.

3.4. Inh𝛼−/− Mice Show Increased Levels of Activin A. Since
Inhibins and Activins share the 𝛽 subunit [52], targeted
deletion of the Inhibin 𝛼 subunit in mice not only removes
Inhibins but leads to dysregulation of Activin expression, as
a result of an increased 𝛽-𝛽 subunit assembly [3]. In this
regard, it has been reported that female and male Inh𝛼−/−
mice present an overexpression of Activins A and B in serum
as early as 7 weeks of age, with the gonadal sex cord-stromal
tumors being recognized as theirmain source of these ligands
[3, 53]. In addition, previous reports demonstrated that DCs
can produce Activins that act in an autocrine manner down
modulating DC maturation (reviewed in [5]). To investigate
the potential involvement of Activins in MHCII and CD86
downregulation, we analyzed the production of Activin A in
cDCs (Figure 5(a)), cTECs (Figure 5(b)), and mTECs (Fig-
ure 5(c)) from Inh𝛼−/− and Inh𝛼+/+ mice by flow cytometry.
As shown in Figure 5 and summarized in Table 1, although
all Inh𝛼−/− mice presented decreased levels of MHCII in
cDCs, only 50–67% of them showed detectable intracellular
Activin A in either cDCs or TECs. When detected, Activin
A expression was significantly higher in cDCs from Inh𝛼−/−

compared to Inh𝛼+/+ mice (𝑃 = 0.03) and slightly increased
in other stromal subpopulations. These results indicate that
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Figure 4: Inh𝛼−/−mice show reduced numbers of thymic cTECs and express lower levels ofMHCII. (a)The gating scheme to identify thymic
epithelial cells is shown. From the CD45-gated subpopulation, Ly51 and MHCII markers are used to identify cortical (Ly51+ MHCII+) and
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immature (MHCIIlo) andmature TECs (MHCIIhi). Cortical andmedullary epithelial cells subsets could be distinguished as Ly51+MHCIIlo/hi

and Ly51− MHCIIlo/hi, respectively (a). Dot blot that shows one representative experiment of a total of 9 (Inh𝛼+/+, 𝑛 = 4; Inh𝛼−/−, 𝑛 = 5)
mice is shown. (b) The percentage and absolute numbers of total cTECs and mTECs are shown. A significant increase in the percentage of
mTECs and a decrease in the percentage of cTECs in Inh𝛼−/− compared to Inh𝛼+/+ mice. (c) A slight decrease in the percentage of cTEC
MHClo (𝑃 = 0.09) and cTECMHCIIhi (𝑃 = 0.07) and a significant increase in the percentage of mTEChi were detected in Inh𝛼−/− compared
to Inh𝛼+/+ mice. For this analysis, Inh𝛼+/+, 𝑛 = 4 and Inh𝛼−/−, 𝑛 = 5 were used. Statistical significance: ∗𝑃 ≤ 0.05.

there is no correlation between intracellular Activin levels
andMHCII/CD86downregulation, suggesting that autocrine
production of Activins by DCs is not responsible for the
effects observed in Inh𝛼−/− stromal cells. However, we cannot
rule out the possibility that Activins secreted by other stromal
cells (such as fibroblasts or endothelial cells) may be acting in
a paracrine manner affecting the maturation of DCs.

As Inh𝛼−/− mice are known to overexpress Activins in
the serum, we decided to evaluate the seric levels of Activin
A in our 2-week-old Inh𝛼−/− mice using a high-sensitivity
ELISA kit. We found that the Activin A levels in Inh𝛼−/−
mice were elevated 1.5-fold compared with Inh𝛼+/+ mice
(1664 ± 86.41 pg/mL versus 1117 ± 39.52 pg/mL, 𝑃 = 0.0005)
(suppl. Figure 2) however, this increment was much lower
than the one previously reported in Inh𝛼−/− femalemice of 10
to 20 weeks of age (∼20-fold increase), with well-developed
gonadal tumors [3]. Moreover, in two different transgenic
models of Activin A overexpression, the biological effects
observed in vivo were also associated with an increment in
the levels of Activin similar to that reported by Matzuk et al.
(20 to >100 fold) [54, 55].

3.5. CD4 SP Selection Is Impaired and nTreg Development
Increased in Inh𝛼−/−Mice. DP thymocytes bearingTCRs able
to recognize peptide-MHCII complexes with low avidity are
positively selected and differentiate into CD4SP T cells [13].

Additionally, high-affinity MHCII-peptide-TCR binding
induces thymocyte clonal deletion (negative selection) and
the generation of nTregs [56]. Indeed, it is now well accepted
that the TCR signalling threshold has a key role in the cell
fate of the thymocyte [57].

As MHCII expression is diminished in Inh𝛼−/− cTECs,
one may predict that an altered T cell repertoire would be
positively selected, possibly resulting in decreased CD4+ T
cell selection. Consequently, the followingwas to compare the
numbers and percentages of the DN, DP, CD4SP, and CD8SP
thymocyte subpopulations between Inh𝛼−/− and Inh𝛼+/+
mice (Figure 6(a) and suppl. Figure 3). As predicted, the
analysis showed a significant reduction in the percentage of
CD4SP cells in Inh𝛼−/− compared with Inh𝛼+/+mice (6.2% ±
0.1% versus 6.7% ± 0.2%, 𝑃 = 0.02) (Figure 6(a)). The
absolute cell numbers of total thymocytes and CD4SP cells
showed no significant differences (Figure 6(a) bottom pan-
els). Additionally, we observed that the decrease in CD4SP in
Inh𝛼−/−mice was accompanied by a slight increase (although
not significant) in the percentage and absolute cell numbers
of DP thymocytes while no changes were observed in the
percentages and cell numbers of CD8SP or DN subpopula-
tions of Inh𝛼−/− compared with Inh𝛼+/+ mice, respectively
(suppl. Figure 3). Analysis of thymocyte subpopulations had
previously been performed in Inh𝛼−/− fetal thymic organ
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Figure 5: Inh𝛼−/− thymic cDCs display increased intracellular levels of Activin A.The histograms show the intracellular Activin A expression
in cDCs (a), cTECs (b), and mTECs (c) derived from Inh𝛼+/+ and Inh𝛼−/− mice; for each histogram two Inh𝛼−/− (gray and dashed lines) and
one Inh𝛼+/+ mice (black line) were represented. (a, b, c right) summary of data showing the expression (MFI) of Activin A relative to the
secondary antibody staining in the different cell subpopulation analyzed. One representative histogram from Inh𝛼+/+ (𝑛 = 5) and Inh𝛼−/−
(𝑛 = 6) mice analyzed is shown. Statistical significance: ∗𝑃 ≤ 0.05.

cultures, showing no statistical differences in the percentages
and cell numbers of all thymocyte subpopulations, including
the CD4SP [25]. These dissimilar results can be explained
by the use of different experimental systems. Thus, in vitro
differentiation of ED14-FTOC does not completely achieve
the same proportions of thymocyte subpopulations as those
observed in thymi from 2-week-old (suppl. Figure 3) and
adult mice [58].

Our results are consistent with previous studies that show
the pivotal role of MHCII expressed on cTECs in the positive
selection of CD4+ T lymphocytes. Namely, Waldburger et
al. [59] through knocking out the pIV promoter of Mhc2ta
gene (encoding CIITA), selectively abrogated the expression
of MHCII in cTECs resulting in a 7–10-fold reduction in

the percentage of CD4SP in the thymus [59]. Additionally,
Cathepsin-L deficient mice, a cTEC-specific lysosomal pro-
tease that regulates degradation of the invariant chain [39],
exhibited changes in the MHCII-peptide repertoire leading
to inefficient selection of CD4SP thymocytes [60, 61].

Among CD4SPs, nTregs (CD25+ Foxp3+) are known
to be selected under conditions of high avidity. As shown
in Figure 6(b), Inh𝛼−/− mice showed a significant increase
in the percentage of nTregs compared to Inh𝛼+/+ mice
(2.02% ± 0.06% versus 1.73% ± 0.12%, 𝑃 = 0.03), although
the absolute cell numbers of this subpopulation were not
significantly affected. This indicated that the nTreg/CD4SP
ratio is altered in Inh𝛼−/− mice, favoring the selection of
nTregs. Therefore, the reduction in high avidity interactions
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Figure 6: Decreased percentage of CD4SP and increased levels of Tregs in the thymus of Inh𝛼−/−mice.Thymocytes from 2-week-old Inh𝛼+/+

and Inh𝛼−/− mice were isolated, counted, and stained to CD4, CD8, CD25, and Foxp3. (a) Dot plots show the percentage of thymocyte
subpopulations. Graphs represent the absolute cell numbers of thymocytes and the percentage and absolute cell numbers of CD4SP. (b) Dot
plots show the percentage of CD25+ Foxp3+ cells gated in CD4SP and the graphs depict the percentage of CD25+ Foxp3+ cells and the absolute
numbers of this subpopulation among CD4+ cells. A representative experiment is shown. Mean values ± SEM are shown (𝑛 = 8 per group).
Statistical significance: ∗𝑃 ≤ 0.05.
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Table 1: Relative intracellular expression of Activin A in thymic cDCs and thymic epithelial cell subpopulations from Inh𝛼+/+ and Inh𝛼−/−
mice.

Stromal cell Genotype Activin
D ND Relative intracellular expression ± SEM

cDC Inh𝛼+/+ 4 1 1.093 ± 0.0445
Inh𝛼−/− 3 3 1.484 ± 0.1429∗

Total cTECs Inh𝛼+/+ 3 2 1.311 ± 0.1426
Inh𝛼−/− 4 2 1.518 ± 0.1545

cTECs MHCIIhi Inh𝛼+/+ 3 2 1.485 ± 0.2758
Inh𝛼−/− 4 2 1.650 ± 0.2196

cTECs MHCIIlo Inh𝛼+/+ 2 3 1.235 ± 0.0212
Inh𝛼−/− 3 3 1.400 ± 0.1623

Total mTECs Inh𝛼+/+ 3 2 1.534 ± 0.2736
Inh𝛼−/− 4 2 1.544 ± 0.1593

mTECs MHCIIhi Inh𝛼+/+ 4 1 1.491 ± 0.2969
Inh𝛼−/− 4 2 1.649 ± 0.3075

mTECs MHCIIlo Inh𝛼+/+ 3 2 1.379 ± 0.1593
Inh𝛼−/− 4 2 1.452 ± 0.1330

Intracellular levels of Activin were measured by flow cytometry, using surface markers to differentiate different stromal cell subpopulations: cDCs (CD45+
CD11c+ MHCII+); cTECs (CD45−MHCII+ Ly51+); mTECs (CD45−MHCII+ Ly51−). MHCII high and low subpopulations were also analyzed to definemature
versus immature subpopulations, respectively. Relative intracellular expression of ActivinAwas calculated normalizing theMFI from each sample to theMFI of
the secondary antibody control frommice in columnD.D: number ofmicewith detectable Activin levels; ND: not detectable. Statistical significance: ∗𝑃 ≤ 0.05.

presumably occurring in Inh𝛼−/− mice appears to lower the
threshold of selection, shifting the balance from negative
selection to nTreg development, in agreement with the avidity
model of selection [62].

In an attempt to dissect the role of the avidity in negative
selection versus nTreg differentiation, Hinterberger et al.
generated a mouse model in which antigen presentation was
selectively attenuated in mTECs through RNA interference-
mediated knockdownofMHCII onAire-expressing cells.The
results showed a decreased negative selection and increased
generation of specific nTreg cells [63]. Although this study
enhances only the role of mTECs in the induction of nTregs
in TCR-peptide-MHCII low avidity interactions, this could
also be the case for thymic DCs. In support of the above,
experiments carried out in vivo by Atibalentja et al., through
systemic administration of varying concentrations of hen
egg-white lysozyme (HEL), which was rapidly processed and
presented in the thymus solely by DCs, demonstrated that
although low concentrations of HELwere able to induce both
negative selection of specific TCR transgenic conventional
T cells and antigen specific nTreg development, the greatest
increase in nTreg absolute numbers occurred at doses below
that required for complete negative selection [64].

In summary, our data demonstrate that Inhibins regulate
stromal cell differentiation favoring the development of
cTECs versusmTECs and suggest a potential role for Inhibins
in the homing of pDCs to the thymus. In addition, the
absence of Inhibins impairs the maturation of cTECs and
cDCs, affecting the avidity of TCR-peptide-MHCII interac-
tions, and thereby impacts the T cell selection process leading
to impaired positive selection of CD4SP and increased nTreg
development.
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mapping of stromal signaling microenvironments in the thy-
mus,”Annual Review of Immunology, vol. 25, pp. 649–679, 2007.

[13] A. Singer, S. Adoro, and J. H. Park, “Lineage fate and intense
debate: myths, models and mechanisms of CD4- versus CD8-
lineage choice,” Nature Reviews Immunology, vol. 8, no. 10, pp.
788–801, 2008.

[14] S. Baik, E. J. Jenkinson, P. J. L. Lane, G. Anderson, and W. E.
Jenkinson, “Generation of both cortical and Aire+ medullary
thymic epithelial compartments from CD205+ progenitors,”
European Journal of Immunology, vol. 43, no. 3, pp. 589–594,
2013.

[15] T. Akiyama, M. Shinzawa, and N. Akiyama, “TNF receptor
family signaling in the development and functions ofmedullary
thymic epithelial cells,” Frontiers in Immunology, vol. 3, article
278, 2012.

[16] K. Shortman andW. R. Heath, “TheCD8+ dendritic cell subset,”
Immunological Reviews, vol. 234, no. 1, pp. 18–31, 2010.

[17] L. Klein, B. Kyewski, P. M. Allen, and K. A. Hogquist, “Positive
and negative selection of the T cell repertoire: what thymocytes
see (and don’t see),” Nature Reviews Immunology, vol. 14, no. 6,
pp. 377–391, 2014.

[18] H. Hadeiba and E. C. Butcher, “Thymus-homing dendritic cells
in central tolerance,” European Journal of Immunology, vol. 43,
no. 6, pp. 1425–1429, 2013.

[19] E. M. Shevach, R. A. DiPaolo, J. Andersson, D.-M. Zhao, G.
L. Stephens, and A. M. Thornton, “The lifestyle of naturally
occurring CD4+CD25+Foxp3+ regulatory T cells,” Immunolog-
ical Reviews, vol. 212, pp. 60–73, 2006.

[20] H. Hadeiba, K. Lahl, A. Edalati et al., “Plasmacytoid dendritic
cells transport peripheral antigens to the thymus to promote
central tolerance,” Immunity, vol. 36, no. 3, pp. 438–450, 2012.

[21] E.Mart́ın-Gayo, E. Sierra-Filardi, A. L. Corbı́, andM. L. Toribio,
“Plasmacytoid dendritic cells resident in human thymus drive
natural Treg cell development,” Blood, vol. 115, no. 26, pp. 5366–
5375, 2010.

[22] C. D. Surh and J. Sprent, “T-cell apoptosis detected in situ
during positive and negative selection in the thymus,” Nature,
vol. 372, no. 6501, pp. 100–103, 1994.
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Rituximab is a chimeric monoclonal antibody employed for the treatment of CD20-positive B-cell non-Hodgkin’s lymphoma,
chronic lymphocytic leukemia, rheumatoid arthritis, granulomatosis with polyangiitis and microscopic polyangiitis. It binds
specifically to the CD20 antigen expressed on pre-B and consequently on mature B-lymphocytes of both normal and malignant
cells, inhibiting their proliferation through apoptosis, CDC, andADCCmechanisms.The immunomodulatory activity of rituximab
is closely related to critical quality attributes that characterize its chemical composition and spatial configuration, which determine
the recognition of CD20 and the binding to receptors or factors involved in its effector functions, while regulating the potential
immunogenic response. Herein, we present a physicochemical and biological characterization followed by a pharmacodynamics
and immunogenicity study to demonstrate comparability between two products containing rituximab. The physicochemical and
biological characterization revealed that both products fit within the same response intervals exhibiting the same degree of
variability.With regard to clinical response, both products depleted CD20+ B-cells until posttreatment recovery and nomeaningful
differences were found in their pharmacodynamic profiles. The evaluation of anti-chimeric antibodies did not show differential
immunogenicity among products. Overall, these data confirm that similarity of critical quality attributes results in a comparable
immunomodulatory activity.

1. Introduction

Rituximab is a chimeric monoclonal antibody (mAb)
approved by the FDAon 1997 as single agent for the treatment
of relapsed or refractory, low-grade or follicular CD20-
positive B-cell non-Hodgkin’s lymphoma (NHL) and later, in
2006, as a treatment in combination with cyclophosphamide,
doxorubicin, vincristine, and prednisone (CHOP) or other
anthracycline-based chemotherapy regimens for patients
with diffuse large B-cell lymphoma (DLBCL). In both cases

it increases the response rate, diminishes disease progression
events, and augments patients survival [1–3].

The molecular weight of rituximab is 144,544Da and is
constituted of 1328 aa. As an IgG isotype 1/kappa, rituximab
contains a conserved N-glycosylation site at Asn297 of both
heavy chains and is occupied by biantennary glycan struc-
tures, while murine variable regions and human constant
regions define its chimeric nature.

Rituximab mechanisms of action comprise the binding
of its Fab domain to CD20+ B-lymphocytes for the induction
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of apoptosis, either directly or throughout the recruitment of
immune effector functions by its Fc domain, thus mediating
B-cell lysis through complement-dependent cytotoxicity
mechanism (CDC), after binding to C1q, or antibody-
dependent cellular cytotoxicity mechanism (ADCC) once
is recognized by the Fc𝛾 receptors (Fc𝛾Rs) of effector cells,
including natural killers, granulocytes, and macrophages
[4–6].

Besides, the current knowledge concerning monoclonal
antibodies (mAb) permits us to correlate the immunomodu-
latory activity of a mAb to critical quality attributes (CQAs)
that depict its chemical composition and spatial config-
uration. On this regard, rituximab CQAs are associated
with the appropriate recognition of CD20+ B-cells and the
achievement of effector functions. Nevertheless, rituximab
is subject to posttranslational modifications that can be
acquired during its lifecycle, which provides an inherent
physicochemical heterogeneity that could impact on its func-
tionality [7, 8]. Although this heterogeneity is expected to
occur batch to batch, its variability breadth can be controlled
during the manufacturing process; thus, an acceptance range
should be established for each CQA, depending on the
observed safety and efficacy for the given process capabilities
[9]. This is particularly important for the development of
follow-on products, for which the demonstration of highly
similar CQAs variability, along with the demonstration of
comparable pharmacological responses with respect to the
reference product, grant the biosimilar denomination [10–
12].

Charge and glycosylation heterogeneities are relevant
modifications that influence the immunomodulatory activity
of mAbs. It is reported that acidic and basic isoforms,
coming mainly from oxidation, deamidation, isomerization,
amination, cyclization, glycation, and the presence of C-
terminal lysines [13], could alter themAb affinity to target and
receptor molecules due to the modification of electrostatic
and hydrophobic interactions with cell membranes. On the
other hand, glycosylation contributes inmaintaining stability
of the mAbs’ three-dimensional structure and modulates the
binding interaction of the Fc domain to the effector cells,
influencing CDC and ADCC mechanisms [14].

Regarding its immunogenicity, rituximab is considered
as a low risk molecule although potentially immunogenic,
since it does not exhibit cross-reactions with endogenous
antibodies or autoimmunity induction; however, due to its
chimeric nature, the production of human anti-chimeric
antibodies (HACAs)may lead to the loss of efficacy in certain
cases. Consequently, to discard any differential immunogenic
response of a biosimilar rituximab, the comparability of its
chemical composition (i.e., sequence and posttranslational
modifications) should be demonstrated [15, 16]. Aggregation
is another attribute that has been also identified as a CQA that
participates in the development of an immunogenic response
[17].

In this work, we conducted a comprehensive characteri-
zation followed up by a pharmacodynamics-immunogenicity
clinical study of two products containing rituximab. The
characterization exercise is focused on the comparison
between the CQAs associated with the pharmacodynamic

profile (PD) and the potential immunogenicity of rituximab
such as protein identity (amino acid sequence), charge and
glycosylation heterogeneity, aggregates content, and binding
affinity to Fc𝛾RIIa and Fc𝛾RIIIa, while the biological charac-
terization included measurement of the affinity to CD20 and
potency through ADCC and CDC. The clinical evaluation
was intended to demonstrate that both products exhibit the
same behaviour as the result of a high physicochemical
comparability.

2. Materials and Methods

2.1. Materials. Dibasic sodium phosphate heptahydrate
(Na
2
HPO
4
⋅7H
2
O), monobasic sodium phosphate mono-

hydrate (NaH
2
PO
4
⋅H
2
O), sodium chloride (NaCl), Tris-

hydrochloride (NH
2
C(C
2
OH)
3
⋅HCl), and sodium hydroxide

(NaOH) were obtained from J. T. Baker (Center Valley,
PA). Sodium azide (NaN

3
), ammonium formate (CH

5
NO
2
),

RPMI-1640 medium, fetal bovine serum (FBS), and formic
acid were acquired from Sigma-Aldrich (St. Louis, MO).
2-Aminobenzamide (2-AB) was obtained from ProZyme
Inc. (Hayward, CA); PNGase F was purchased from New
England Biolabs (Woburn, MA) and Human IgG-Fc
antibody from Bethyl Laboratories Inc. (Montgomery, TX).
Tetramethylbenzidine (TMB) substrate was obtained from
Thermo Scientific (Waltham,MA). ADCCReporter Bioassay
Kit and CellTiter 96 MTT were purchased from Promega
(Madison,WI).Water was obtained from aMilliporeMilli-Q
Biocel system (Billerica, MA). All solutions were filtered
through 0.2 𝜇m prior to analysis. Two products containing
rituximab were employed: Kikuzubam from Probiomed S.A.
de C.V., Mexico, and MabThera from F. Hoffmann-La Roche
Ltd. Basel, Switzerland, as the reference product.

2.2. Mass Spectrometry (MS). MS analyses were performed
on a SYNAPT G2 HDMS (Waters Corp.; Manchester, UK)
coupled to an ACQUITY UPLC H-Class Bio System (Waters
Corp., Milford, MA) using an ESI source. Data was analyzed
using BiopharmaLynx software (Waters Corp., Milford, MA)
according to reported conditions [18].

2.3. Charge Heterogeneity. Capillary isoelectrofocusing
(cIEF) was performed as we described in a previous report
[19].

2.4. Glycosylation Heterogeneity. Glycan release and deriva-
tization were performed as previously described [20]. Chro-
matographic separation was carried out using an ACQUITY
UPLC H-Class Bio System with a linear gradient from 22
to 50% of acetonitrile using 100mM ammonium formate
aqueous solution at pH 4.50 as mobile phase A. Fluorescence
detection was set at an excitation wavelength of 250 nm and
420 nm for emission, using a 150 × 2.1mm, 1.7 𝜇mACQUITY
UPLC BEH glycan column coupled with a 1.7𝜇m VanGuard
BEH Glycan Precolumn fromWaters Corp. (Milford, MA).

2.5. Aggregates. Rituximab purity was assessed on a 4.6mm×
300mm ACQUITY Ethylene Bridged Hybrid 200 analytical
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columnwith particle and pore diameters of 1.7𝜇mand 200 Å,
respectively (Waters Corp., Milford, MA). 20mM phosphate
buffer containing 150mM NaCl and 3mM NaN

3
at pH 6.8

was used asmobile phasewith isocratic gradient. UVdetector
was set at 280 nm in an ACQUITY UPLC H-Class Bio
System.

2.6. Affinity Constants. Affinity constants under equilibrium
(𝐾
𝑎
) were obtained by isothermal titration calorimetry (ITC)

using a Nano ITC instrument from TA Instruments Inc.
(New Castle, DE). 300 𝜇L of Fc𝛾RIIa and Fc𝛾RIIIa solutions
at 5.0 𝜇M in PBS at pH 7.0 was titrated with continuous
injections of 1.9 𝜇L rituximab solutions at 50 𝜇M in PBS at
pH 7.0 until saturation at 25∘C. NanoAnalyze Software v2.4.1
(TA Instruments Inc.; New Castle, DE) was used for the
integration of heat signals and nonlinear regression analysis
of the data.

2.7. Affinity to CD20. WIL2-S cell line (ATCC: CRL-8885)
that expresses the CD20 antigen was incubated in the pres-
ence of different concentrations of rituximab in RPMI-1640
medium with 10% FBS for 2 h at 37∘C. A secondary antibody
(anti-human IgG-Fc) coupled to a radish peroxidase was
added to detect the rituximab-WIL2-S complex after 1 h of
incubation at 37∘C, using TMB as substrate for 30min at
room temperature. Absorption was acquired at 450 nm. The
test results were expressed as the relative percentage of the
EC
50

from the concentration-response curve of Kikuzubam
with respect to the reference product.

2.8. CDC Assay. CD20 positive cells (WIL2-S, ATCC CRL-
8885) were incubated in RPMI 1640 media with 10% of FBS
with different concentrations of rituximab and complement
human serum for 4 h at 37∘C and 5% CO

2
. Then MTS

substrate was added to each well with a further incubation
of 2 h at the same conditions. The result of the assay was
expressed as % relative potency, which is obtained comparing
to the EC

50
of the dose-response curve of Kikuzubam with

respect of the EC
50

of the dose-response curve of the
reference product.

2.9. ADCC Assay. The ADCC Reporter Bioassay Kit from
Promega (Madison,WI) was used according tomanufacturer
instructions. CD20 positive cells (WIL2-S, ATCC CRL-8885)
were incubated with different concentrations of test antibody
and a specific concentration of Jurkat transformed cells
expressing CD16. Then a luminescent substrate was added
with further incubation of 20min.The result of the assay was
expressed as % of relative potency of Kikuzubamwith respect
to the reference product.

2.10. Clinical Assessment. A double-blind, randomized,
three-arm, and prospective study was designed. Two arms (1
and 2) were crossed after three cycles of treatment in order
to review the expected use conditions of Kikuzubam and the
possible impact on its efficacy as suggested by the Mexican
health authorities.

The study protocol was approved by the IRB/IEC
(Institutional Review Board/Independent Committee) of
the participating research centres and by the Mexican
health authorities (study protocol codes CAS/OR/01/
CMN/083300410a1444-0114/2009 and CAS/OR/01/CMN/
07330021830339-0816/2008). The study was conducted in
accordance with the regulations and ethical principles
based on the Declaration of Helsinki, the principles of the
International Conference on Harmonization (ICH), and the
Guidelines for Good Clinical Practice (GCP). An informed
consent was obtained from all patients prior to their
participation in the study. All procedures were explained in
detail to the patients and all doubts were resolved.

The aim of the study was to evaluate the biological
effects and safety of Kikuzubam compared to the reference
product during six treatment cycles with CHOP therapy.
Patients received either Kikuzubam or the reference product
in each cycle, according to their treatment group, at a dose
of 375mg/m2 every 14 days by IV infusion. 59 patients
diagnosed with moderate to high degree diffuse CD20+ B-
cell non-Hodgkin lymphoma were randomly assigned into
three groups. Group 1 was treated with Kikuzubam during
the first three cycles and subsequently with the reference
product for the remaining three cycles. Group 2 was initially
treated with the reference product for three cycles and then
with Kikuzubam for the next three cycles. Group 3 was
treated with Kikuzubam throughout six cycles. All patients
received concomitant CHOP chemotherapy for the six cycles.
A 12-month observational period was included after the
completion of the treatments.

Blood samples were collected from all patients for the
determination of CD20+ B-cells levels as the PD endpoint
on visits 1, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 using a
CD20 Becton Dickinson FITC Labelling Kit in a EPIC XL
Beckman Coulter Inc. (Brea, CA) flow cytometer. Addi-
tionally, levels of serum human anti-chimeric antibodies
(HACAs) were determined using the Human Antirituximab
(HADA/HACA/HAMA/HAHA) IgG ELISA Kit for Human
from Alpha Diagnostics (San Antonio, TX). The assay preci-
sion was determined from the graphs obtained with serum
samples, resulting in a coefficient of variation (CV) lower
than 10% with accuracy ranging from 90 to 110%.

2.11. Statistical Analysis. Analysis of covariance was per-
formed to evaluate the effect of both treatments (Kikuzubam
and the reference product) on the number of CD20+ B-cells
relative to basal values (covariable). The ANOVA test was
evaluated with a significance level of 0.05.

To avoid the effect of crossing treatments, the CD20+ B-
cells depletion analyses were performed considering only the
results from the first three cycles of treatment with either
Kikuzubam or the reference product, in order to compare the
response between treatments in a parallel design.

3. Results and Discussion

The physicochemical properties of rituximab are discussed
according to its impact on PD and immunogenicity potential.
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Figure 1: Chromatographic profiles of tryptic peptide mappings followed by MS/MS analyses of Kikuzubam (up) and the reference product
(down).

Identity, heterogeneity, purity, and biological activity CQAs
were studied by comparing several batches of Kikuzubam and
the reference product.

3.1. Physicochemical Analyses. The identity of both products
was verified by its tryptic peptide chromatographic profiles
followed by MS/MS analyses matched with the theoretical
sequence of rituximab (Figure 1).

The theoretical sequence was obtained by reverse engi-
neering, comprising a de novoprotein sequencing of the refer-
ence product by ESI-MS/MS andMALDI PSD using trypsin,
Glu-C, or Asn-N digestions along with EDMAN’s degra-
dation of selected fragments. This sequence was employed
for the design and construction of the expression system of
Kikuzubam (data not shown) that revealed inconsistencies
in the invention patents [21, 22] of rituximab at the amino
acid positions 14 and 219 of the heavy chain. Our results agree
with the sequence published by other groups [23, 24] and the
United States Pharmacopeia [25].

For both products sequence verification, expressed as
MS/MS sequence coverage, exceeded the accepted consensus
value of 90%, being 98.7% and 98.6% for Kikuzubam and
98.7% and 97.2% for the reference product of their heavy and
light chains, respectively (Figures 2 and 3).

In order to confirm the identity of Kikuzubam, exact
mass of the whole deglycosylated molecule, coming uniquely
from the amino acid sequence, was determined (Table 1).
On the other hand, as we previously reported [18], corre-
spondence between each glycoform and the theoretical mass
(99.98%) was observed within and among Kikuzubam and
the reference product.These results confirm that the primary

Table 1: Analysis of the exact mass of Kikuzubam and the reference
product.

Product Batch Experimental mass (Da)

MabThera
B60480 144190.99
B60711 144190.04
B6084 144190.96

Kikuzubam
RPPP11003 144191.29
RPPP11014 144191.40
RPPP12015 144191.93

sequences of both products are identical and also reveal
that charge and glycosylation heterogeneities are comparable;
thus, the risk of a differential immunomodulatory response is
diminished.

The glycosylation heterogeneity of Kikuzubam and the
reference product was also evaluated as a relevant CQA
on the immunomodulatory activity of rituximab. Table 2
shows the content of highly mannosylated, hybrid, sialylated,
afucosylated and galactosylated glycoforms of both products.
It is reported that these glycan isoforms could affect the
affinity to the receptors involved in the effector function and
stability of a mAb, due to charge and steric hindrances [26].
For instance, hybrid (bisected) and afucosylated glycans tend
to increase the affinity to Fc gamma RIIIa, resulting in an
enhanced ADCC response [27, 28], while sialylated isoforms
could increase immune responses [14].

Nonetheless, the glycan heterogeneity of a biosimilar
must correspond to the reference product. In this analysis,
both products revealed similar glycan heterogeneity, which is
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Figure 2: Sequence coverage of the heavy and light chain of Kikuzubam.
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Figure 3: Sequence coverage of the heavy and light chain of the reference product.

Table 2: Glycosylation microheterogeneity obtained by HILI-UPLC. Variation is presented as confidence interval at 95% (𝑛 = 3).

Product Batch Nonfucosylated (%) Hybrid (%) Sialylated (%) Galactosylated (%) High mannose (%)

MabThera
H0605 1.81 ± 0.04 5.00 ± 0.32 0.72 ± 0.08 43.34 ± 1.42 4.37 ± 0.42
N3518 1.69 ± 0.11 3.48 ± 0.24 0.98 ± 0.22 46.21 ± 1.54 3.19 ± 0.54
B62222 1.89 ± 0.11 2.91 ± 0.18 0.82 ± 0.12 45.58 ± 0.47 3.03 ± 0.17

Kikuzubam
5445130608 0.65 ± 0.21 2.72 ± 0.39 0.80 ± 0.21 57.08 ± 8.52 3.25 ± 0.43
5445131216 0.65 ± 0.21 2.80 ± 0.08 0.71 ± 0.13 56.35 ± 0.64 3.31 ± 0.16
5445131015 0.67 ± 0.05 3.19 ± 0.25 0.77 ± 0.13 54.26 ± 3.02 3.51 ± 0.23
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Table 3: Isoelectric point by cIEF. Variation is presented as confidence interval at 95% (𝑛 = 3).

Product Batch Main isoform (pI units) Most acidic variant (pI units) Most basic variant (pI units) Global pI (pI units)

MabThera
M0605 9.31 ± 0.00 8.68 ± 0.00 9.49 ± 0.00 9.07 ± 0.06
N3518 9.31 ± 0.00 8.68 ± 0.00 9.49 ± 0.00 9.09 ± 0.06
B62222 9.31 ± 0.00 8.68 ± 0.00 9.49 ± 0.00 9.09 ± 0.06

Kikuzubam
5445130608 9.30 ± 0.00 8.64 ± 0.00 9.42 ± 0.00 9.03 ± 0.07
5445131015 9.30 ± 0.01 8.64 ± 0.01 9.42 ± 0.00 9.02 ± 0.08
5445131216 9.29 ± 0.01 8.63 ± 0.01 9.42 ± 0.00 9.01 ± 0.08

consistent with the presence of the same glycoforms observed
by the MS analyses of the whole molecule [18]. Although
minor differences were found in the nonfucosylated and
hybrid glycan content between products, no impact was
observed on the potency or the efficacy of the ADCC assay
afterwards (Figure 5) [14, 27, 28].

Regarding charge heterogeneity, changes higher than 1.0
units in the isoelectric point (pI) of a mAb could affect its
therapeutic activity [13, 29], with the common pI variation
observed duringmanufacturing being from 0.1 to 0.2 pI units
the common pI variation observed during manufacturing
[30]. On Table 3, we show the pI range, main isoform, and
overall calculated pI values of Kikuzubam and the reference
product.Theobserved differenceswere lower than 0.1 pI units
confirming comparability of charge heterogeneity among the
products.

Another relevant CQA related to the immunomodulatory
activity of rituximab is the aggregation level, which involves
the irreversible interaction of two or more denatured protein
molecules revealing new epitopes that could stimulate the
immune system. A positive correlation between protein
aggregation and immunogenicity has been reported for
therapeutic proteins, as well as affectations on the biological
activity, either directly or indirectly through the formation
of neutralizing or binding antibodies. Thus, the evaluation
of aggregates is an important component of the analytical
comparability assessment of therapeutic proteins. The aggre-
gates content of Kikuzubam was comparable to the reference
product (Table 4), which in both cases complied with the
pharmacopeial established limit [25].

3.2. Biological Characterization. In addition to the physic-
ochemical analyses, an extensive biological characterization
to assess comparability of the functions (mechanisms of
action) described for the reference product and Kikuzubam
was performed through in vitro assays. These studies were
designed taking into account the interactions of the Fab
and Fc domains and their associated biological activities
described in the literature (affinity to CD20, Fc𝛾RIIa, and
Fc𝛾RIIIa).

The main mechanism of action of rituximab is binding
to CD20 [4, 6] whose interaction affinity is related to the
structure of complementary domain regions (CDRs) of the
Fab fragment, and this reveals the presence of the appropriate
chemical and structural properties of this fragment. Our
results showed that Kikuzubam and the reference product
have comparable affinities to CD20 (Figure 4).

Table 4: Aggregates content obtained by SE-UPLC. Variation is
presented as confidence interval at 95% (𝑛 = 3).

Product Batch Aggregates (%)

MabThera
B62222 0.11 ± 0.01
H0605 0.07 ± 0.01
N3518 0.09 ± 0.02

Kikuzubam
5445131015 0.13 ± 0.03
5445130608 0.10 ± 0.05
5445131216 0.25 ± 0.03

Rituximab also can induce the death of CD20+ B-cells
by activating effector cells such as natural killer cells (NK),
monocytes, and macrophages through the binding of the
Fc𝛾R receptors to its Fc domain [31]. Clinical studies have
shown that the affinity to Fc𝛾RIIa and Fc𝛾RIIIa receptors is
associatedwith a better response to rituximab in patients with
follicular lymphoma [32]. ITC results of affinity to Fc𝛾RIIa
and Fc𝛾RIIIa of Kikuzubam and the reference product were
within the same order of magnitude (Figure 4); thus, the
modulatory functions that lead to B-cell depletion in both
products are assumed to follow the same molecular basis.

The described Fc and Fab affinities further modulate
CDC and ADCC mechanisms of rituximab [5, 6] and both
were evaluated comparatively for Kikuzubam against the
reference product (Figure 5). These analyses also confirmed
that the physicochemical characteristics of the Fc domain
of Kikuzubam are capable of achieving the same biological
functions with comparable potency as the reference product.

3.3. Pharmacodynamics. An abbreviated study conducted on
CD20+ non-Hodgkin’s lymphoma patients was designed to
confirm that the physicochemical and functional characteris-
tics of Kikuzubam are adequate to exhibit the same PDprofile
as the reference product.

CD20 was used as the main endpoint. During the treat-
ment, CD20 B-cells were depleted to serum levels lower
than 20 cell/mL in the three arms of the study (Figure 6).
This is explained by the effect of both rituximab products
since the levels of other blood components were recovered
within 7 days after the completion of concomitant CHOP
chemotherapy regimen and the application of granulocyte
colony stimulating factor (Filgrastim, G-CSF). CD20 was
the only component with no recovery in serum, despite the
stimulation after the completion of chemotherapy. Once the
six cycles of rituximab-CHOP were completed, a recovery
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Figure 5: (a) ADCC and (b) CDC in vitro potency assays. Squaremarks represent the batches evaluated of reference product and circle marks
represent the evaluated batches of Kikuzubam.

in the serum levels of CD20+ B-cells for the three groups
of the study was observed. Nonmalignant recovery was
demonstrated by PET images as the absence of neoplasms
(data not shown).

In order to determine the comparability of the primary
endpoint, statistical analyses for the three arms before cross-
ing were performed. Shapiro-Wilk test revealed departures
from normality of the data (𝑃 < 0.05). However, homosce-
dasticity was demonstrated through a Levene test (𝑃 > 0.05).

Mean comparison among the groups was performed by
Student’s 𝑡-test and Wilcoxon tests, revealing no significant
differences in CD20+ depletion between Kikuzubam and the
reference product (𝑃 > 0.05) (Table 5). Combined groups
were also analysed using data from arms 1 and 3 to compare
all patients treated with Kikuzubam against the reference
product, one outlier was excluded. The results obtained from
this exercise also revealed no meaningful differences among
treatments (Figure 6).
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Figure 6: (a) Serum concentrations of CD20+ B-Lymphocytes
measured along the PD study from patients of all groups. (b) Com-
parison of mean serum concentrations of CD20+ B-lymphocytes
from all patients treated with Kikuzubam against the reference
product.

3.4. Immunogenicity. The production of antichimeric human
antibodies (HACAs) as a result of the loss of tolerance to
rituximab by the immune system was evaluated on the three
study arms.

On arm 1, two patients showed positive results for
the screening test of HACAs right after the shift from
Kikuzubam to the reference product on visit 5 (Table 6).
Thus, the immunogenic response had to be triggered before
the medication shifting, since the first humoral immuno-
genic response is the production of IgM antibodies, which

Table 5: Comparability of the primary endpoint between treat-
ments.

Patients
𝑛

Arms
Student’s
𝑡-test
𝑃

Wilcoxon
𝑃

10 versus 13 1 versus 2 0.5114 0.5558
38 versus 13 1 and 3 versus 2 0.5742 0.6421
37 versus 13 1 and 3∗ versus 2 0.8603 0.7401
∗Exclusion of one outliner.

Table 6: HACAs determination in the immunogenicity study.

Arm Number of patients Positive HACAs
patients

Positive HACAs
patients (%)

1 15 2 13
2 13 2 15
3 31 3 10

half-life in plasma is approximately four weeks, followed
by isotype switching to IgG, if loss of tolerance with the
consequent HACAs production is presented. Also, on arm 2,
the presence of HACAs in two patients was detected before
the shift of treatment (Table 6). Then the immunogenic
response produced in 4 out of 28 patients from the first two
groups cannot be considered as a consequence of the drug
shifting. The immunogenic response was analogous between
Kikuzubam and reference product; therefore, no differential
immunogenicity was observed.

Likewise, three patients from arm 3 presented positive
results for the screening HACAs test (Table 6). These data
suggest that the proportion of patients positive toHACAswas
comparable between all study arms. The presence of these
antibodies did not represent a risk to the patient safety and
did not justify abandoning the study. Overall, the biological
effect was comparable to HACAs-negative patients between
both products.

The hematologic recovery after R-CHOP cycles, even
in patients positive to HACAs screening test for both
Kikuzubam and the reference product, was accomplished
within the expected period reported in studies with
chemotherapy; thus, it can be inferred that neither the
HACAs developed by Kikuzubam nor the reference product
had a negative effect on the hematologic recovery of patients
included in the study.

4. Conclusions

The comprehensive physicochemical, biological, and in vitro
characterization studies, including the verification of amino
acid sequence, glycosylation and charge heterogeneity, aggre-
gates content, and affinity to CD20, Fc𝛾IIa, and Fc𝛾IIIa
receptors, provided valuable information to demonstrate
comparability between Kikuzubam and the reference prod-
uct. The information provided by these analyses supported
the design of a rational clinical evaluation to demonstrate
similar immunomodulatory response through the pharma-
codynamics and immunogenicity profiles. Physicochemical
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along with biological comparability resulted in a similar
immunomodulatory activity between the evaluated products.
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Interferon- (IFN-) 𝛾 is an essential cytokine for immunity against intracellular pathogens and cancer. IFN-𝛾 expression by CD4 T
lymphocytes is observed only after T helper (Th) 1 differentiation and there are several studies about the molecular mechanisms
that control Ifng expression in these cells. However, näıve CD8 T lymphocytes do not produce large amounts of IFN-𝛾, but after
TCR stimulation there is a progressive acquisition of IFN-𝛾 expression during differentiation into cytotoxic T lymphocytes (CTL)
and memory cells, which are capable of producing high levels of this cytokine. Differential gene expression can be regulated
from the selective action of transcriptional factors and also from epigenetic mechanisms, such as DNA CpG methylation or
posttranslational histone modifications. Recently it has been recognized that epigenetic modification is an integral part of CD8
lymphocyte differentiation. This review will focus on the chromatin status of Ifng promoter in CD8 T cells and possible influences
of epigenetic modifications in Ifng gene and conserved noncoding sequences (CNSs) in regulation of IFN-𝛾 production by CD8 T
lymphocytes.

1. Interferon- (IFN-) 𝛾

Interferon- (IFN-) 𝛾 is an essential cytokine for immunity
against intracellular pathogens and cancer. This is notably
clear when genetically modified animals lacking IFN-𝛾
responsiveness are analyzed. Mice with targeted disruptions
of the Ifng gene or Ifng gene receptor 1 are highly susceptible
to a variety of bacteria, protozoans, and virus infection [1].
Furthermore, when mice lacking sensitivity to IFN-𝛾 were
challenged with chemical carcinogens, they developed tumor
more rapidly and with higher frequency than wild type
animals [2, 3].

IFN-𝛾 is produced by cells that mediate both innate
and adaptative immune responses. Natural killer (NK) and
natural killer T (NKT) cells are the innate cells sources of
this cytokine and rapidly produce IFN-𝛾 upon activation. On
the other hand significant increase in IFN-𝛾 expression by
CD4 T lymphocytes is observed only after T helper (Th) 1

differentiation. In fact, upon activation, CD4 T cells can
differentiate into several effector lineages, of which Th1 is
the only one that produce high levels of IFN-𝛾. Näıve CD8
T lymphocytes do not produce large amounts of IFN-𝛾, but
after TCR stimulation these cells undergo differentiation into
cytotoxic T lymphocytes (CTL) and memory cells, which are
capable of producing high levels of this cytokine in response
to TCR activation or Interleukin- (IL-) 12 and IL-18 [4]. The
progressive acquisition of IFN-𝛾 expression by CTL depends
on continued lymphocyte proliferation [5].

The best characterized role of IFN-𝛾 in CD8 T cell
immunity is in enhancing class I antigen presentation path-
way, which facilitates cytotoxic T cells to recognize infected
cells. IFN-𝛾 signaling upregulation leads to expression of
MHC class I and the TAP transporter, as well as chaperones
such as tapasin. IFN-𝛾 also induces a replacement of the
constitutive proteasome subunits, 𝛽
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essential feature for increasing the quantity and repertoire of
peptides presented in the context of class I MHC (reviewed
in [1]).

IFN-𝛾 also plays an important role in CD8 T cell home-
ostasis that is independent from its function in clearance
of infection. Several studies have suggested that IFN-𝛾 is a
key determinant of immunodominance [6–8]. Badovinac and
colleagues [6] have shown that IFN-𝛾 deficient mice infected
with an attenuated Listeria monocytogenes strain exhibited
an altered immunodominance hierarchy due to an increased
expansion of CD8 T cells specific for a subdominant epi-
tope of L. monocytogenes. Furthermore, IFN-𝛾 seems to be
required for subdominant CD8 T cells response suppression
by dominant CD8 T cell response [7] and the CD8 T cells that
promptly produce IFN-𝛾 after stimulation are preferentially
expanded [8].

Another effect of IFN-𝛾 has been recently described by
Reis and colleagues [9]. This cytokine is important for the
differentiation of TCR𝛼𝛽+CD4+CD8𝛼𝛼+ intraepithelial lym-
phocytes (IELs) in the gut. IELs are lymphocytes considered
“activated yet resting” and their regulation is crucial role in
the maintenance of the epithelial cell barrier and gut physio-
logical inflammation [9]. IFN-𝛾 also acts directly on CD8 T
cells by stimulating their abundance in an acute lymphocytic
choriomeningitis virus (LCMV) infection [10] and enhancing
the development of memory cells [11]. Interestingly, Sercan
and colleagues [12] show that IFN-𝛾 produced by innate
immune cells contributes to antigen-specific CD8 T cell
homeostasis. They show that IFN-𝛾 directly promotes CD8
T cells expansion. However, Badovinac and colleagues [6]
also have shown that IFN-𝛾 deficiency resulted in a delayed
contraction of antigen-specific CD8 T cell populations from
both Listeria monocytogenes and LCMV infections, which
suggests an important role of this cytokine in control of
death phase of antigen-specific CD8 T cells. Therefore, this
cytokine has both positive and negative effects on CD8 T
cell abundance depending on the phase of the CD8 response
and also the biology model evaluated.This dual role is clearly
evident in IFN-𝛾 deficient mice, in which both the expansion
and contraction of CD8 T cell response are impaired [6].

2. IFN-𝛾 Production by CD8 T Lymphocytes

CD8 T cells are usually characterized by their cytolytic activ-
ities involving perforin or Fas mechanisms to kill targeted
cells. However cytokine secretion by CD8 T cells also has
an important role in the control of intracellular infections.
In 1990, Fong and Mosmann [13] suggested that Th1 cells
and CD8 T cells could share cytokine mediated functions,
like combating intracellular pathogens and tumors cells.They
observed that alloreactivemurineCD8T cell clones produced
both mRNA and protein profile characteristic of Th1 clones,
which include high levels of IFN-𝛾.

It is well known that the clearance of several infections
also depends on noncytolytic functions of CD8 T cells. The
control of M. tuberculosis infections in mice requires the
ability of the CD8T cells to produce IFN-𝛾 [14]. Furthermore,
IFN-𝛾 produced by CD8 T cells is essential to clear numerous
viral infections such as measles virus, herpes simplex virus

type 1, LCMV, and borna disease virus. This IFN-𝛾mediated
response seems to be important to avoid tissue damage and
inflammation, which is normally observed in cytotoxic CD8
T cell response (reviewed in [15]). Indeed, HIV control is
associated with polyfunctional CD8 T cells, that is, epitope-
specific cells expressing several effector functions, which
includes the expression of cytokines such as TNF and IFN-
𝛾 [16].

The IFN-𝛾 produced by CD8 T cells seems to have other
immunomodulatory roles, acting on CD4 T cells and B cells
and also on CD8 T cells themselves. The differentiation of
CD4 T cells in T helper subsets depends on the cytokine
milieu where these primary T cells were stimulated. The
main sources of these cytokines are activated innate immune
cells. ForTh1 differentiation, the cytokines IL-12, produced by
APCs, and IFN-𝛾, mainly produced by NK cells, are critical
to induce and reinforce Th1 commitment [17].

Several studies have also suggested that CD8 T lympho-
cytes could have a role in the generation of Th1 immunity
and in the inhibition of Th2 response [18–20]. Uzonna and
colleagues [20] have shown that IFN-𝛾 produced by murine
CD8 T cells, in response to low doses of L. major, downregu-
lates an initial Th2 response and enhances Th1 commitment.
Data from our group suggest that, besides NK and dendritic
cells, CD8 T lymphocytes are also another source of IFN-
𝛾 that enhances CD4 Th1 phenotype development [21]. We
have shown that, after TCR activation of primary lymph
node cells, CD8 T lymphocytes are the major source of IFN-
𝛾 production. Furthermore, CD4 T cells cocultured with
IFN-𝛾-competent CD8 T cells clearly produce more IFN-
𝛾 and less IL-4 than CD4 T cells cultured with IFN-𝛾-
deficient CD8 T cells. This work also suggested that NFAT1
transcription factor-dependent IFN-𝛾 production by CD8 T
cell is important during eosinophil migration to pleura in a
pleurisy model, which suggests an important role for IFN-𝛾
produced by CD8 T cells in the control of allergic diseases.
Together these studies reinforce the role of IFN-𝛾 produced
by CD8 T cells in regulation ofTh immune responses in vivo.

The autocrine IFN-𝛾 signaling is important for Th1
differentiation, and recently it has been suggested that IFN-
𝛾 is an autocrine/paracrine factor to promote näıve T CD8
cell differentiation [22]. Low levels of IFN-𝛾produced byCD8
T cells promote the upregulation of T-bet, granzyme B, and
IFN-𝛾 also promotes a week cytolytic activity. IFN-𝛾 alone
does not support strong differentiation but can synergize
with IFN-𝛼 in driving effector differentiation of these CD8
T cells. A previous paper has also shown that näıve CD8 T
cells receive an IFN-𝛾 signal few hours after L. monocytogenes
infection [23].These studies suggest that the IFN-𝛾 signals for
CD8 T cell differentiation are delivered early in the immune
response.

When näıve T CD4 and CD8 cells are compared for the
IFN-𝛾 production, it is clear that, after TCR activation, CD8
T cells produce more levels of IFN-𝛾 than CD4 T cells [21],
and the requirements for TCR induced IFN-𝛾 production are
different between these primary cells [24]. In fact, Carter and
Murphy [24] have shown that CD4 T cells require STAT4
activation beside TCR signalization to produce IFN-𝛾, while
CD8T cells need only TCR activation. Furthermore, themain
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Figure 1: Schematic view of mouse interferon-𝛾 locus (Ifng). Exons are shown as black boxes. In detail, the relative positions of the CpG sites
located at the Ifng promoter are indicated. The numbers correspond to their distance relative to the transcription start site (+1) of the Ifng.

difference in transcriptional requirements for Ifng expression
betweenCD4 andCD8T cells seems to be the differential role
ofmembers of the T-box family of transcription factors, T-bet
and Eomesodermin (Eomes). T-bet is the master regulator
of Ifng and Th1 commitment of CD4 T cells [25] and
sufficient for induction of Ifng expression in these cells.
On the other hand, IFN-𝛾 production by CD8 lymphocytes
is also dependent of Eomes expression [26]. Additionally,
Eomes and T-bet play important roles during CD8 T cell
differentiation to effector and memory T cells, where T-bet
is associated with effector phenotype whereas expression of
Eomes increases in memory CD8 T cells [27].

There are several studies about IFN-𝛾 production by Th1
cells and the molecular mechanisms that control Ifng expres-
sion in these cells are widely investigated and extensively
reviewed. However, regulation of Ifng expression in CD8 T
cells is not fairly explored and discussed.

3. Epigenetic of Ifng in CD8 T Cells

3.1. Ifng Promoter. An effective cellular immune response is
characterized by robust stimulation of näıve lymphocytes to
undergo differentiation into effector cells, which provides
pathogen clearance while promoting the development of
long-livedmemory cells that can respond to reinfection faster
than näıve cells [28].The CD8 differentiation is accompanied
by large-scale changes in the coordinate expression of genes
associated with effector function, survival, and self-renewal
[29] and recently it has been recognized that epigenetic
modification is an integral part of this process. This section
will focus on the chromatin status of Ifng promoter in CD8 T
cells. However, due to the scarcity of studies exploring CD8
T cells and the higher availability of data investigating CD4 T
cells, some aspects of CD4 regulation will be mentioned for
comparison.

Differential gene expression can be regulated from the
selective action of transcriptional factors and also from epige-
netic mechanisms, such as DNA methylation or posttransla-
tional histone modifications. These epigenetic modifications
could be heritable and occur without affecting the DNA
sequence, which makes the epigenetic information poten-
tially plastic. It is the whole set of epigenetic modifications
at a given locus, including the interaction of ATP-dependent

nucleosomal remodeling complexes with DNA methylation
and histone modifications that play a key role in regulating
gene expression and chromatin organization.

Methylation of cytosine residues within CpG dinu-
cleotides is an efficient epigenetic mechanism for gene
silencing. The methyl group addition at the 5 carbon of the
pyrimidine ring of cytosine is catalyzed by enzymes called
DNA methyltransferases (Dnmts). DNA methylation in the
vicinity of transcriptional start sites results in repression and
gene silencing by direct and indirect mechanisms. The direct
mechanism is done by affecting the binding of transcription
factors that do not recognize methylated CpG sites. Indi-
rect mechanisms include the binding of several proteins to
methylated cytosines. These proteins prevent the binding of
transcription factors to DNA and can recruit several enzymes
that catalyze transcriptionally silent histone modifications
and other factors thatmake the chromatinmore compact and
consequently less accessible to transcription machinery [30].

The importance of CpGmethylation for Ifng expression is
supported by experiments of CD8 T cell cultures stimulated
via TCR in the presence of 5-azacytidine (5-AZA), a drug
that causes DNA demethylation upon proliferation. Upon
AZA treatment, increased levels of this cytokine in culture
supernatants were described [31], as well as an increment
in the number of näıve cells able to produce IFN-𝛾 when
compared to control [32]. Several genomic regions could
be involved in this regulation and a possible role of Ifng
mouse promoter was particularly investigated. The ∼600 pb
region contains 10 CpG sites (Figure 1). Numeration of these
sites varies among different publications, but here we will
denominate it according to the initial transcription site from
the RefSeq sequence identifier NM 008337.

CD8 T cell clonal analysis of Ifng promoter methylation
by bisulfite genomic DNA sequencing andmRNA expression
by quantitative competitive PCR (QCPCR) revealed an over-
all association betweendemethylation of IFN-𝛾promoter and
expression ofmRNA.CpG sites located at−212,−198, and−58
were methylated in most IFN-𝛾-negative mRNA clones and
their demethylation was closely related to IFN-𝛾 expression
[31]. However, there is a clonal heterogeneity, with clone-
and site-specific differences across the promoter. Interestingly
much more variability was observed when clones derived
from naı̈ve CD8+CD44low T cells were assayed [31]. On the
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other hand, most of the CpG sites in Ifng promoter of clones
derived from CD8+CD44high T cells were demethylated
and these clones expressed high levels of IFN-𝛾. In line
with that Winders and colleagues [33] showed by Southern
blot analysis with methylation-sensitive enzymes that IFN-
𝛾 promoter is mostly unmethylated at the −301, −212, and
−58 sites in CD8 T cells from OT-I mice. Similar patterns
were observed in CD4 T cells from 5C.C7 mice, and earlier
stages of T cell development also revealed hypomethylation
at the −212 to −50 CpG sites. But the upstream site −380
was hypermethylated in both double positive and double
negative thymocytes. In accord with the hypothesis that CpG
methylation occurs in IFN-𝛾 nonproducers, B cells presented
a completely methylated pattern. Also, stimulation of CD4
T cells in Th2 polarizing conditions leads to a pronounced
increase of methylation at particular sites [33].

Kersh and colleagues [32] performed by bisulfite sequenc-
ing an ex vivo analysis of naı̈ve and in vivo generated effector
and memory CD8 T cells from P14 TCR-transgenic mice,
which are specific for gp33-41 epitope of LCMV glycoprotein.
Similar to that observed by Winders and colleagues [33],
CD8 näıve cells presented virtually all CpG sites located
between sites −212 and −39 unmethylated. But these cells
have posttranscriptional sites (+12, +91, and +114) mainly
methylated. Although the average numbers of methyl-CpG
sites in näıve and memory cells were the same (2.8 and
2.7, resp.), methylation of IFN-𝛾 promoter in memory cells
is more evenly distributed. Similar to data from Northrop
and colleagues [34], effector CD8 cells had a completely
unmethylated promoter [32].Thediscrete differences inDNA
methylation between naı̈ve and memory CD8 cells may
represent a differential regulation in these cell types, because
after 5 hours of antigenic-stimulation, a demethylation inde-
pendent of DNA replication was observed in memory cells,
but this is not true for näıve P14 cells. Furthermore, treatment
of näıve P14 cells with 5-AZA led to an increase in the number
of cells able to produce IFN-𝛾, and no differencewas observed
whenmemory cells were used suggesting that Ifng is silenced
by DNA methylation in näıve, but not CD8, memory cells
[32].

Not only the number but also the amount of intracellular
IFN-𝛾 produced by naı̈ve P14 cells treated with 5-AZA has
increased, when compared to control [30]. In line with that,
Makar and Wilson [35] reported that when näıve CD8 T
cells deficient in the maintenance Dnmt 1 (Dnmt1−/−) are
stimulated for 3 days they increase Ifng expression 5–10-fold
after restimulation. But it is important to note that even in
Dnmt1 deficient mice the IFN-𝛾 production is higher in CD8
than CD4 lymphocytes, suggesting that maintenance of IFN-
𝛾 expression in specific T cell subsets is not dependent on
CpGmethylation. In opposition,Th2-related cytokines (IL-4,
IL-5, and IL-13) were significantly expressed only when CD8
T cells lacks Dnmt1.

The other study characterizing CpG methylation of IFN-
𝛾 promoter in several cell types investigated the methylation
status of the−212,−198,−178,−58,−50,−39, +12, and+91CpG
sites [36]. All the CpGs were almost completelymethylated in
kidney and heart tissues, and entirely unmethylated in NK

cells. Consistent with other reports [32, 33], CpGs located
at untranscribed regions were hypomethylated and those
at transcribed regions were hypermethylated in CD8 näıve
cells from C57/BL6 mice. Stimulation of these cells resulted
in reduction of methylation in both regions. Although a
different mouse lineage was used to obtain memory CD8
T cells, they presented 0–6% and 30–70% methylation in
untranscribed and transcribed region, respectively [36].

As previously reported [33], earlier stages of T cell
development (DN, DP, CD4, and CD8 thymocytes) have
also hypomethylated CpG sites at IFN-𝛾 promoter. CD4 T
lymphocytes from the same mice presented a similar CpG
methylation pattern of C57/Bl6 CD8 näıve cells, but polar-
ization to Th1 results in a significant level of demethylation
in transcribed region. Like other reports, Th2 underwent
some level of methylation at untranscribed region, with the
position −58 being more methylated than other promoter
sites, while no detectable change was observed when differ-
entiation occurred at neutralizing conditions (Th0) [36].

Taken together, all these data suggest that näıve CD8 T
cells exhibit a lowmethylation profile in untranscribed region
and a hypermethylation in transcribed region, and, following
TCR stimulation, methylation decreases in both regions.

The functional significance of IFN-𝛾 promoter CpG
methylation was assayed by luciferase reporter assays show-
ing that methylation of the whole IFN-𝛾 promoter vector
inhibits its transcriptional activity [33, 36]. Methylation of
the −212, −198, and −178 sites individually did not affect
the activity of Ifng promoter, and little effect was observed
when the −50 and −39 sites were exclusively methylated,
but modification of −58 CpG site significantly reduced the
activity to a level similar to that of the observed for the
completely methylated vector [36]. Interestingly, methylation
of −58 site occurred faster and more completely than the
other sites during Th1 and Th2 polarization, but a more
accentuated outcome was observed inTh2 [33, 36].

The versatile profile of the−58 site could potentially inter-
fere with transcription. The use of oligonucleotide probes
withmethylated−58 CpG, but not−50 and−39, abolished the
formation of 2 complexes verifiedwhen unmethylated probes
were used in EMSA with nuclear extracts ofTh1 cell line AE7.
In supershift assays c-jun and ATF2 were identified in the
upper band and CREB and ATF1/CREB in the lower one,
and this was also observed when Th2 nuclear extracts from
D10 lineage were used [36]. Chromatin immunoprecipitation
(ChIP) assays confirmed the CREB and CREB/ATF1 binding
and identified FosB, JunB, c-Jun, and ATF2 interacting with
IFN-𝛾 promoter in Th1 cell lineage in vivo. Concerning the
Th2 cell lineage, c-Jun, ATF2, and CREB binding was not
identified.

The mentioned functional and binding assays were per-
formed in Th cells, and although they are related to CD8
lymphocytes, several data suggest that Ifng regulation may
have particular characteristics in each T cell subset, like
data obtained from transgenic mice model which express the
luciferase gene under the control of proximal (−70 to −44)
and distal (−98 to −78) regulatory elements from the IFN-𝛾
promoter [37]. In vitro primed CD4 T cells express reporters
under control of both elements, while CD8 cells do so only
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under the distal element. In addition, elevated cyclic AMP
inhibited transcriptional activity directed by the proximal
regulatory element in primed CD4+ T cells but enhanced
transcriptional activity directed by the distal in primedCD8+
T cells.

This differential gene expression depends on the selective
action of transcriptional factors, but also from epigenetic
modifications that could change the chromatin accessibility
to transcriptional machinery. For example, histones can be
posttranslationally modified at several amino acids residues.
Depending on both covalent modification type and the
modified residue, these modifications could result in gene
activation or silencing. Acetylation of lysines of histones H3
or H4 (AcH3 and AcH4, resp.) and methylation of lysine 4 of
histone H3 are histone modifications associated with poised
or transcriptionally active genes [38]. On the other hand,
trimethylation of lysines 9 or 27 of histone H3 is typically
found in silenced genes [38]. In fact, reduced repressive
H3K27me3 and H3K27me2 throughout Ifng after primary
infection and persistence inmemoryCD8T lymphocytes was
reported [39], as well as a detection ofminorH3K4me3 peaks
near Ifng TSS in effector and memory T CD8 cells.

In addition to the loss of DNA methylation at IFN-𝛾
promoter in the differentiation of näıve P14 CD8 T cells
to effector, Northrop and colleagues [34] reported a more
pronounced demethylation of the IFN-𝛾 enhancer at the
first intron. Investigation of AcH3 by ChIP and detection
by real-time PCR revealed a significant increase in IFN-𝛾
promoter after stimulation [40], and similar increase was
observed in the comparison of näıve CD8T cells with effector
and memory CD8 T cells in promoter and enhancer [34].
Nevertheless, when CD8 memory and effector cells were
generated in CD4 deficient mice (B6 CD4−/−), they produced
“considerably” less IFN-𝛾 per cell and the shift in histone
acetylation is no longer seen, suggesting that demethylation
of CpG sites within IFN-𝛾 promoter and enhancer in CD8
effector and memory cells occurred independently of CD4
T help, while histone acetylation at these same regions was
highly dependent upon the presence of CD4 help. This effect
is cytokine specific, because hypoacetylation of IL-2 does not
change in differentiated CD8 cells [34].

3.2. Regulatory CNS in Ifng Expression. Although the above
data suggest that epigenetic regulation of the Ifng promoter
may interfere in its expression, transgenes containing the 8.6-
kb fragment of human genomic DNA containing the full
length IFN-𝛾 gene (promoter, introns, and up to 3.4 kb of
5 flanking sequence) do not confer proper T cell subset-
specific expression in vivo [41–43]. This result suggests
the requirement of distal regulatory elements for suitable
expression pattern. Indeed, a transgenicmodel containing the
human IFNG gene and 90–95 kb of flanking sequence results
in high-level, Th1-specific IFN-𝛾 production [43]. Therefore,
the search for conserved noncoding sequences (CNS) among
different species has been proved as a good method for
identification of relevant cis-regulatory elements for IFN-𝛾
gene.

In silico searches for CNSs across human, mouse, and rat
genomes allowed the identification of 2 sequences located at

−5.27 kb [44, 45] and −17.36 kb of murine Ifng translational
start site [44]. The first one is referred to as CNS-1 or IFN-
𝛾 5 CNS and the second, CNS-2. Both of them exhib-
ited enhancer like function in luciferase reporter assays in
response to ionomycin in T cell lineages and correspond to
a DNAse I hypersensitive site inTh1 cells but not inTh2 cells
[44, 45]. Similar pattern of AcH3 (and more slightly AcH4)
and H3K4me2 is observed in CD8 and Th1 cells, which are
good sources of IFN-𝛾 [40, 44]. Interestingly, despite the fact
that in vitro primed effector CD8 T cells have more levels
of AcH3 at Intron 3 compared to CNS-1, TCR Tg effector
CD8 T cells primed in vivo displayed greater AcH3 at CNS-
1 compared to Intron 3 [40]. Increased levels of mentioned
modifications were detected at promoter, Intron 3, and CNS-
2 regions while Th2 has more discrete peaks. Interestingly,
H3Ac ChIP analysis of Th1, Th2, and CD8 cells from mice
deficient in T-bet revealed that this transcription factor is
required for induction of histone modifications in Th1, but
not T CD8 cells [44]. Despite some similarities between CD4
and CD8 T lymphocytes, CD8 cells seem to have particular
regulation of IFN 𝛾 production. Therefore, more research
is needed to characterize possible pathways engaged in this
control.

Hatton and colleagues [46] identified a CNS located at
−22 kb from Ifng that when deleted blocks Ifng reporter
expression in Th1 and CD8 T cells. Transgenic mouse model
also suggests that this element is required for IFN-𝛾 expres-
sion in CD4 and CD8 T cells.

In 2007, Schoenborn and colleagues [47] also performed
a comparative genomic analysis that revealed eight highly
conserved noncoding sequences (CNSs) in a ∼100 kb region
surrounding Ifng. Previously identified CNS-1 (also called
CNS-6), −22, −34, −54, and +18/20 (also called CNS-2) were
among them, but they further identify the CNS+29, +46,
and +55. Although the aim of the study was to characterize
regulatory elements that govern Ifng expression in CD4 T
cells, functional elements identified were also investigated
in primary CD8 T cells: CNS-6 enhanced expression in
stimulated CD8 cells as well as in Th0 or Th1 cells, but the
authors report that CNS-34 did so only in CD8. On the other
hand, CNS–22 enhanced expression in response to IL-12 plus
IL-18 inTh0 andTh1 cells, but this effect was not consistently
evident in CD8+ T cells.

These results suggest that some sequences like CNS-22
may be necessary for Ifng expression in both CD4 and CD8 T
cells, while others, as CNS-34, may have regulatory role only
in CD8 T lymphocytes. Moreover, more studies are needed to
explore CNSs functions and epigenetic marks in CD8 T cells.

4. Concluding Remarks and Perspectives

There are relatively concordant data concerning CpGmethy-
lation of Ifng promoter, but fewer studies investigated the
status of other relevant sequences for IFN-𝛾 expression
in CD8 lymphocytes. There is also a relative lack of data
concerning other epigenetic marks, as histone modifications,
and the interplay between factors that may determine or
influence this status in CD8 T cells. It would be of particular
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interest to investigate if epigenetic events can influence
heterogeneous features of CD8 T cell populations, like the
capacity of polyfunctional cells to express several cytokines,
and if specific microenvironments could modulate the Ifng
expression through epigeneticmarks, as in IELs.These obser-
vations reinforce that more studies are needed to understand
the transcriptional regulation of Ifng in CD8 T cell lineage.
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Mast cells (MCs) are versatile effector and regulatory cells in various physiologic, immunologic, and pathologic processes. In
addition to the well-characterized IgE/Fc𝜀RI-mediated degranulation, a variety of biological substances can induce MCs activation
and release of their granule content. Sex steroids, mainly estradiol and progesterone, have been demonstrated to elicit MCs
activation. Most published studies have been conducted on MCs lines or freshly isolated peritoneal and bone marrow-derived MC
without addressing gender impact onMC response. Our goal was to investigate if the effect of estradiol, progesterone, testosterone,
and dihydrotestosterone (DHT) onMCsmay differ depending on whether female or male rats are used as MCs donors. Our results
demonstrated that effect of sex steroids on MCs histamine release is dose- and gender-dependent and can be direct, synergistic,
or inhibitory depending on whether hormones are used alone or to pretreat MCs followed by substance P-stimulation or upon
IgE-mediated stimulation. In contrast, sex steroids did not have effect on theMC expression of the IgE high affinity receptor, Fc𝜀RI,
no matter female or male rats were used. In conclusion, MCs degranulation is modulated by sex hormones in a gender-selective
fashion, with MC from females being more susceptible than MC from males to the effects of sex steroids.

1. Introduction

Sex-based differences in infection and immunity suggest that
sex steroids underlie these disparities [1]. Thus, in addition
to the immune factors that regulate the complex immunoen-
docrine network, gender might have a significant function in
shaping the immune response [2]. A reciprocal relationship
between sex steroids and the immune system has been
hypothesized for several years, and there is evidence that sex
hormones influence the distribution and function of innate
and adaptive immune cells [3]. In addition, gender and sex
steroids govern the development and prevalence of many
human diseases [4–6]. Thus, understanding the basis of
differences in the immune response between genders is

paramount for developing new approaches to prevent, diag-
nose, and treat infectious and autoimmune diseases.

Mast cells (MCs) are tissue-resident immune sentinel
cells that are found inmost vascularized tissues in close prox-
imity to blood vessels, nerves, smooth muscle, and epithelial
cells [7]. They are particularly abundant in sites that are
exposed directly to the environment, such as the skin, air-
ways, and the genitourinary and gastrointestinal tracts [7].

MCs immunological functions include the well-known
IgE-mediated allergic responses, innate immune response
against pathogenic infection, autoimmunity, wound healing,
cardiovascular diseases, and cancer protection or promotion,
among others.MCs can exert beneficial as well as detrimental
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effects through the release of potent inflammatory media-
tors, such as histamine, proteases, chemotactic factors, and
cytokines [8].MCs can be activated by a variety of stimulating
factors, including IgE-specific antigens, complement compo-
nents, neuropeptides such as somatostatin and substance P,
cytokines, microbial products, and physical stimuli [9].

A number of in vivo and in vitro studies suggest that
sexual hormones regulateMCs functionality and distribution
in several tissues [10–14]. Strong data in the last years rein-
forced the idea that sex hormones have crucial effects onMCs
behavior, not only in physiological conditions, but also in sev-
eral pathological situations [15–18]. In this regard, a relation-
ship between female hormones, MC-derived mediators and
development of asthma and other allergic and inflammatory
diseases has been suggested [4, 16, 19]. Furthermore, the pres-
ence of sex steroid receptors on MC indicates that sex hor-
mones may exert their biological effects by binding to these
receptors [20–23]. Interestingly, the expression of receptors,
at least those for androgens, is different in MCs isolated
frommale or female subjects. Particularly, MCs isolated from
human foreskin samples (male) have clearly higher levels
than those frombreast skin (female) and androgensmodulate
MCs effectors functions in a subset-specific fashion, being
MCs from women more susceptible to testosterone effects
[24], confirming that gender differences indeed are important
when evaluating sex hormones effects.

The effect of sex hormones on MCs may be different
depending onwhetherMCs are frommale or female subjects.
However, most of the studies analyzing the effect of sex hor-
mones have been performed usingMCs lines, freshly isolated
peritoneal MCs from male rats or primary cultures of bone
marrow-derived MCs, without addressing the influence of
gender on MC response.

On the basis of these considerations, our goal was to
investigate the effect of sex steroids, 17𝛽-estradiol, progest-
erone, testosterone, and dihydrotestosterone, onMCs effector
functions such as IgE-dependent and independent histamine
secretion andMCs Fc𝜀RI expression, and correlate this effect
to the gender origin of MCs donors (female or male) in rats.

2. Materials and Methods

2.1. Ethics Statement. Animal care and experimentation prac-
tices at the Instituto Mexicano del Seguro Social are con-
stantly evaluated by the Institute Animal Care and Use Com-
mittee, adhering to the official Mexican regulations (NOM-
062-ZOO-1999).Mexican regulations are in strict accordance
with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institute of Health
(NIH) of the USA, to ensure compliance with established
international regulations and guidelines. Efforts were made
to minimize the animals suffering.

2.2. Animals. Adult male and female rats of the Sprague-
Dawley strain aged 8 weeks were used in this study. All
animals were appropriately housed in plastic boxes, in a light-
and temperature-controlled room (12 h light : 12 h darkness;
22 ± 2∘C) with sterilized food and water available ad libitum.

All female animals from each experiment (3) were caged
together to allow estrous cycle synchronization.

2.3. Isolation of Rat PeritonealMast Cell. Peritonealmast cells
(PMCs) were isolated as previously described [25]. Briefly,
male and female Sprague-Dawley rats were euthanized using
sodiumpentobarbital anesthesia followed by cervical disloca-
tion. Peritoneal cells were obtained by lavage of the peritoneal
cavity using Hepes-buffered Tyrode’s solution. PMCs were
purified on a discontinuous percoll gradient. PMCs purity
was >98% as determined by staining with toluidine blue. Cell
viability was >99%. All protocols used for PMCs isolation
from animals were approved by the Instituto Mexicano del
Seguro Social.

2.4. Histamine Release Assay. For direct effect of sex hor-
mones, PMCs suspensions (2.5 × 104 cells) were incubated
for 30min at 37∘C, with 17𝛽-estradiol (E

2
), progesterone (P

4
),

testosterone (T
4
), and dihydrotestosterone (DHT), at concen-

trations similar to the physiological values observed during
rat estrous cycle, ranging from 10 picomolar (pM) to 10
nanomolar (nM), depending on the hormone. Pharmacolog-
ical concentrations starting at 100 nM and over the same con-
centration were also tested. Supernatants and cell pellets were
separated by centrifugation at 3000 g for 5min at 4∘C. Cell
pellets were lysed and histamine content in supernatants and
pellets was measured by a fluorometric method using o-
phthalaldehyde. This assay is based on a phthalic condensa-
tion of histamine to yield a fluorescent product [26].The fluo-
rescent intensity wasmeasured using amicroplate fluorescent
reader (Fluoroskan Ascent, Labsystems). Histamine release
was expressed as percentage of the total cellular histamine
content.

For IgE-dependent histamine release, PMCs (2.5 × 104)
were pretreated with each hormone for 90min at 37∘C and
sensitized at the same time with antidinitrophenyl (DNP) IgE
(10 𝜇g/mL). After washing away unbound IgE, PMCs were
stimulated with DNP-HSA (100 ng/mL) for 30min in the
presence of the hormone. To test nonimmunological activa-
tion, PMCs were preincubated with sex hormones at 37∘C
for 90min and then challenged with substance P (10𝜇M) for
30min in the presence of the hormone.

Histamine release expressed as percentage of the total
cellular histamine content was calculated by the formula:

%histamine release

= (
histamine in supernatant

histamine in supernatant and pellet
) × 100.

(1)

2.5. Analysis of MCs Surface Fc𝜀RI Expression by Flow Cytom-
etry. PMCs suspensions (5 × 104 cells) were incubated with
physiological and pharmacological doses of E

2
, P
4
, T
4
, and

DHT for 16 h at 37∘C. After washing, cells were incu-
batedwith Fc blocking reagent (CD16/CD32-Fc-gamma III/II
Receptor) and incubated at 4∘Cwithmousemonoclonal anti-
Fc𝜀RI antibody (Abcam) in FACS buffer (PBS supplemented
with 2% FBS and 0.02% sodium azide). Primary antibody
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was detected with FITC-coupled secondary antibody (Biole-
gend). For analysis of Fc𝜀RI expression in the presence of
IgE, PMCs were incubated for 16 h at 37∘C with rat myeloma
IgE (Invitrogen) at 5 𝜇g/mL, in addition to each steroid or
culturemedia alone. After washing, cells were incubated with
FITC-mouse anti-rat IgE antibody (Thermo Scientific). Cells
were finally washed with FACS buffer and analyzed by flow
cytometry using a FACSAria (BD Biosciences) and data were
analyzed with the FlowJo software. Relative Fc𝜀RI expression
was calculated as follows:media fluorescence intensity (MFI).
MFI =MFI hormone-stimulation/MFI unstimulated control.
Mean values ± SEM are shown.

2.6. Statistical Analysis. Theexperimental designwas a three-
factorial experiment. Independent variables were (1) sex
(male or female); (2) steroid used (E

2
, P
4
, T
4
, or DHT); or

(3) stimulus (IgE-dependent or substance P). The dependent
variables were histamine release and Fc𝜀RI expression on
MCs. Statistical analysis of 2-way ANOVA and Bonferroni’s
test were performed with the software GraphPad Prism (ver-
sion 5.0b for MacOSX, GraphPad Software, San Diego,
California, USA (http://www.graphpad.com/)).

3. Results

3.1. Gender Differences in Sex Steroids Effect on Mast Cell
Histamine Release. E

2
, P
4
, T
4
, and DHT at physiological

concentrations caused histamine release (12 to 13.6%) in
PMCs from female rats, significantly different (𝑃 ≤ 0.05)
from the basal release (5 to 6%). In contrast, histamine release
from PMCs from male rats was not significantly affected by
any of the concentrations of the four hormones and remained
similar to the basal release (Figure 1). There was a significant
difference on sex steroids-induced histamine release between
PMCs frommale and female rats (𝑃 < 0.01). Furthermore, all
the sex steroids tested caused the histamine release on PMC
from female rats in a dose-dependent manner.

Significant histamine secretion, compared with the basal
release of their own control group (𝑃 < 0.05), was observed
when PMCs from female rats were treated with estradiol
at concentrations of 10 and 100 pM, progesterone at 10 and
100 nM, and testosterone at 100 pM and 10 nM and in the case
of DHT at concentrations ranging from 10 pM to 100 nM.
Interestingly, pharmacological concentrations of the hor-
mones, starting at 100 nM and over, did not have any sig-
nificant effect on MCs histamine release, no matter whether
testing was performed on PMC from male or female rats
(Figure 1).

3.2. Gender Differences in Sex Steroids Effect on the Release
of Histamine Induced by Substance P. The neuropeptide sub-
stance Pwas used to analyze the effect of sex hormones onhis-
tamine released induced by a classic MC secretagogue. Pre-
treatment of PMCs from female rats with E

2
, P
4
, T
4
, andDHT

at physiological concentrations caused the inhibition of his-
tamine release induced by substance P. This inhibitory effect
was not observed in PMC frommale rats (Figure 2). In PMCs
from female rats, pretreatment with E

2
starting at 10 pM

up to 10 nM significantly inhibited the substance P-induced
histamine release from 27 ± 3.2% (mean release induced
by substance P alone) to 12.25 ± 1.3% (release induced by
substance P after preincubation with the hormone at the
indicated concentrations). P

4
at all the concentrations used

(from 10 pM to 100 nM) significantly inhibited the histamine
release induced by substance P from 28.13 ± 2.3% to values
ranging from 11.3 to 13.9%. A slightly inhibitory effect was
observed when PMCs from male rats were pretreated with
100 nMP

4
; however, it was not significantly different from the

same cells treated with substance P alone (Figure 2). Pretreat-
ment with T

4
and DTH also induced significant inhibition

of histamine secretion, on PMCs from female rats, at all the
concentrations used; in those cases, levels of histamine release
induced by substance P were reduced about 10%. Interest-
ingly, while pretreatment of PMCs frommale rats with estra-
diol, progesterone, and testosterone did not affect the his-
tamine release stimulated by substance P, pretreatment of the
same cells with DHT potentiated the histamine release in a
dose- and gender-dependent manner. Indeed, DHT pretreat-
ment increased histamine secretion in the male rat PMCs
significantly from 33.34 ± 3.4% to 41.55 ± 2.7 (10 pM DHT)
and 46.8 ± 3.1 (100 nM DHT).

3.3. Differential Effect of Sex Steroids on IgE-Mediated His-
tamine Release in Peritoneal Mast Cells fromMale and Female
Rats. Incubation of IgE anti-DNP-sensitized PMCs with E

2
,

P
4
, T
4
, andDHTat different physiological concentrations had

different effect on the IgE-DNP mediated histamine release
depending on the gender, type, and concentration of the
hormone (Figure 3). Pretreatment of PMCs, obtained from
female rats, with estradiol at 100 pM and 10 nM significantly
increased IgE-DNPmediated histamine secretion. Neverthe-
less, estradiol pretreatment did not have any effect on the
histamine secretion induced by IgE in PMCs from male rats.

In contrast, progesterone (100 pM to 100 nM) had a
significant inhibitory effect on histamine secretion induced
by IgE-DNP in PMCs from both male and female rats
(Figure 3); however, the concentration of progesterone
required (100 nM) to inhibit histamine release in PMC from
male rats was about 1000 times higher than that needed to
obtain the same effect in PMCs from female rats (100 pM).

Gender differential effects of testosterone and DHT on
IgE-DNP-induced histamine in PMCs were also observed.
While testosterone at concentrations of 10 nM and 100 nM
was effective in reducing histamine release induced by IgE-
DNP and DHT exert the same effect at concentrations of
100 pM, 10 nM, and 100 nM on PMCs from female rats, these
hormones had no effect on IgE-DNP-induced histamine
release in PMCs from male rats (Figure 3).

3.4. Effect of E2, P4, T4, andDHT on PMCs Basal Fc𝜀RI Expres-
sion. In addition to the effects of sex steroids on MCs his-
tamine secretion, their effect on MCs surface expression lev-
els of Fc𝜀RI was evaluated. The fluorescence intensity related
to Fc𝜀RI expression observed in E

2
, P
4
, T
4
, or DHT-treated

PMCs was the same with respect to untreated control PMCs,
indicating no change on the surface expression (Figure 4).
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Figure 1: Gender and sex steroid concentration effect on histamine release in mast cells. Rat PMCs were treated with physiological (10 pM
to 10 nM) and pharmacological concentrations (100 nM to 100 𝜇M) of estradiol, progesterone, testosterone, and DHT for 30min at 37∘C.
Values are means ± SEM of three independent experiments in triplicate. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 female versusmale at each
hormone concentration. Comparisons between genders were performed by one-way analysis of variance (ANOVA), followed by Bonferroni’s
multiple comparison test (GraphPad Prism). Basal histamine release was determined in nontreated PMC (no hormone treatment). Hormone
concentration and gender had significant effect and the interaction is statistically significant (𝑃 < 0.001).

The control with only secondary antibody to look for non-
specific staining was not positive.

3.5. Effect of E2, P4, T4, and DHT on PMCs Fc𝜀RI Expression
Stimulated by IgE. Finally, because MCs response to IgE-
mediated stimulation can be influenced by regulation of
Fc𝜀RI expression, the effect of each sex steroid on the upreg-
ulation of Fc𝜀RI expression induced by IgE was examined. As
shown in Figure 5, there were no differences in the expression
of Fc𝜀RI in MCs among males and females rats. Neither
difference among treatments (E

2
, P
4
, T
4
, and DHT) was

observed (Figure 5). Again, the control with only secondary
antibody to look for nonspecific staining was not positive.

Expression levels of Fc𝜀RI were modestly but evidently
increased by incubation with IgE alone (data not shown).

The results of these experiments showed that in contrast
to the ability to influence MC histamine release, sex hor-
mones had no impact onMC surface expression of Fc𝜀RI, no
matter whether female or male rats were used.

4. Discussion

Sex hormones regulate immunity and a well-documented
dichotomy exists in the immune response between the sexes
[2, 5, 6, 19]. Both clinical and animal models have demon-
strated that the sex hormones, estradiol, progesterone, and
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Figure 2: Effect of gender and sex steroid concentration on histamine release induced by substance P inmast cells. Rat PMCs were pretreated
with E

2
, P
4
, T
4
, and DHT at 10 pM to 10 nM for 90min at 37∘C, followed by 30min incubation with 10𝜇M of substance P. Values are means

± SEM of three independent experiments in triplicate. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 with and without hormone. Comparisons
between genders were performed by one-way analysis of variance (ANOVA), followed by Bonferroni’s multiple comparison test (GraphPad
Prism). Hormone concentration and gender had significant effect and the interaction is statistically significant (𝑃 < 0.001).

testosterone, can mediate many of the sex-based differences
in immune responses, in the susceptibility to infectious
diseases and in the prevalence of autoimmune diseases [5, 6].

It is well known that sex steroids regulate the immune
response by affecting immune system cells numbers, location,
and function. A sex-associated difference in the number of
MCs has been already described in a variety of tissues from
rodents [10, 27]. Also, gender differences inMC reactivity and
histamine content have been reported [28], indicating that
sex steroids influence MC development and functionality;
however, the exact mechanisms remain to be elucidated. The
role of female hormones, estradiol and progesterone, on MC

behavior have been themost intensely studied, while very few
recent studies have addressed the role of androgens [24, 29];
besides, majority of these studies have been done using MCs
lines or freshly isolated rat PMCs or mouse bone marrow-
derived MC obtained from either female or male animals,
without taking into account the influence of gender in theMC
response.

In this study, PMCs isolated from both male and female
rats were used to test whether sex hormones can influence,
either directly or indirectly, the MC histamine secretion and
MC phenotypic characteristics such as Fc𝜀RI expression, in a
gender and concentration dependent fashion.The evaluation
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Figure 3: Differential effect of sex steroids on histamine release by PMCs from male and female rats, immunologically stimulated by
the system IgE-DNP. PMCs were pretreated with each hormone at the indicated concentrations and sensitized at the same time with
antidinitrophenyl (DNP) IgE (10 𝜇g/mL). PMCs were then stimulated with DNP-HSA (100 ng/mL) for 30min in the presence of the
corresponding hormone.The release of histamine was measured. ∗𝑃 < 0.05 IgE anti-DNP + DNP-HAS plus hormone versus IgE anti-DNP +
DNP-HSA alone.

of the intrinsic capacity of sex steroids to induce inMCs, from
female and male rats, the release of the preformed mediator
histamine, was done at 30 minutes, because it is rapidly
released uponMC activation. As transcription is not required
for immediately histamine release, the effect of steroids relays
only on nongenomic mechanisms and the expression of
membrane cell activation receptors might be a key step in
the signaling pathways leading to MCs degranulation after
stimulationwith sex steroids.We found that estradiol, proges-
terone, testosterone, and DHT at physiologic concentrations
induce significant histamine release in MC from female rats
but not in PMC from male rats. Interestingly, pharmacolog-
ical concentrations of the sex steroids had no effect on MC

secretion, in MC from neither male rats nor female rats. The
latter observation is consistent with early results in which
pharmacological doses of estradiol (1–100𝜇M) have no direct
effect on histamine release in PMC frommale rats [11]. Other
authors have shown that estradiol at concentrations between
1 nM to 10 𝜇M stimulated histamine release in PMCs from
male rats; however, the level of release was not significantly
above the basal release (5–10%) [30].

One possible explanation to the gender-specific effects of
sex steroids in PMCs is that MCs isolated from female rats
express more receptors for female hormones than those MCs
from male rats, which make them more responsive to stim-
ulation by estradiol and progesterone. In addition, structural
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Figure 4: Fc𝜀RI expression on PMCs in response to E
2
, P
4
, T
4
, and DHT treatment. Fc𝜀RI relative expression in response to different

concentrations of (a) E
2
, (b) P

4
, (c) T

4
, and (d) DHT. Relative expression was calculated as MFI (hormone-stimulated)/MFI (unstimulated

control).𝑁 = 5 for males and𝑁 = 3 for females.

variants of both estradiol and progesterone receptor exist, and
the same steroid can produce opposite effects depending on
the binding to one or another variant of its receptor [31, 32].
Sexual dimorphism in sex steroids receptors variants byMCs
could result in varied effects by female hormones; however,
comparisons in MCs receptor profiles between genders are
lacking. Also, the precise role of sex steroid receptors variants
in the steroid effects on MCs requires to be studied.

Regarding the gender-related effects of androgens the
explanation could be different. Based on the results of a previ-
ous work showing that although human foreskin-derivedMC
(male) express higher levels of androgen receptor (AR) than
breast skin-derived MC (female) the latter are more suscep-
tible to testosterone [24]; the possibility exists that androgens
are able to interact with nonsteroid receptors differentially
expressed on the membrane of male and female rat MCs,

which could possibly contribute to the male-female dissim-
ilarity in MCs response to androgens.

Another possible mechanism to explain MC sexually
dimorphic response to steroids is that sex steroids are activat-
ing MC intracellular signaling pathways in a sex-dependent
fashion. This hypothesis is supported by previous work
reporting that nongenomic actions of estradiol show sex dif-
ferences in the activation of intracellular mechanisms in the
mouse brain [33].Moreover, sex-related differences inMAPK
signaling pathway activation by estradiol were reported in
male and female rat astrocytes [34]. Further studies are
needed to explore these possibilities in order to demonstrate
sex-specific mechanisms of response to sex steroids in MCs.

In contrast to the stimulating direct effects of sex hor-
mones in female MC, when sex hormones were used as
pretreatment ofMCbefore stimulationwith the neuropeptide
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Figure 5: Fc𝜀RI expression induced by IgE stimulation in the presence of E
2
, P
4
, T
4
, and DHT. Fc𝜀RI relative expression induced by IgE

stimulation in the presence of different concentrations of (a) E
2
, (b) P

4
, (c) T

4
, and (d) DHT. Relative expression was calculated as MFI

(hormone-stimulated)/MFI (unstimulated control).𝑁 = 3 for males and𝑁 = 7 for females.

substance P, all the hormones had a significantly inhibitory
effect on histamine release in MC from female rats, being
the effect of androgens highly inhibitory at all the concentra-
tions tested. On the other hand, pretreatment of MCs from
male rats with estradiol, progesterone, and testosterone did
not have effect on substance P-induced histamine release.
But, pretreatment of the same cells with DHT (10 pM and
100 nM) significantly increased substance P-induced his-
tamine release, in contrast to the lack of effect observed when
DHT was used alone. Since MCs were pretreated with sex
steroids for 90min before and during SP challenge for 30min,
the sex steroids could be affecting the SP-induced histamine
release by a posttranscriptional pathway (may be affecting SP
receptor expression and function) as well as by interfering
with SP signaling pathways.

It was important to test the effect of sex hormones onMC
degranulation induced by substance P, because, in addition to

be present in cells belonging to the nervous system, substance
P is also present in many other cells, such as immune cells,
that are in close communication with MCs; furthermore, it is
ubiquitous in human body andMCs and substance P together
regulate many physiological and pathological processes [9].
Our data indicate that MCs from females in the presence of
sex hormones do not respond any more to the regulation
exerted by substance P. Better understanding of these two
processes and how sex hormones exert both stimulatory and
suppressive actions on MCs could lead to the development
of inhibitors of the release of specific mediators with novel
therapeutic applications.

Besides, sex hormones have also differential effects on
IgE-mediated histamine release in PMCs from male and
female rats. Treatment with estradiol of PMCs passively sen-
sitized with IgE anti-DNP and challenged with DNP antigen
significantly enhanced the IgE-mediated histamine release
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only in PMCs from female rats (at hormone concentration
of 100 pM and 10 nM). Similar additive effects were observed
when IgE-DNP-sensitized RBL-2H3 cells were treated with
estradiol at same doses [23]. In contrast, it was reported that
estradiol has no effect on IgE-mediatedMC secretion, regard-
less of whether MCs from female or male rats were used;
however, these results were derived using high concentrations
(pharmacological) of estradiol [11].

For progesterone, an inhibitory effect was shown on
histamine release from IgE-DNP-sensitized MCs from both
male (at hormone concentration of 100 nM) and female rats
(at 100 pM, 10 and 100 nM). This is consistent with previous
studies reporting that progesterone (100 nM) inhibits his-
tamine secretion from PMCs purified from male rats stim-
ulated immunologically [14].

The differential effects of female hormones estradiol and
progesterone on MC secretion have also been previously
shown in ovariectomized-allergic rats, where estradiol but
not progesterone significantly increased MC degranulation
[16].

Regarding the effect of androgens on IgE-dependent
MCs degranulation, both testosterone and DHT significantly
inhibited histamine release induced by IgE-DNP on PMCs
from female but not from male rats. So far, only two studies
have recently analyzed the effects of androgens on MCs
degranulation and some other MCs properties [24, 29]. The
first one showed that treatment of the MC line HMC-1 with
testosterone alone (100 nM), or in combination with different
neuromuscular blocking agents, did not affect MCs degranu-
lation. While the second one showed that treatment of MCs,
derived from male foreskin or from female breast skin, with
DHT at pharmacological concentration (400 nM) had no
impact on IgE-mediated MCs degranulation as well as on
other important properties of the MC such as the expression
of Fc𝜀RI, c-Kit, or MC tryptase, in either MCs subset. Inter-
estingly, DHT reduced slightly the level of the MC protease
chymase and also inhibited significantly IL-6 production only
in MC from female, whereas male MCs were resistant, even
though the latter express higher androgen receptor levels
[24].

Finally, we showed that estradiol, progesterone, and
testosterone at physiological concentrations had no effect on
Fc𝜀RI expression on the surface of PMC, from either male or
female rats in both the presence and absence of IgE (a known
upregulator of the Fc𝜀RI expression). This data is in agree-
ment with previously reported results showing that the sex
hormones, estradiol, progesterone, and testosterone, did not
affect Fc𝜀RI expression on bone marrow-derived MC in
either the presence or absence of IgE, whereas the gluco-
corticoids, dexamethasone, methylprednisolone, and hydro-
cortisone, were able to suppress the baseline levels of Fc𝜀RI
expression as well as the upregulation of Fc𝜀RI induced by
the presence of IgE [35].

It is worth noticing that our results indicated that gender
and hormone concentration are important factors accounting
for the direct effects on MCs histamine secretion. It is also
clear that sex steroids affect function of MCs, by a yet
unknown mechanism. Thus, starting to unravel the mecha-
nism by which sex hormones regulate MCs responses would

help to understand many MC-related pathophysiological
alterations such as asthma and other allergic and inflamma-
tory diseases that have a different prevalence in females than
in males [4, 5].

5. Conclusion

Data obtained in the present study supports the evidence that
effects of sex hormones, estradiol, progesterone, testosterone,
and DHT, on MCs histamine release are dose- and gender-
dependent. Furthermore, sex hormones can differentially
modulate MCs degranulation, depending on whether they
are used alone, as pretreatment followed by stimulation with
the neuropeptide substance P or in conjunction with an
immunologic stimuluswhenMCs are IgE-sensitized. In addi-
tion, MCs from female rats are more susceptible, in com-
parison to those cells from male rats, to the effects of sex
hormones.

Sex hormones are among the many factors that con-
tribute to disparate different immune responses in males
and females. Indeed a strong reciprocal relationship exists
between hormones and the immune response; therefore,
demonstration that responses of MCs from female subjects
differ from male subjects is crucial to address sex-based
differences in a broad spectrum of physiologic, immunologic,
and pathologic processes.
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Objective. Prolactin plays an important role on the disease flare of postpartum SLE patients. 76 pregnant SLE patients were enrolled
in this study to evaluate the efficacy of bromocriptine (an inhibitor of prolactin secretion) on preventing the postpartum disease
relapse.Methods. Patients were randomly divided into the treatment group (bromocriptine, 2.5mg oral, twice a day for 14 days after
delivery) and the control group. All the patients were followed up for 12 months. Clinical features were recorded every 4 weeks.
Serum prolactin and estradiol levels were measured at the second week and the second month after delivery. The endpoint of the
study was disease relapse and defined when SLEDAI score increased by ≥3 points from the antenatal baseline. Results. (1) Serum
levels of prolactin and estradiol decreased significantly in bromocriptine treatment group at the second week (𝑃 < 0.001) and
second month (𝑃 < 0.05) after delivery compared to control group. (2) The relapse rate of the treatment group was lower than the
control group (𝜒2 = 4.68, 𝑃 = 0.0305). Conclusions. Two weeks of oral bromocriptine treatment in postpartum SLE patients may
relieve the disease from hyperprolactinemia and hyperestrogenemia and may be beneficial in preventing the patients from disease
relapse.

1. Introduction

Many lupus patients experience disease flare in late trimester
of pregnancy or puerperium [1]. Recently, a retrospective
study of pregnancies in Chinese women with systemic lupus
erythematosus (SLE) demonstrated that 26 of 68 pregnancies
(38%) who were stable at conception encountered disease
flare during pregnancy or postpartum [2]. Therefore, disease
flare is a major concern of rheumatologists when facing
pregnancy and puerperium SLE patients. High serum levels
of sex hormones, especially prolactin and estradiol, have been
considered to be associated with the lupus disease activity
[3, 4]. Serum levels of prolactin and estradiol are usually
increased significantly during pregnancy, puerperium, or
postpartum lactation period compared to normal women
[5], which indicated that high serum levels of prolactin and
estradiol might contribute to lupus flares [4, 6].

Prolactin is a polypeptide hormone secreted by the
anterior pituitary gland. It not only regulates the growth and

differentiation of the mammary gland and ovary, but also
initiates and maintains lactation. Prolactin is considered as
well as a cytokine because it is secreted by immune cell
and its receptor belongs to the cytokine receptors type 1
family [7]. PRL could enhance the production of autoanti-
bodies by influencing B-cell maturation in the early stage
and promoting the survival of self-reactive B cell clones
[8]. Bromocriptine, an inhibitor of PRL secretion, is an
ergot derivative that binds to dopamine (D2) receptors on
normal or adenomatous lactotroph cells. Previous studies
demonstrated that bromocriptine could improve the SLEDAI
scores in SLE patients withmild tomoderate disease activities
[9]. The same results were also found in mice [10, 11]. But
for postpartum SLE patients, there were few researches on
the relationship between prolactin and lupus activity. Our
previous work indicated that breast-feeding after delivery
had the potential of increasing the incidence of postpartum
relapses in disease, and bromocriptinemay eliminate this risk
[12], but the sample size is small. So in the current study
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Figure 1: Study design. SLEDAI: systemic lupus erythematosus
disease activity index.

we designed a randomized controlled trial in order to get
more information about the efficacy of oral bromocriptine
on preventing the postpartum patients with SLE from disease
relapse.

2. Patients and Methods

2.1. Patients. 95 pregnant SLE patients hospitalized in our
hospital between July 2003 and October 2013 were recruited.
The study design is presented in Figure 1. Local Ethics
Committee approved the protocol and written informed
consents were obtained. All patients fulfilled at least 4 of
the American College of Rheumatology criteria for SLE [13].
Pregnant lupus patients with inactive or mild-active SLE
receiving no more than 10mg of prednisone (or equivalent)
per day were eligible for this study. Disease activity was
measured by Systemic Lupus Erythematosus Disease Activity
Index (SLEDAI) [14]. Patients were defined as inactive SLE
when the SLEDAI scores ≤4 and mild-active with the scores
between 5 to 9. Patients were excluded if they (1) had a
SLEDAI score ≥10; (2) had proteinuria >500mg/24 hours or
other major organ system involvements; (3) were receiving
>10mg/day of prednisone (or equivalent) during pregnancy;
or (4) had a serum level of complement 3 < 0.5 g/L.

2.2. Methods. Patients were randomly divided into the
bromocriptine group and the control group. The bromocrip-
tine group received 14 days of oral bromocriptine 2.5mg
twice a day within 12 hours after delivery and did not
breastfeed their infants. The control group was not treated
by bromocriptine or any other medicine that might influence
patients’ serum prolactin levels.

Demographic data and clinical characteristics were col-
lected 1 to 4 weeks before expected date of childbirth. All
patients were followed up every 4 weeks for 12 months. Clin-
ical manifestations and laboratory findings were recorded
during every visit to assess the SLE activity. Laboratory
investigations included serum levels of antinuclear antibod-
ies, anti-dsDNA antibody, complements, complete blood

count, urinalysis, serum albumin, liver function, and creati-
nine. Systemic Lupus Erythematosus Disease Activity Index
(SLEDAI) was used to assess the disease activity. SLEDAI was
performed two to four weeks before delivery and every six
weeks after delivery. Tominimize the influence of observation
bias on outcome determination, the SLEDAI scores were
calculated by two different investigators. One performed the
history collection andphysical examination anddid not know
the serologic findings, and the other one performed the
serological assessment and the SLEDAI scoring.

The serum prolactin and estradiol levels were measured
twice by radioimmunoassay, at the second week and the
second month after delivery, respectively.

2.3. End Points of Trial and Definition of Clinical Flares.
Increasing of SLEDAI score ≥3 points from antenatal
baseline data was defined as the endpoint of this trial—
clinical flare. Mild-to-moderate flare was defined if one
or more of the following 5 features were fulfilled: (1)
an increase of SLEDAI score ≥3 points but <12 points;
(2) new/worse discoid, photosensitive, cutaneous vasculitis,
bullous lupus, nasopharyngeal ulcers, profundus, pleuritis,
pericarditis, arthritis, and fever; (3) an increase in the
prednisone dosage but <0.5mg/kg of body weight per day;
(4) initiation of therapy with either hydroxychloroquine or
nonsteroidal anti-inflammatory drugs; (5) increase in the
physician’s global assessment score but no more than 2.5.
Severe flares were defined when one or more of the following
4 features were fulfilled: (1) increasing the SLEDAI score
≥12 points; (2) new or worsening central nervous system
(CNS) involvement, vasculitis, glomerulonephritis, myositis,
thrombocytopenia (platelet count <60 ∗ 109 cells/liter), or
hemolytic anemia (Hb< 70 g/L or decreasing ofHb> 30 g/L),
required doubling dose of corticosteroid or a final dosage
of >0.5mg/kg/day or hospitalization; (3) any manifestation
requiring an increase in the dosage of prednisone or equiv-
alent drug to >0.5mg/kg/day or initiation of therapy with
cyclophosphamide, azathioprine, mycophenolate mofetil, or
methotrexate; (4) hospitalization because of lupus activity; or
(5) increase in the physician’s global assessment score >2.5
[15].

2.4. Statistical Analyses. Survival analysis was used to com-
pare disease aggravation and relapse rate between two groups.
Log-rank test was used to assess significant differences
between two groups. Parameter data, such as SLEDAI score
and sex hormone levels, were recorded as X ± SD and tested
by 𝑡 test. Nonparameter data were analyzed byWilcoxon rank
sum test. All statistical analyses were performed on STATA
10.0 statistical software.

3. Results

3.1. The Baseline Demographic Features and Clinical Charac-
teristics of the Patients. Ninety-five pregnant lupus patients
were screened, 76 of them qualified for the study and were
enrolled into the trial. The patients were randomly divided
into the treatment group (𝑛 = 38) and the control group
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Table 1: Baseline demographic features, clinical findings, and
SLEDAI scores in the pregnant SLE patients.

Treatment
group
(𝑛 = 38)

Control
group
(𝑛 = 38)

𝑃 value

Age (years, mean ± SD) 30.47 ± 4.33 30.02 ± 3.95 0.57
Disease duration
(years, mean ± SD) 3.27 ± 0.91 3.45 ± 1.12 0.63

Inactive SLE (%) 8 (21.05%) 8 (21.05%) 1.00
C3 (g/L, mean ± SD) 0.56 ± 0.29 0.58 ± 0.21 0.51
C4 (g/L, mean ± SD) 0.13 ± 0.06 0.14 ± 0.05 0.54
SLEDAI score
(mean ± SD) 7.13 ± 1.37 6.92 ± 1.98 0.43

SLEDAI: systemic lupus erythematosus disease activity index.

(𝑛 = 38). All 38 patients in the treatment group were
prescribed with oral bromocriptine for two weeks. There was
no statistical difference on the baseline data (demographic
features, laboratory findings, and SLEDAI scores) between
these two groups (shown in Table 1).

3.2. Clinical Outcomes in the Treatment Group and the Con-
trol Group. Twenty pregnant patients experienced 20 flares
within 12-month follow-up after delivery. Fifteen cases were
mild/moderate flares and five were severe flares. Analysis
of flares of any type (mild/moderate or severe) by Kaplan-
Meier survival curves found that 6 patients (15.7%) in
bromocriptine group and 14 cases (36.8%) in control group
experienced at least 1 flare. Log-rank test indicated that
there was significant difference on the flare rate between
the treatment group and control group (𝜒2 = 4.68, 𝑃 =
0.0305) (shown in Figure 2). Relative risk reduction (RRR)
was 68.8% and the 95% confidence interval (CI) was 24.3%–
87.1%. Absolute risk reduction (ARR) was 32.4% and the
95%CI was 11.8%–53%. The number needed to treat (NTT)
was 3.1, 95%CI (1.9–8.5), which means 3.1 patients needed to
be treated to protect one patient from relapse. All severe flares
occurred in the control group.

3.3. Effect of Bromocriptine on Serum Levels of Prolactin and
Estradiol. The serum prolactin and estradiol levels in the
treatment group were significantly lower than the levels in
the control group at the second week and the second month
after delivery, respectively (shown in Table 2). At the end
of second week, serum prolactin levels of patients in the
treatment group were all in normal range, while those in the
control group were higher than the upper limit of normal
range (0 versus 100%). At the end of secondmonth, 2 patients
in treatment group had increased serum levels of prolactin
(5.3%, 2/38), while, in control group, 17 patients experienced
hyperprolactinemia (44.7%, 17/38).

3.4. Effect of Bromocriptine on Disease Activity of the Patients
after Delivery. At the 6th and 12th months after delivery,
SLEDAI scores of the treatment group were significantly
lower than those of the control group (Table 3).
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Figure 2: Kaplan-Meier survival curves for relapse-free Survival
between the treatment group and the control group.

Table 2: Comparison of the serum prolactin/estradiol levels
between two groups at the second week and the second month after
delivery.

Serum level
Treatment
group
(𝑛 = 38)

Control
group
(𝑛 = 38)

𝑃

Prolactin
(𝜇g/L, mean ± SD)
At the second week after
delivery 8.6 ± 5.0 72.6 ± 32.6 <0.001

At the second month
after delivery 11.5 ± 7.1 25.7 ± 37.6 <0.05

Estradiol
(ng/L, mean ± SD)
At the second week after
delivery 78.3 ± 27.3 159.5 ± 132.0 <0.001

At the second month
after delivery 77.7 ± 33.6 104.7 ± 80.1 <0.05

3.5. Cumulative Doses of Immunosuppressive Agents. The
cumulative doses of corticosteroid and other immunosup-
pressive agents after 12-month follow-up were shown in
Table 4. There were significant differences on the accumula-
tive doses of prednisone and cyclophosphamide between two
groups. In bromocriptine group, the need of immunosup-
pressants to keep disease-stable was significantly lower than
control.

3.6.TheAdverse Effects of Treatment. Three patients hadmild
vertigo and nausea in the treatment group and all patients
could complete the 2 weeks oral bromocriptine therapy. No
severe adverse event was found in this study.

4. Discussion

For pregnant SLE patients, though many of them can pull
through pregnancy and childbirth in the remission stage
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Table 3: Change of SLEDAI within 1 years after delivery (mean ±
SD).

SLEDAI score
Treatment
group
(𝑛 = 38)

Control
group
(𝑛 = 38)

𝑃

Baseline data, mean ±
SD 7.13 ± 1.37 6.92 ± 1.98 0.43

At the 6th month after
delivery, mean ± SD 4.25 ± 1.28 5.85 ± 1.76 <0.001

At the 12th month after
delivery, mean ± SD 3.42 ± 0.95 4.53 ± 1.15 <0.05

Table 4: Cumulative doses of corticosteroid and immunosuppres-
sive agents for SLE in 12 months after delivery.

Medicines
Treatment
group
(𝑛 = 38)

Control
group
(𝑛 = 38)

𝑃

Prednisone
(g, mean ± SD) 3.92 ± 1.81 8.78 ± 3.84 <0.001

Cyclophosphamide
(g, mean ± SD) 1.57 ± 0.91 4.32 ± 2.03 <0.001

Methotrexate
(mg, mean ± SD) 99.28 ± 41.25 93.72 ± 42.01 0.39

Azathioprine
(g, mean ± SD) 3.42 ± 1.90 3.27 ± 1.74 0.82

of disease, some patients still experience relapse or disease
flare during the late trimester of pregnancy or puerperium
period. Several studies had shown that hyperprolactinemia
was associated with lupus activity in pregnancy. Prolactin
can stimulate mammary growth and differentiation, and it
progressively increases during these periods [4]. Recently,
a study confirmed that prolactin levels are associated with
lupus activity, lupus anticoagulant, and poor outcome in
pregnancy. Significant linear correlations between prolactin,
modified-systemic lupus activity measurement (m-SLAM),
and lupus anticoagulant were observed [16]. But for post-
partum SLE patients, there were few researches on the
relationship between prolactin and lupus activity.

The results in our study showed that the serum prolactin
levels in control group were raised obviously at the second
week after delivery, about 5 times the upper normal limit
of prepregnancy levels. At the second month after delivery,
the serum prolactin levels in the control group dropped but
still much higher than those in the treatment group. In the
control group, SLEDAI scores at the 6th and 12th months
after delivery were much higher than those in treatment
group.The results of the current study preliminarily indicated
that oral bromocriptine for 2 weeks in postpartum patients
with SLE may protect them from hyperprolactinemia and
hyperestrogenemia and may be beneficial for preventing the
patients from disease relapse.

In nonpregnancy SLE patients, some studies had been
performed to determine whether there is an association
between hyperprolactinemia and lupus activity, but the
results were controversial. Orbach et al. [17] reported that

hyperprolactinemia in lupus patients was associated with
serositis and anemia but not with SLE disease activity. But
most other researches indicated that hyperprolactinemia was
found to be associated with SLE disease activity and con-
ventional immunosuppressive therapy decreased PRL levels
as well as SLE activity [18], and elevated serum bioactive
prolactin concentrations in SLE patients were associated with
disease activity [19]. Serum prolactin includes several iso-
forms, most of them are free PRL (small prolactin, molecular
weight 23 kDa) and lesser amounts are big prolactin and big
big prolactin (molecular weight 45–50 and >100 kDa, resp.)
[20]. Big big PRL or macroprolactin is a PRL variant with
reduced bioactivity that may contribute to the lower disease
activity and absence of symptoms in SLE [18, 19]. So the varied
results in different studies about the relationship of prolactin
and SLE disease activity may be due to the different bioassay
methods that are used to access the serum level of prolactin.
In the current study, what we measured was the total
PRL, including free PRL, big-, and macroprolactin. Further
research work should be done to address the proportion of
inactive prolactin in patient serum in the future.

Bromocriptine is a dopamine receptor agonist that
could inhibit prolactin secretion and reduce serum pro-
lactin level. It could also induce humoral and cell-mediated
immunosuppression, directly modulate T and B cell function
through the dopamine receptor, and reduce IFN production
by macrophages [21, 22]. Recently, a study showed that
bromocriptine could effectively prevent maternal and fetal
complications, including premature rupture of membrane,
low birth weight, preterm deliveries and decrease disease
activity measured by SLE Pregnancy Disease Activity Index
(SLEPDAI) [23].

For postpartum lupus patients, our study showed that oral
bromocriptine therapy after delivery could not only reduce
serum prolactin level quickly but also be helpful to decrease
serum estradiol concentration to pregestation level rapidly.
In bromocriptine treatment group, the serum prolactin levels
were much lower than the control group at the second
week after delivery. The estradiol levels in treatment group
were lower than the control group as well. The results of
survival analysis in this study confirmed that two weeks of
oral bromocriptine therapy could reduce the SLE activity in
treatment group even in one year after delivery.

Prolactin could modulate the immune function in SLE
obviously but has little influence on the immune system
of normal people [24]. The adverse impacts of estradiol
on SLE have been well known by rheumatologists. One
study [25] indicated that hyperprolactinemia concurrence
with hyperestrogenemia may have synergistic effects on SLE
and estrogen could increase the production of anti-DNA
autoantibody by B cell when exposed to prolactin. So, the
results of our study indicated that oral bromocriptine therapy
may be beneficial to pregnant SLE patients by eliminate the
adverse impacts of estradiol.

An increasing body of evidences indicated that bromo-
criptine is a safe drug, even for the patients during pregnancy.
In the current study, no severe adverse events were found
in patients taking bromocriptine, and vertigo and nausea
were the most common complains. Another study [23] about
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using bromocriptine during pregnancy in SLE patients also
showed that only 2 patients had mild headache and no
severe adverse event or birth defect was observed. In more
than 6000 pregnancies in women taking bromocriptine for
hyperprolactinemia, the incidence of congenital malforma-
tions or abortions was not increased [26]. The endocrine
society clinical practice guideline for diagnosis and treatment
of hyperprolactinemia [27] also recommends bromocriptine
therapy in patients who experience symptomatic growth of a
prolactinoma during pregnancy.

In conclusion, the current study preliminarily indicates
that oral-taking bromocriptine for two weeks in postpartum
SLE patients may eliminate the effects of hyperprolactinemia
and hyperestrogenemia on disease activity. In addition to the
minimal side effects and low cost of treatment, prescribing
lupus patients with bromocriptine has potential benefits in
preventing postpartum disease relapses in one year after
delivery. However, multicenter clinical trials with large sam-
ple size should be performed to evaluate the benefit of clinical
application of bromocriptine.
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Immune response is modulated by different substances that are present in the environment. Nevertheless, some of these may cause
an immunotoxic effect. In this paper, the effect of organophosphorus pesticides (frequent substances spilled in aquatic ecosystems)
on the immune system of fishes and in immunotoxicology is reviewed. Furthermore, some cellular andmolecular mechanisms that
might be involved in immunoregulation mechanisms of organophosphorus pesticides are discussed.

1. Introduction

Organophosphorus pesticides (OPs) are a group of insecti-
cides derived from the phosphoric or phosphorothioic acid;
its use has increased in the recent years for the improvement
of agriculture production, in the industry and prevention
of human health through control and/or eradication of
unwanted insects, plants, animals, and disease vectors [1].
According to information published by theNational Pesticide
Information Center (NPIC), the most used OPs are chlor-
pyrifos, malathion, acephate, naled, dicrotophos, phosmet,
phorate, diazinon, dimethoate, and azinphos-methyl. At a
worldwide level, an average of 37 million pounds of these
active substances is sold [2].

Even thoughOPs have limited persistence in the environ-
ment, they are highly toxic for humans and are responsible for
most of accidental intoxications [3]. TheWorld Health Orga-
nization (WHO) estimated that, every year, almost 3 million
people suffer acute intoxication due to OPs [4]; hence its use
is considered a worldwide public health problem [5]. OPs
cause two main toxic effects. The first one is acute toxicity,
initiated by the inhibition of the acetylcholinesterase enzyme
(AChE) with the subsequent accumulation of acetylcholine
(ACh) in the nervous termination, provoking an overstim-
ulation of muscarinic acetylcholine (mAChR) and nicotinic
acetylcholine (nAChR) receptors. The inhibition mechanism

of AChE is conducted through phosphorylation of the
hydroxyl group in the serine of the active site of the enzyme;
once phosphorylated it is extremely stable, which avoids its
physiological action on the ACh that consists in the degrada-
tion of this neurotransmitter to allow reuptake of acetate and
choline in the nervous terminal [3, 6, 7]. The second effect
is chronic and is denominated organophosphate-induced
delayed polyneuropathy (OPIDP), which is characterized by
ataxia and paralysis, signs that appear 2-3 weeks after expo-
sure to OPs [1, 8].

1.1. Effects of OPs in Aquatic Ecosystems and Fishes. After its
application on agricultural crops, residual OPs enter water
bodies as result of spray drift, soil leaching, and running
off soils dedicated to agriculture, provoking adverse effects
on the target species but also on a wide range of nontarget
organisms, especially those that inhabit aquatic ecosystems
such as invertebrates, birds, and fishes [9, 10].

Among the nontarget species exposed to OPs, it is
important to mention fishes, since these organisms are tran-
scendental due to their status as top consumer species in the
food chain, besides of playing an important role in the main-
tenance of the balance of aquatic ecosystems. From an evolu-
tionary point of view, fishes are important organisms because
they appeared over 560 million years ago; they are a group of
vertebrates phylogenetically antique; there are over 25,000
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species; therefore their great diversity stands out in compar-
ison to other vertebrates [11, 12]. Among other species, some
have stood out for their ecological or economic importance,
while others have been used as study models in diverse areas
of scientific research [13].

2. Immune System of Fishes

Fishes are the first group of organisms that present an innate
and adaptive immunity system; therefore the study of these
organisms is of great relevance due to the information it gives
about evolution of the immune system in vertebrates [14].

The innate immune system is of paramount importance
in fishes [15–17]; among the components of humoral innate
immunity that are mainly characterized in fishes are antibac-
terial peptides, lysozymes, lectins, acute-phase proteins, and
molecules of the complement system, while innate immunity
cells mostly characterized are macrophages, neutrophils, and
eosinophils [18–20].

On the other hand, adaptive immunity mechanisms in
fishes play a vital role in the protection against recurrent
infections, response that is mediated by T- and B-lympho-
cytes and antibodies. Fishes are the first vertebrates where
clonal selection and genetic rearrangement in receptors of
lymphocytes are present. Likewise, leucocytes with T cell
activity have been reported, similar to the cooperative and
cytotoxic T cells of mammals (CD4+-like, CD8+-like). Apart
from that, based on the profile of cytokines, there have been
reports of T cells subpopulations similar to the ones reported
in mammals [21]. In contrast, B cells in fishes have been char-
acterized through the expression of antigen receptor (BCR).
In fishes, IgM is the main soluble antibody, which is tetra-
meric; on the other hand, IgD, just like in mammals, is
expressed in the surface of B cells. In addition, other isotypes
have been identified, such as lgT and lgZ, which are mainly
found inmucosa, such as in intestine, in skin, and in gills [21–
24].

3. OPs Immunotoxicity in Fishes

In recent years, an immunotoxic effect of OPs has been
reported in diverse organisms, including fishes. Immune
system is the first defense line against pathogenic organisms;
however, it is a very sensitive system to be altered by stressing
factors present in the environment (biotic and abiotic) [1, 10];
thus it is vulnerable to any xenobiotic such as OPs, which can
cause structural or functional alterations in humoral or cell
mechanisms (nonspecific or adaptative) of the immune
response (Table 1), which entails, among others, an increase
in the susceptibility to infections [6].

3.1. OPs and Humoral Response. In fishes, molecules that are
responsible of the innate and adaptative humoral response
can be altered by OPs, like chlorpyrifos, diazinon, and
phosalone, among others [10, 25–30].

Thus, lysozyme is an important molecule defense of the
innate immune system of fishes that is frequently altered by

OPs. A study showed that the lysozyme activity increased sig-
nificantly in liver and spleen of beluga (Huso huso) exposed
acutely to diazinon (1.5mg/L). However, at subacute and
subchronic exposure of this pesticide, lysozyme activity
decreased in plasma, liver, kidney, and spleen [31]. On the
other hand, it has been reported that the acute exposure to
diazinon (2.0 and 4.0mg/L) in grass carp (Ctenopharyngodon
idella) induced a significant increase in the lysozyme activity
present in kidney and spleen of this fish. Nevertheless, in
plasma of these organisms, enzyme activity diminished sig-
nificantly [25]. Recent studies have reported a decrease in the
lysozyme activity in plasma of rainbow trout (Oncorhynchus
mykiss) and common carp (Cyprinus carpio L.) exposed to
diazinon (0.1 and 0.2mg/L) and phosalone (0.15, 0.30, and
0.60mg/L), respectively [28, 30]. Also, it has been reported
that chlorpyrifos provoke a diminishment in the enzyme
activity present in plasma and spleen of common carp (C.
carpio) exposed acutely to 75𝜇g/L of pesticide [10]. Recently,
it was reported that exposure of Nile tilapia (Oreochromis
niloticus) to chlorpyrifos (0.102 and 0.255mg/L) provoked an
increase in the activity of this enzyme in the plasma of these
organisms; however, at a lower concentration (0.051mg/mL)
the pesticide did not cause any effect on the activity of this
enzyme [29].

Another important molecule of the innate immune sys-
tem of fishes is the protein C3 of the complement, which is
also altered by the exposition to OPs. A deregulation at con-
centration and mRNA expression of this molecule has been
reported in anterior kidney, spleen, and plasma of common
carp (C. carpio L.) exposed acutely to chlorpyrifos [10].

Reactive C protein (RCP) is another molecule of the
innate immune system of fishes affected by exposure to this
type of pesticides. In this context, it has been reported that
acute exposure to metrifonate (0.4 ppm) in rainbow trout (O.
mykiss) provoked a significant increase of this protein in the
plasma of organisms exposed during 3 days to the pesticide;
however, at 10 and 18 days after exposure, protein activity
diminished significantly [32].

Other proteins that are also altered by the exposure toOPs
are the globulins. Some studies have reported that, in plasma
of rainbow trout (O. mykiss), concentration of these proteins
diminishes significantly when organisms are exposed acutely
and subacutely to diazinon (0.1 and 0.2mg/L) [27, 28].
Likewise, a diminishment in the concentration of globulins
in plasma of common carp (C. carpio L.) exposed acutely to
phosalone has been shown [30]. On the other hand, it has
been reported that immunoglobulins are also affected byOPs;
in this sense, there are studies that show that these pesticides
alter the concentration of IgM, which is the most important
gamma-globulin in fishes [33, 34]. In this context, it has been
published that chlorpyrifos (0.051mg/mL) diminish concen-
tration of IgM in plasma ofNile tilapia (O. niloticus) [29]. Fur-
thermore, it has also been reported that the exposure to chlor-
pyrifos (75𝜇g/L) during 24 h provoked a significant decrease
of IgM in plasma of common carp, apart from a diminish-
ment of IgM present in spleen of fishes exposed acutely to
15 and 75 𝜇g/L of the pesticide [10]. In addition, a significant
increase has been reported in the concentration of IgM
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in plasma ofNile tilapia exposed acutely to diazinon (1.96mg/
L). Nevertheless, exposure to lower concentrations of this
pesticide (0.78 and 0.39mg/L) did not alter concentration of
IgM in plasma of these organisms [26, 35].

Regarding the effect of OPs on the cytokines, it has been
reported that the exposure to chlorpyrifos during 24 h (1.16,
11.6 and 116 𝜇g/L) induces an increase in the expression of
mRNAof IL-1𝛽, IL-1R, and IFN-𝛾 in spleen of carp (C. carpio)
[36].

3.2. OPs and Cellular Immune Response. The innate and
adaptative cellular response of fishes can be deregulated by
the exposure to diverse OPs. Studies show that exposure
of rainbow trout and common carp to diazinon provokes a
diminishment in the white blood cell (WBC) in these species.
The differential account of these cells showed a diminishment
in the percentage of lymphocytes, monocytes, and basophils;
however, the percentage of neutrophils and eosinophils
increased significantly after exposure to the pesticide [28, 37].
A decrease in WBC in other species such as Nile tilapia
(O. niloticus) exposed to malathion (0.23 and 0.46mg/L)
and carp (C. carpio) exposed to phosalone (0.15, 0.30, and
0.60mg/L) has also been reported. In common carp, lym-
phocytes diminished significantly at the three evaluated
concentrations, even though the percentage of monocytes
and neutrophils increased [1, 30]. In contrast to the results in
the before mentioned studies, Ural [38] reported an increase
in the WBC of common carp exposed to chlorpyrifos (0.04
and 0.08mg/L). In this sense, Hedayati and Tarkhani [39]
reported that, in iridescent shark (Pangasius hypophthalmus)
exposed to diazinon (0.5 and 1 ppm), a significant increase
in the total number of WBC, particularly in neutrophils, was
shown, while the number of lymphocytes did not show any
change due to the exposure to this pesticide. However, no
eosinophils and monocytes were detected in the blood
samples of the analyzed fishes [38, 39].

On the other hand, it was also reported that the OPs
not only induce alteration in the number of cells, but also
in the morphology and functionality of them. Hence, it was
reported that diazinon (15, 30, 45, 60, and 75𝜇g/L) provoked
changes in the size of macrophages of kidney and spleen
of the fish Lepomis macrochirus [40]. In addition, it has
been reported that the phagocytic activity of cells is also
altered by the exposure to OPs. Girón-Pérez et al. showed
that the phagocytic index of mononuclear cells of Nile tilapia
decreased by exposure in vivo to diazinon; however, an
increase in the respiratory burst of these cells was observed
[26, 35]. Regarding the effect of OPs on the proliferative
capacity of lymphocytes, it has been reported that chlorpyri-
fos at concentrations 0.051, 0.102, and 0.255mg/L during 96 h
did not affect the proliferative capacity of lymphocytes inNile
tilapia [29]. However, the lymphoproliferation of splenocytes
of this fish diminishes significantly after exposure in vivo to
diazinon (7.83, 3.91, and 1.95mg/L) during 96 h [35]. Never-
theless, the exposure in vivo of lymphocytes to diazinon and
diazoxon (main metabolite of diazinon) did not affect the
proliferative capacity of these cells [41].

4. Mechanisms of Immunotoxicity of OPs

The effects mentioned above show that OPs alter the function
of certain elements of the immune system, even though the
mechanisms of immunotoxicity of the OPs are not clear.
Such mechanism of OPs is not direct but it works through
indirect mechanisms, topics that will be discussed in this
section, based on evidence shown in different animal models
(Figure 1).

4.1. OPs and Cholinergic Regulation. As previously men-
tioned, OPs are substances that have as target molecule the
enzyme AChE, blocking its activity through the irreversible
bound to the active site, which provokes an increase in the
levels of the neurotransmitter ACh in the nervous system. In
this context, inmammals, the influence of the nervous system
on the regulation of the immune system has been demon-
strated years ago [42]; thus the increase in the concentration
of neurotransmitters, in this case neuronal ACh, can dereg-
ulate the immune function. Apart from that, there is clear
evidence that lymphocytes of mammals express mAChR and
nAChR in theirmembrane and possess all necessary enzymes
to produce ACh and autodegrade it through the AChE
enzyme; hence they possess a self-cholinergic system,
denominated extraneuronal or nonneuronal cholinergic sys-
tem [43, 44].

In this way, the existence of an extraneuronal cholinergic
system in lymphocytes makes them susceptible to pertur-
bation by OPs. It has been suggested that OPs can modu-
late lymphocytes through cholinergic receptors, evoking an
immediate intracellular signalization of diverse molecules,
among them c-Fos, modulating therefore the levels of sec-
ond messengers. Activation of cholinergic receptors can act
upstream in the transduction of signals, causing the inter-
ruption of cellular homeostasis, decaying into apoptosis [45].
Data obtained in our laboratory have proven that exposure
in vitro to diazinon and diazoxon does not alter the lympho-
proliferative capacity in fishes; nevertheless these substances
induce an increase in the concentration of ACh, which
significantly diminishes lymphoproliferation [41].

4.2. OPs and Cytotoxic Activity. Besides inhibiting the
enzyme AChE, OPs are capable of inhibiting serine hydro-
lases enzymes, such as molecules of the complement and
thrombin system, which will influence directly the function-
ality of the immune system. In addition, the damage in the
lymphoid tissue is the result of the phosphorylation, oxidative
damage, and/or altered neuronal function, induced by OPs
[46]. In this sense, in aquatic and human models, it has been
reported that OPs diminish NK cell, LAK cell, and cytotoxic
activities [47–50]. Even though there are very few studies on
the mechanisms of induced inhibition by OPs in this type of
cells, it has been proposed that this effect might be mediated
by the inhibition of serine proteases (granzymes, perforins,
and granulysins), molecules that are usually released by
exocytosis [47, 51–53]. In addition, OPs have been reported
not only to inhibit activity and release granules, but also to
inhibit the expression of genes related with these molecules
[49, 50]. On the other hand, the effect of OPs in NK cells
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through FasL/Fas pathway has been researched, and it has
been reported that dichlorvos (DDVP) induces decrease on
the expression of Fas in cells YAC-1 and the expression of FasL
in LAK cells. This suggests that OPs reduce cytolytic capac-
ity and proapoptotic signals through two mechanisms: (1)
diminishment in exocytosis of granules and (2) FasL/Fas
pathway [46].

4.3. OPs and Transduction of Signals. Alterations of the
components and immune functions have also been related to
the sequence and intensity of phosphorylation and dephos-
phorylating of protein kinases, essential process to modulate
the immune response. A key molecule in this process is the
protein suppressor of cytokine signaling 3 (SOCS3), which
regulates protein STAT. SOCS3 mediates inhibition of phos-
phorylation of STAT5,which has been relatedwith the dimin-
ishment of cellular proliferation [46]. In this context, it has
been reported that dialkylphosphates (DAPs), metabolites
produced during biotransformation ofOPs, interact with leu-
cocytes altering cellular signalization. There is evidence that
diethyldithiophosphate (DEDTP) and diethylthiophosphate
(DETP) interact and produce effects on the immune system,
reducing the expression of CD25 and CD4 and secretion
of IL-2, altering signalization of IL-2R, by modifying the
phosphorylation status of STAT5 proteins. Apart from that,
it has been reported that DEDTP increases phosphorylation
of SOCS3 and dephosphorylation of STAT5 and also induces
phosphorylation of ERK, JNK, and p38, depending events of

PKC, PLC-𝛾, and AMP-responsive element-binding protein,
which results in the nuclear translocation of NFAT, AP1, and
ERK [46, 54, 55]. Lima and Vega [56] reported that DEDTP
induces the arrest of the cellular cycle, mediated by SOCS3,
initiating a feedback mechanism associated with p21 and p53
[56, 57]. It has also been reported that OPs (chlorpyrifos,
sarin, and soman) can activate the PLC-𝛾 and after that the
transduction via of signals MAPK through PKC, as a conse-
quence of accumulation of IP3 and DAG [58].

4.4. OPs and Apoptosis. Some studies have suggested the
implication ofOPs in apoptotic processes. It is known that the
initiation of apoptosis is regulated by external and internal
signals, such as the activation of dead receptors, damage
to DNA, and perturbation of the mitochondrial membrane.
These mechanisms carry the caspases activation and subse-
quently the destruction of the cell in a programmed way [59].
Thus, it has been reported that some OPs (monocrotophos,
profenofos, chlorpyrifos, and acephate) induce apoptosis and
necrosis in cultured human lymphocytes of peripheral blood
[60]. Nakadai et al. reported that chlorpyrifos induce apop-
tosis in the cellular line U937 of human monocytes, besides
inducing an increase of caspase 3 [61]. On the other hand,
it has been shown that parathion and paraoxon (parathion
metabolite) induce apoptosis in the cellular line of lym-
phocytic leukemia T (EL4) through activation of caspase-3.
Likewise, exposure in vitro and in vivo to paraoxon pro-
voked cytochrome C translocation from the mitochondria
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to cytosol, activating proapoptotic molecules such as Bax
[59]. It has been shown that exposure of cell line ZC-7901
of grass carp fish (Ctenopharyngodon idellus) to malathion
(23.75mg/L) during 2 h induces a decrease in the mito-
chondrial membrane potential (ΔΨm), besides increasing the
intracellular calcium flux [62].

5. Conclusion

Fishes are the first vertebrates with innate and adaptative
immune mechanisms, similar to mammals. Thus, fishes can
be used as a model in biomedical research, allowing data in
the immunotoxicology field in evolutionary terms. Besides,
due to fishes being themost abundant vertebrate in the planet,
a lot of them with commercial importance, data generated
could have economic and ecological importance.

There are evidences that the immune response can be
altered by OPs exposure. Although, the immunotoxicity
mechanisms are not completely clarified, evidence suggests
that OPs can target several molecules related to the immune
system and execute the immunotoxic effect through the
alteration of the neuroimmune communication, particularly
the cholinergic neuronal and immune system. Nevertheless,
further research is needed in order to understand the mech-
anisms of immunoregulation of this type of pesticides widely
used in household and agricultural activities.
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The aim of this paper is to determine the modulatory effects of Lactobacillus acidophilus on the IL-23/Th17 immune axis in
experimental colitis. DSS-induced mouse models of UC were to be saline, hormones, and different concentrations of Lactobacillus
acidophilus intervention.The expression of interleukin- (IL-) 17, tumor necrosis factor 𝛼 (TNF𝛼), IL-23, transforming growth factor
𝛽1 (TGF𝛽1), signal transducer and activator of transcription 3 (STAT3), and phosphorylated (p)-STAT3 was examined by RT-PCR,
Western blotting, and immunohistochemical analysis. And the results showed that administration of L. acidophilus suppressed
Th17 cell-mediated secretion of proinflammatory cytokine IL-17 through downregulation of IL-23 and TGF𝛽1 expression and
downstream phosphorylation of p-STAT3.

1. Introduction

The most common inflammatory bowel diseases (IBDs)
are Crohn’s diseases (CD) and ulcerative colitis (UC). It is
recognized that aberrant immune response in the mucosa
of the gastrointestinal tract plays an important role in
pathogenesis of IBDs [1, 2]. A large body of evidence from
experimental models of IBD has shown that CD4+ T cells
(T helper cells Th1 and Th2) play a major role in initiating
and regulating the immunopathologic process, largely based
on the production of proinflammatory cytokines, such as
tumor necrosis factor 𝛼 (TNF𝛼) [3, 4].More recently, another
subset of T helper cells that produces the cytokine interleukin
(IL-17, also called IL-17A) was identified as Th17 cells and
has gained particular attention due to its proinflammatory
role in the mucosal immune response [5, 6]. The number of
Th17 cells and IL-17 expression were found to be significantly
enhanced in the inflamed gut of CD and UC patients [7, 8].
In addition to the IL-17 isoforms (IL-17A and IL-17F), Th17
cells also secrete IL-6, IL-21, IL-22, and IL-26 [9]. IL-17 drives
microbial defense [10], contributes to neutrophil migration
and function [11], and promotes T-cell priming and cellular
production of inflammatory mediators, such as IL-1, IL-6,
TNF𝛼, granulocyte macrophage colony-stimulating factor

(GM-CSF), nitric oxide synthase (NOS)-2, prostaglandin E2,
and metalloproteases [12]. Therefore, control of the differen-
tiation and function ofTh17 cells is potentially significant for
IBD treatment [13].

It has been recently demonstrated that differentiation
of Th17 cells is initiated by transforming growth factor 𝛽1
(TGF𝛽1) and IL-6 [9, 14]. Both TGF𝛽1 and IL-6 regulateTh17
differentiation by activating the transcription factor signal
transducer and activator of transcription 3 (STAT3) [15, 16].
A line of evidence has also indicated a significant role of IL-
23 in Th17 differentiation. IL-23 was initially thought to be
critical for Th17 differentiation; however, it was later found
to be rather important for Th17 cell expansion, stabilization,
and/or conditioning for a fully inflammatory cell phenotype
[17, 18]. The IL-23/Th17 immune axis has thus been shown
to play a crucial role in a number of chronic inflammatory
diseases including IBD [19].

Commensal Lactobacillus species are common inhabi-
tants of the natural microbiota in the human gut. The Lacto-
bacillus species can rebalance homeostasis in gastrointestinal
inflammatory diseases and thus have a protective role against
IBD. We have previously shown that Lactobacillus (L.) aci-
dophilus treatment can efficiently ameliorate dextran sodium
sulfate- (DSS-) induced experimental colitis in mice [20].
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In the present study, we examined whether the therapeutic
effect of L. acidophilus is achieved through suppression of the
IL-23/Th17 pathway, including Th17 cell differentiation and
the expansion factors IL-23, TGF𝛽1, and STAT3, as well as
Th17 cell-secreted cytokines IL-17 and TNF𝛼. We found that
oral administration of L. acidophilus at all doses induced a
significant downregulation of colitis-enhanced expression of
all the examined factors.

2. Materials and Methods

2.1. Bacterial Strain. L. acidophilus was isolated from a nor-
mal human intestinal tract SMC-S095 sample and sequence-
verified by our laboratory [20]. After culturing under
anaerobic conditions with De Man, Rogosa, Sharpe (MRS)
medium for 24 h, the bacteria were collected, quantified
by a spectrophotometer, and diluted with normal saline to
1010 CFU/mL.

2.2. Study Design. Seventy-two female BALB/c mice (6–8
weeks old, 20.0 ± 2.0 g mean body weight) were purchased
from Hunan Agricultural University and housed under stan-
dard conditions (50% ± 10% humidity, 12 h light/dark cycle,
and ad libitum access to standard mouse chow). Colitis was
established in 64 mice by adding 5%DSS (MW 50000; Sigma
Chemical Co., St. Louis, MO) to the drinking water and
allowing ad libitum access for 7 days.Themicewere randomly
divided into the following control and experimental model
groups (𝑛 = 8 each; day 0): the nontreated model group;
the vehicle treated model group (oral gavage of 1mL/10 g
normal saline); the L. acidophilus-treated groups C4–C8 (oral
gavage of 104, 105, 106, 107, or 108 CFU/10 g bodyweight, resp.);
the prednisone acetate (an anti-inflammatory agent) treated
positive control (administered at 45 𝜇g/10 g body weight).
Eight mice that were given regular water and received no
subsequent treatments served as the normal control group.
L. acidophilus was administered on the same day when DSS
feeding was started. Different doses were applied in order to
identify an appropriate condition that can efficiently modu-
late the expression of factors related toTh17 cell function. On
posttreatment day 7, all mice were sacrificed with ether and
the colon was collected. A 0.5 cm segment of the distal colon
that is 1 cm proximal to the anus was excised and fixed with
10% formalin for later paraffin embedding and sectioning.
The rest of the distal colon was stored in liquid nitrogen for
RNA and protein extractions.

2.3. Reverse Transcription PCR (RT-PCR). The colonic tissue
was homogenized, and RNA was extracted by using TRIzol
(Invitrogen, Grand Island, NY) according to the manufac-
turer’s instructions. First-strand cDNAwas synthesized using
a Reverse Transcription Kit (MBI, Ottawa, CA). Primers
for PCR analysis were obtained from Invitrogen (Shanghai,
China). The primer sequences were as follows: 𝛽-actin for-
ward primer 5-TGGAATCCTGTGGCATCCATGAAAC-
3 and reverse primer: 5-TAAAACGCAGCTCAGTAA-
CAGTCCG-3 (product length of 349 bp, Tm 60∘C, 30

cycles), IL-17 forward primer 5-TCAGACTACCTCAAC-
CGTTCC-3 and reverse primer 5-CAGTTTCCCTCC-
GCATT-3 (product length of 129 bp, Tm 54.5∘C, 30 cycles),
IL-23 forward primer 5-AATAATGTGCCCCGTATCCA-
3 and reverse primer 5-AGGCTCCCCTTTGAAGATGT-
3 (product length of 144 bp, Tm 58∘C, 28 cycles), TNF𝛼
forward primer 5-GGTTGTCTTTGAGATCCATGC-3
and reverse primer 5-ACGTGGAACTGGCAGAAGAG-
3 (product length of 411 bp, Tm 54.5∘C, 30 cycles), TGF𝛽
forward primer 5-GAAGTGGATCCACGAGCCCAAG-3
and reverse primer 5-GCTGCACTTGCAGGAGCGCAC-
3 (product length of 247 bp, Tm 60∘C, 30 cycles), and
STAT3 forward primer:5-ACCCAACAGCCGCCGTAG-3
and reverse primer 5-CAGACTGGTTGTTTCCATTCA-
GAT-3 (product length of 192 bp, Tm 62∘C, 30 cycles).
Multiplex reactions were run in duplicate, and PCR products
were run on agarose gels. The intensity of DNA bands was
measured with Quantity One software (Bio-rad, Hercules,
CA), and the results were normalized to the internal control
𝛽-actin.

2.4. Western Blotting. Colon tissues were homogenized on
ice in protein lysis buffer. The total homogenate was then
centrifuged at 12,000 rpm for 30 minutes at 4∘C. The super-
natant was collected, and protein concentration was mea-
sured using the DC protein assay method (Bio-rad, Hercules,
CA). Twenty 𝜇g proteins were separated on SDS-PAGE
gels and transferred to PVDF membranes. The membrane
was then blotted with primary antibodies for 1 h at room
temperature. Antibodies to IL-17 (H-132), TNF𝛼 (N-19),
TGF𝛽1 (V), STAT3 (H-190), and 𝛽-actin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA), and
anti-IL-23 (P19) and anti-p-STAT3 (Y705) antibodies were
obtained from Abcam (Cambridge, UK). Antibody dilution
ratios: (1) IL-17 and IL-23, 1 : 400; (2) STAT3, p-STAT3 and
TGF𝛽1, 1 : 500; (3) TNF𝛼, 1 : 2000; and (4) 𝛽-actin, 1 : 5000.
After three 10min washes, membranes were incubated with
anti-mouse, -rabbit, or -goat horseradish peroxidase (HRP)
conjugated secondary antibodies (ZSGB-Bio, Beijing, China)
and washed, and detection was achieved using a DAB kit
(ZSGB-Bio). Densitometric analysis was performed using
Quantity One software, and the results are expressed as the
relative intensity (OD) of target protein to that of 𝛽-actin
control.

2.5. Immunohistochemistry. Mouse colonic tissues embedded
in paraffin blocks were cut into 4 𝜇m sections. Sections
were deparaffinized, and antigen retrieval was performed by
microwave treatment. Nonspecific blocking was obtained by
incubation in phosphate-buffered saline (PBS) containing 5%
normal goat serum for 30 minutes at room temperature. Tis-
sue sections were then incubated with anti-p-STAT3 (1 : 200)
antibody for 1 h at room temperature. Sections were washed
with PBS, incubated in the ABC reagent for 1 hour at room
temperature, washed again, and incubated in a peroxidase
solution (ZSGB-Bio). Specimens were counterstained with
hematoxylin, dehydrated, and coverslipped. The signal of
immunohistochemical staining was analyzedwith Image-Pro
Plus 6.0 software (Media Cybernetics, Maryland, USA).
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Figure 1: Oral administration of Lactobacillus acidophilus inhibited IL-17 expression in DSS-induced colitis. The mRNA (a) and protein (b)
levels of IL-17 expression were examined by RT-PCR and Western blotting, respectively, in the colonic tissues of normal control mice group
(normal) and DSS-induced mice groups, including L. acidophilus-treated groups C4–C8 (oral gavage of 104, 105, 106, 107, or 108 CFU/10 g
body weight, resp.), prednisone acetate treated positive control (Pred), and nontreated (Non) and vehicle (Veh) treated control groups.
Representative electrophoresis images are shown on the left, and bar graphs presenting mean ± SD (𝑛 = 8) values are shown on the right. A
plotted trendline chart shows IL-17 expression in each group at both mRNA and protein levels (c). a𝑃 < 0.05 versus Non, b𝑃 < 0.05 versus
Veh, c𝑃 < 0.05 versus Pred, and d

𝑃 < 0.05 versus normal.

2.6. Statistical Analysis. All statistical analyses were carried
out using the SPSS statistical software suite (version 16.0; SPSS
Inc., Chicago, IL). Results are expressed as mean ± standard
deviation (SD). Single-factor analysis of variance (one-way
ANOVA)was used to analyze the differences between groups,
with 𝑃 < 0.05 considered as statistical significance.

3. Results

3.1. L. acidophilus Administration Suppressed the Expression of
IL-17 and TNF𝛼 in Colitis. We have recently shown that oral
administration of L. acidophilus ameliorates the pathogenesis
of colitis in mice [20]. Given the critical role of Th17 cells in
autoimmune diseases including IBD, we hypothesized that L.
acidophilus might improve colitis at least partially through

suppression of Th17 cell function. We thus initially sought
to examine whether colonic expression of IL-17, the hall-
mark cytokine of Th17 cells, is modulated by L. acidophilus
treatment. The expression level of IL-17 was examined in all
nine groups at mRNA and protein levels. We found that both
mRNAandprotein expression of IL-17were significantly (𝑃 <
0.05) enhanced inDSS-induced colitis (Figures 1(a) and 1(b)),
which is consistentwith the results of a previous report [21].L.
acidophilus application at different doses in theC4–C8 groups
all significantly (𝑃 < 0.05) attenuated colitis-increased IL-17
expression (Figures 1(a) and 1(b)) compared to levels in the
nontreated or vehicle treated groups. Of all the L. acidophilus-
treated groups, C5 showed the greatest inhibition of IL-
17 expression at both the mRNA and protein levels, and
this inhibition was even superior to the therapeutic effect
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Figure 2: Lactobacillus acidophilus treatment suppressed TNF𝛼 expression in colitis.ThemRNA (a) and protein (b) levels of TNF𝛼 expression
were examined by RT-PCR andWestern blotting, respectively, in the colonic tissues of normal control mice group (normal) andDSS-induced
mice groups, including L. acidophilus-treated C4–C8 groups, prednisone acetate treated positive control (Pred), and nontreated (Non) and
vehicle (Veh) treated control groups. Representative electrophoresis images are shown on the left, and bar graphs presenting mean ± SD
(𝑛 = 8) values are shown on the right. A plotted trendline chart shows TNF𝛼 expression in each group at both mRNA and protein levels (c).
a
𝑃 < 0.05 versus Non, b𝑃 < 0.05 versus Veh, c𝑃 < 0.05 versus Pred, and d

𝑃 < 0.05 versus normal.

of prednisone treatment (Figure 1(c)). The electrophoresis
images showing themRNAand protein expression of internal
control 𝛽-actin are presented for IL-17 expression in Figures
1(a) and 1(b) and are not repeatedly shown for the other
examined molecules.

Because TNF𝛼 is another important proinflammatory
cytokine secreted by Th17 cells, we also examined the effect
of L. acidophilus treatment on TNF𝛼 expression. Similarly
to IL-17, TNF𝛼 expression at both the mRNA and protein
levels was significantly (𝑃 < 0.05) decreased by L. acidophilus
treatment in groups C4–C8 compared to the vehicle treated
control group (Figures 2(a) and 2(b)). However, unlike IL-17,
TNF𝛼 expression was lowest in Group C6 among all the DSS-
treated groups (Figure 2(c)).

3.2. L. acidophilus Downregulated IL-23 and TGF𝛽1 Expres-
sion in Colitis. IL-23 and TGF𝛽1 have been shown to
play essential roles in promoting Th17 cell differentiation,
expansion, and function [9, 14, 17, 18]. We tested whether
the inhibitory effect of L. acidophilus on Th17-associated
cytokine expression is achieved through downregulation of
IL-23 and/or TGF𝛽1 expression, thereby suppressingTh17 cell
differentiation and stabilization. Interestingly, treatment of
colitis with a lower dose of L. acidophilus (C4–C6 groups)
caused a dramatic decrease in IL-23 mRNA expression,
which reached a level comparable to that of the normal
control group (Figure 3(a)). Moreover, all L. acidophilus-
treated groups showed a significant (𝑃 < 0.05) decrease
in IL-23 protein expression (Figure 3(b)). Notably, both the
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Figure 3: Lactobacillus acidophilus administration decreased IL-23 expression in colitis. The mRNA (a) and protein (b) levels of IL-23
expression were examined by RT-PCR and Western blotting, respectively, in the colonic tissues of normal control mice group (normal) and
DSS-inducedmice groups, including L. acidophilus-treated C4–C8 groups, prednisone acetate treated positive control (Pred), and nontreated
(Non) and vehicle (Veh) treated control groups. Representative electrophoresis images are shown on the left, and bar graphs presenting mean
± SD (𝑛 = 8) values are shown on the right. A plotted trendline chart shows IL-23 expression in each group at both mRNA and protein levels
(c). a𝑃 < 0.05 versus Non, b𝑃 < 0.05 versus Veh, c𝑃 < 0.05 versus Pred, and d

𝑃 < 0.05 versus normal.

mRNA and protein levels of IL-23 expression were lowest
in group C5 among all the colitis groups (Figure 3(c)), at a
level similar to that observed for IL-17 expression. Likewise,
L. acidophilus administration at all doses induced marked
inhibition of TGF𝛽1 mRNA expression (Figure 4(a)). A
dramatic attenuation of TGF𝛽1 protein expression was also
observed in the low dose groups, C4 and C5 (Figure 4(b)).
Again, mice treated with 105 CFU/10 g L. acidophilus, group
C5, showed the lowest expression of TGF𝛽1 (Figure 4(c)).

3.3. L. acidophilus Inhibited STAT3 Expression and Phospho-
rylation. STAT3 is an important transcription factor that
mediates the establishment of Th17 cells in response to IL-23
and TGF𝛽1 [15, 16]. We therefore examined whether STAT3
expression is altered with diminished expression of IL-23
and TGF𝛽1 upon L. acidophilus treatment. We observed that
STAT3 expression was upregulated in the colon of DSS-
mediated colitis, which is consistent with previous reports

[22, 23]. Although the decrease in the STAT3 mRNA level
was relatively moderate in the L. acidophilus-treated groups
(Figure 5(a)), an apparent decrease in STAT3 protein level
was observed in contrast to the vehicle treated control group
(Figure 5(b)). Among all the L. acidophilus-treated groups,
inhibition of STAT3 protein expression was most obvious
in C5 (Figure 5(c)). Because phospho- (p-) STAT3 is the
functional form, it is important to understand whether the
phosphorylation level of STAT3 is altered by L. acidophilus
treatment. We observed that p-STAT3 was significantly
(𝑃 < 0.05) lower in all groups (C4–C8) relative to the
untreated or vehicle treated control groups by Western blot-
ting analysis (Figure 6(a)). Moreover, immunohistochemical
staining showed that p-STAT3 localized in the nuclei was
predominantly expressed in the inflamed area in the DSS-
induced untreated control group (Figure 6(b)). Importantly,
L. acidophilus treatment caused a significant (𝑃 < 0.05)
reduction in p-STAT3 signal, with a stronger effect in the
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Figure 4: Treatment with Lactobacillus acidophilus reduced TGF𝛽1 expression in colitis. The mRNA (a) and protein (b) levels of TGF𝛽1
expression were examined by RT-PCR and Western blotting, respectively, in the colonic tissues of normal control mice group (normal) and
DSS-inducedmice groups, including L. acidophilus-treated C4–C8 groups, prednisone acetate treated positive control (Pred), and nontreated
(Non) and vehicle (Veh) treated control groups. Representative electrophoresis images are shown on the left, and bar graphs presenting mean
± SD (𝑛 = 8) values are shown on the right. A plotted trendline chart shows TGF𝛽1 expression in each group at both mRNA and protein
levels (c). a𝑃 < 0.05 versus Non, b𝑃 < 0.05 versus Veh, c𝑃 < 0.05 versus Pred, and d

𝑃 < 0.05 versus normal.

C5 and C6 groups (Figures 6(b) and 6(c)). These findings
suggest that administration of L. acidophilus improves colitis
by restoring the homeostasis of p-STAT3-mediated cellular
events, such as Th17 differentiation and IL-17 secretion.

4. Discussion

IBDs, including UC and CD, are considered a consequence
of aberrant immune response in the gastrointestinal tract.
It is traditionally recognized that CD is associated with Th1
cytokines and UC is modulated by Th2 cytokines. This con-
cept has recently been challenged by the discovery of novel
subset Th17 cells. Although controversy remains, Th17 cells
are generally accepted as the mediators of intestinal inflam-
mation via the secretion of proinflammatory cytokines, such

as IL-17 [22, 23]. Therefore, targeting Th17 cells can be a
potential approach for treating IBD. With the accumulation
of evidence supporting the significant role of microbiota in
gut homeostasis [24, 25], probiotics have nowadays been
more and more frequently used in treating IBD, especially
UC, through induction of remission and prevention of
pouchitis. However, whether and how probiotics modulate
Th17 cell fate in the gut remains poorly understood.

We found the expression of IL-17, a hallmark cytokine
characterizing Th17 cells, was dramatically increased in col-
itis, which is consistent with previous reports [7, 8, 21].
Moreover, we herein provide the first evidence that oral
administration of L. acidophilus, one of the most common
natural inhabitants of the human gut, suppressed the upreg-
ulation of the proinflammatory cytokine IL-17 in colitis. Our
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Figure 5: Lactobacillus acidophilus administration decreased STAT3 expression in colitis. The mRNA (a) and protein (b) levels of STAT3
expression were examined by RT-PCR and Western blotting, respectively, in the colonic tissues of normal control mice group (normal) and
DSS-inducedmice groups, including L. acidophilus-treated C4–C8 groups, prednisone acetate treated positive control (Pred), and nontreated
(Non) and vehicle (Veh) treated control groups. Representative electrophoresis images are shown on the left, and bar graphs presenting mean
± SD (𝑛 = 8) values are shown on the right. A plotted trendline chart shows STAT3 expression in each group at both mRNA and protein
levels (c). a𝑃 < 0.05 versus Non, b𝑃 < 0.05 versus Veh, c𝑃 < 0.05 versus Pred, and d

𝑃 < 0.05 versus normal.

finding is supported by a recent observation by Jan et al. that
oral administration of L. gasseri suppresses IL-17 induction
in allergen-induced airway inflammation in mice [26]. More
recently, Amdekar et al. showed that administration of L.
acidophilus downregulates the expression of IL-17 and to a
lesser extent that of TNF𝛼 in rats with collagen-induced
arthritis [27]. Similarly, we also observed an inhibitory effect
of L. acidophilus on colitis-mediated TNF𝛼 expression in
mouse colon. The decrease in IL-17 expression might be
an important contributor to the ameliorative effect of L.
acidophilus on the pathogenesis of colitis as observed in our
previous report [20], because inhibition of IL-17 function
with a chemical inhibitor or anti-IL-17 antibody has been
extensively demonstrated to be effective in IBD treatment
[28–30].

The observed downregulation of IL-17 further indicates
that administration of L. acidophilus may have modulated

the fate of Th17 cells. In inflammation, Th17 cell differenti-
ation is induced by paracrine signaling and Th17 cells are
further expanded to achieve full involvement [14]. Accumu-
lating evidence demonstrates that TGF𝛽1 is critically involved
in Th17 cell differentiation, whereas IL-23 plays an essential
role in maintaining proliferation and survival of Th17 cells.
Moreover, recent studies have shown that the expression
levels of TGF𝛽1 and IL-23 are both enhanced in IBD [31–
33], thereby promoting the progression of inflammation by
activating Th17 differentiation and function. In this study,
we showed for the first time that L. acidophilus inhibits
the colitis-mediated increase in TGF𝛽1 and IL-23 expres-
sion in mouse colon. These results implicate a decrease in
TGF𝛽1 and IL-23 expression upon L. acidophilus treatment
might alter Th17 cell population. However, this suspection
needs be testified by immunohistochemical staining of Th17
cell-specific marker, such as IL-17, in colitis treated with



8 Journal of Immunology Research

p-STAT3

N
on

Ve
h

C4 C5 C6 C7 C8 Pr
ed

N
or

m
al

N
on Ve

h C4 C5 C6 C7 C8

Pr
ed

N
or

m
al

p-STAT3 protein

cd cd
abcd abcd

abcd abcd abcd abd

abc

0.000

0.040

0.080

0.120

(p
-S

TA
T3

/𝛽
-a

ct
in

)
O

D
 

(a)

None Veh

C4 C5

C6 C7

C8 Pred

200x

200x

200x

200x 200x

200x

200x

200x

200x

Zoom-inZoom-in

Zoom-in

Zoom-in

Zoom-in

Zoom-in

Zoom-in

Zoom-in

Zoom-in

Normal 

p-STAT3 IHC signal 
bcd

acd
abcd

abcd abcd
abd abcd abd

abc

0
5

10
15
20
25
30

p-
ST

AT
3

N
on Ve

h C4 C5 C6 C7 C8

Pr
ed

N
or

m
al

(b)

Figure 6: Continued.
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Figure 6: Lactobacillus acidophilus treatment attenuated the phosphorylation level of STAT3 (p-STAT3) in colitis. The expression level of
p-STAT3 was determined by bothWestern blotting (WB, (a)) and immunohistochemistry (IHC, (b)) in the colonic tissues of normal control
mice group (normal) and DSS-induced model mice groups, including L. acidophilus-treated C4–C8 groups, prednisone acetate treated
positive control (Pred), and nontreated (Non) and vehicle (Veh) treated control groups. Representative images of Western blotting and
immunohistochemical staining showing subcellular localization of p-STAT3 in the colon of nontreated model control mice are shown on
the left, and a bar graph representing mean ± SD (𝑛 = 8) values is shown on the right. A plotted trendline chart shows p-STAT3 expression
in each group as determined by WB and IHC (c). a𝑃 < 0.05 versus Non, b𝑃 < 0.05 versus Veh, c𝑃 < 0.05 versus Pred, and d

𝑃 < 0.05 versus
normal.

and without L. acidophilus. Although we did not attempt
to elucidate the molecular mechanisms that mediate the
inhibitory role of L. acidophilus in IL-23 regulation in the
present study, we suspect that reduced expression of TNF𝛼
may be responsible. In fact, previous studies have clearly
shown that nuclear factor- (NF-) 𝜅B, a critical mediator
of TNF𝛼 signaling, regulates the transcription of the IL-
23p19 gene [34]. A recent finding by the de Vrese lab
showed that probiotics Bifidobacterium breve and Lacto-
bacillus rhamnosus GG (LGG) inhibit lipopolysaccharide-
(LPS-) activated expression of IL-23 in cultured intestinal
cells via inhibition of histone acetylation and enhance-
ment of DNA methylation [35], providing another potential
mechanism for L. acidophilus-mediated downregulation of
IL-23.

The results of this study further indicate that the effi-
cacy of different concentrations of commensal probiotics on
the expression of proinflammatory cytokines and relevant
effectors must be carefully determined. We found that the
greatest inhibitory effect was achieved in the C5 or C6 group
depending on themolecule examined,which is largely consis-
tent with our earlier observation that the optimal therapeutic
effect against disease activity was from the C6 group [20].
Probiotic overdose might break the homeostasis of the gut
community and cause aberrant immune response of the
gastrointestinal defense system and thus altered expression of
cytokine profiles.

In conclusion, we showed that oral administration of
L. acidophilus suppressed colitis-associated hyper-response
of the IL-23/Th17 axis. Specifically, L. acidophilus treatment
inhibited the secretion of proinflammatory cytokine IL-17
by downregulating IL-23 and TGF𝛽1, which are required
for Th17 cell differentiation and stabilization. These findings
indicate that the therapeutic role of L. acidophilus in IBD
treatment, at least in part, involvesmodulating the IL-23/Th17
immune axis.
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Apremilast, an oral phosphodiesterase 4 inhibitor, demonstrated effectiveness (versus placebo) for treatment of active psoriatic
arthritis in the psoriatic arthritis long-term assessment of clinical efficacy (PALACE) phase III clinical trial program.
Pharmacodynamic effects of apremilast on plasma biomarkers associated with inflammation were evaluated in a PALACE 1
substudy. Of 504 patients randomized in PALACE 1, 150 (placebo: 𝑛 = 51; apremilast 20mg BID: 𝑛 = 51; apremilast 30mg
BID: 𝑛 = 48) provided peripheral blood plasma samples for analysis in a multiplexed cytometric bead array assay measuring
47 proteins associated with systemic inflammatory immune responses. Association between biomarker levels and achievement of
20% improvement frombaseline inmodifiedAmericanCollege of Rheumatology (ACR20) response criteria was assessed by logistic
regression. At Week 24, IL-8, TNF-𝛼, IL-6, MIP-1𝛽, MCP-1, and ferritin were significantly reduced from baseline with apremilast
20mg BID or 30mg BID versus placebo. ACR20 response correlated with change in TNF-𝛼 level with both apremilast doses. At
Week 40, IL-17, IL-23, IL-6, and ferritin were significantly decreased and IL-10 and IL-1 receptor antagonists significantly increased
with apremilast 30mg BID versus placebo. In patients with active psoriatic arthritis, apremilast reduced circulating levels of Th1
andTh17 proinflammatory mediators and increased anti-inflammatory mediators.

1. Introduction

Psoriatic arthritis (PsA), which occurs in up to 30% of
patients with psoriasis, is prevalent in an estimated 0.3% to
1.0% of the general population [1]. Psoriasis and PsA are
disease processes driven by overproduction of inflammatory
mediators released by innate and adaptive immune cells [2, 3].
Key components of these processes are plasmacytoid den-
dritic cells, T helper 1 (Th1) cells, and T helper 17 (Th17) cells,
which give rise to andmaintain the inflammatory cascade [2].

Apremilast, a phosphodiesterase 4 inhibitor (PDE4), helps
to regulate the immune response that causes inflammation
and skin disease associated with psoriasis and PsA [3–
5]. In vitro, apremilast affects production of cytokines and

chemokines fromperipheral bloodmononuclear cells (PBMC)
and polymorphonuclear leukocytes, including monocytes,
plasmacytoid dendritic cells, T cells, natural killer cells, and
neutrophils [5, 6]. Among these effects, the inhibition of
tumor necrosis factor (TNF)-𝛼, interleukin (IL)-23, and IL-
17 production are noteworthy, given the important role of
these cytokines in the pathophysiology of psoriatic disease.
The production of chemokines by toll-like receptor (TLR)4-
stimulated PBMC is also sensitive to PDE4 inhibition, as
is TLR2-stimulated neutrophil IL-8 production [5]. Because
PDE4 is also expressed in cell types resident in the joints and
skin, apremilast also inhibits TNF-𝛼 production by rheuma-
toid synovial membranes [7] and keratinocytes in vitro [5].
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Many of these preclinical pharmacological observations have
been confirmed in clinical pharmacodynamic studies. In the
first phase II study of apremilast in psoriasis, treatment with
20mg QD resulted in a decrease in epidermal thickness,
dendritic cell and T-cell skin infiltration, and TNF-𝛼 produc-
tion in whole blood ex vivo [8]. Subsequently, in a phase II
study in patients with recalcitrant psoriasis, apremilast 20mg
BID led to decreases in proinflammatory gene expression in
the lesional skin, including IL-8, IL-12/IL-23p40, IL-17A, and
IL-23p19, as well as inducible nitric oxide synthase [9]. In
patients with at least a 75% improvement in Psoriasis Area
and Severity Index (PASI-75) response, the downregulation
of most of these genes was greater than in the nonresponders,
yet the expression of IL-10 was increased in responders
compared with nonresponders [9]. Therefore, although the
local anti-inflammatory effects of apremilast 20mg had been
observed in the lesional skin of psoriasis patients, the effects
of the 30mgBIDdose on systemic inflammatorymarkers had
not been explored in psoriatic disease.

The efficacy and safety of apremilast have been evaluated
in patients with active PsA in the psoriatic arthritis long-term
assessment of clinical efficacy (PALACE) phase III clinical
trial program. PALACE 1 compared the efficacy and safety of
apremilast with placebo in patients with active PsA despite
prior conventional disease-modifying antirheumatic drugs
(DMARDs) and/or biologics [10]. In PALACE 1, apremilast
demonstrated significant efficacy in improving the signs
and symptoms and physical function related to PsA, with
sustained responses observed over 52 weeks [10, 11]. In
March 2014, the US Food andDrugAdministration approved
apremilast for the treatment of adults with active PsA, and in
September 2014, apremilast was approved for the treatment
of patients with moderate to severe plaque psoriasis who are
candidates for phototherapy or systemic therapy [12].

In this study, we evaluated the pharmacodynamic effects
of apremilast on plasma biomarkers associated with inflam-
mation in a subset of PALACE 1 patients and examined the
relationship between change in select biomarkers and PsA
clinical response.

2. Materials and Methods

2.1. Key Inclusion and Exclusion Criteria. Detailed patient
selection criteria have been published previously [10]. Briefly,
patients were eligible to enroll if they were ≥18 years of age
with a ≥6 month history of diagnosed PsA at screening.
Patients were required to meet classification criteria for
psoriatic arthritis (CASPAR) at study entry and to have
three or more swollen and three or more tender joints
despite past or current DMARDs and/or biologics, including
failures. Patients taking methotrexate, leflunomide, or sul-
fasalazinemust have received stable doses for at least 16 weeks
(methotrexate: ≤25mg/week; leflunomide: ≤20mg/day; sul-
fasalazine: ≤2 g/day, or a combination).

Patients with erythrodermic, guttate, or generalized pus-
tular psoriasis, or rheumatic disease other than PsA were
excluded. Patients also were excluded if they had active
tuberculosis, a history of incompletely treated tuberculosis or
significant infection ≤4 weeks of screening (no screening was

required for latent tuberculosis), or history of other clinically
significant disease or presence of other major uncontrolled
disease. Patients could not participate if they had prior
therapeutic failure of more than three agents for PsA or more
than one TNF blocker.

Patients could continue to take stable doses of DMARDs
throughout the trial, as well as stable doses of oral corti-
costeroids (prednisone ≤10mg/day or equivalent ≥1 month
before screening), nonsteroidal anti-inflammatory drugs, and
opioid analgesics (≥2 weeks before screening). Low potency
topical corticosteroids, coal tar shampoo and/or salicylic acid
scalp preparations, and nonmedicated emollient could be
used, except less than 24 hours before each study visit.

2.2. Study Design. PALACE 1 was a phase III, multicenter,
randomized, double-blind, placebo-controlled study (Figure 1).
Eligible patients were randomized (1 : 1 : 1) to receive placebo,
apremilast 20mg BID, or apremilast 30mg BID for 24 weeks,
stratified by baseline DMARD use (yes/no). All doses were
titrated over the first week of treatment (10mg on the first day,
increased by 10mg/day until the target dose was reached).
Patients whose swollen and tender joint counts had not
improved by ≥20% at Week 16 were considered nonrespon-
ders and were required to be rerandomized (1 : 1) to apremi-
last 20mgBID or 30mgBID if theywere initially randomized
to placebo, or continued on their initial apremilast dose. At
Week 24, all remaining placebo patients were rerandomized
to apremilast 20mg BID or 30mg BID. Upon completion of
the 52-week, double-blind period, patients could enter a long-
term safety phase.

2.3. Biomarker Substudy. A total of 150 patients who were
enrolled in PALACE 1 provided written informed consent to
participate in the biomarker substudy, which was conducted
at 34 centers in the United States and Canada. Patients in
the substudy were randomized to double-blind treatment, as
specified in the protocol; no additional substudy randomiza-
tion was performed. Substudy patients were treated exactly as
all other PALACE 1 participants, except that blood samples
drawn into 6mL EDTA Vacutainer tubes for the biomarker
assay were obtained at baseline and Weeks 4, 16, 24, and
40. The blood samples were processed within 30 minutes of
collection by centrifugation at 1200×g for 15 minutes at 4∘C.
Plasmawas removed from the blood tubes, transferred as four
equal aliquots, each in a 2mL cryovial tube, frozen on dry ice,
and stored at −70∘C until analysis.

2.4. Pharmacodynamic Assessments. A panel of 47 protein
analytes was assessed in patient plasma samples using a
validated, multiplexed cytometric bead array immunoassay
(Human InflammationMAP 1.0, Myriad RBM, Inc., Austin,
TX, USA). The analytes were as follows: alpha-1 anti-
trypsin, alpha-2 macroglobulin, 𝛽-2 microglobulin, brain-
derived neurotrophic factor, C-reactive protein, comple-
ment 3, eotaxin, factor VII, ferritin, fibrinogen, granulocyte-
macrophage colony-stimulating factor, haptoglobin, intercel-
lular adhesion molecule-1, interferon-𝛾, IL-1𝛼, IL-1𝛽, IL-1
receptor antagonist (IL-1RA), IL-2, IL-3, IL-4, IL-5, IL-6, IL-
7, IL-8, IL-10, IL-12/IL-23p40, IL-12p70, IL-15, IL-17A, IL-18,
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Figure 1: The PALACE 1 study design. Plasma samples for the biomarker assay were obtained at baseline and at Weeks 4, 16, and 24. ∗All
doses were titrated over the first week of treatment. §Patients whose swollen and tender joint counts had not improved by ≥20% at Week
16 were considered nonresponders and were required to be rerandomized (1 : 1) to apremilast 20mg BID or 30mg BID if they were initially
randomized to placebo, or continued on their initial apremilast dose. ‡At Week 24, all remaining placebo patients were rerandomized to
apremilast 20mg BID or 30mg BID.

IL-23, matrix metalloproteinase (MMP) 2, MMP3, MMP9,
macrophage inhibitory protein (MIP)-1𝛼, MIP-1𝛽, mono-
cyte chemotactic protein (MCP)-1, regulated on activation-
normal T-cell expressed and secreted (RANTES), stem cell
factor, tissue inhibitor of metalloproteinase, TNF-𝛼, TNF-𝛽,
TNF-𝛼2, vascular cellular adhesion molecule type 1, vascular
endothelial growth factor, vonWillebrand factor (vWF), and
vitamin D binding protein.

Clinical response was assessed based on achievement
of 20% improvement from baseline in modified American
College of Rheumatology (ACR20) response criteria [13].
ACR20 response at Week 16 was the primary efficacy end
point in PALACE 1.

2.5. Statistical Analysis. Analyses were performed in bio-
marker substudy patients who were randomized, received ≥1
dose of study medication, and had ≥1 baseline and ≥1 post-
baseline value for any biomarker. Analyses were conducted
for datasets derived from the placebo-controlled period
(Weeks 0 to 24) and the apremilast-exposure period (Weeks
0 to 52). For the placebo-controlled period, the change from
baseline for each biomarker at each sampled time point was
compared between each apremilast dose (20mg BID and
30mgBID) and placebo using a nonparametric, rank analysis
of covariance model, with treatment group as a factor and
baseline biomarker value as a covariate. For Weeks 16 and
24, missing values were imputed using the last-observation-
carried-forward (LOCF) methodology; for Week 4, the anal-
ysis was conducted based on observed data. Patients initially
randomized to placebowhowere rerandomized to apremilast
at Week 16 were not included in between-treatment compar-
isons forWeek 24. 𝑃 values were not adjusted for multiplicity

and were used only as measures of strength of association.
Because the 40-week apremilast-exposure period lacked a
placebo-control group, within-treatment biomarker change
from baseline (the last value measured on or before the date
of first apremilast dose) was examined based on observed
data using a two-sided Wilcoxon signed rank test. Data for
patients initially randomized to placebo and later rerandom-
ized to either apremilast dose were analyzed according to
the actual number of weeks each of these patients received
apremilast treatment. Because of this, biomarker data over
40 weeks are expressed in terms of weeks of apremilast
exposure, rather than by study week. Odds ratios (ORs) and
95% confidence intervals (CIs) were also calculated.

To describe the relationship between ACR20 response
and change from baseline in biomarkers, those biomarkers
that exhibited significant change from baseline (𝑃 < 0.05)
with apremilast 20mg BID or 30mg BID compared with
placebo at Week 16 (LOCF) or Week 24 (LOCF) were
included in univariate and multivariate regression analy-
ses, with ACR20 response as the dependent variable and
biomarker change as the covariate. The multivariate model
included terms for treatment and biomarker change by
treatment interaction. Missing data were handled using the
nonresponder imputation rule, LOCF approach (ACR20
response), or LOCF approach only (biomarker data).

3. Results

A total of 150 patients (29.8% of the 504 patients compris-
ing the full study population) provided blood samples for
biomarker analysis (placebo: 𝑛 = 51; apremilast 20mg BID:
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Table 1: Baseline demographic and clinical characteristics of biomarker substudy patients (𝑁 = 150) and the overall intent-to-treat population
(𝑁 = 504) [10].

Biomarker substudy population (𝑁 = 150) Overall intent-to-treat population (𝑁 = 504)∗

Placebo
𝑛 = 51

Apremilast
Placebo
𝑛 = 168

Apremilast
20mgBID
𝑛 = 51

30mgBID
𝑛 = 48

20mgBID
𝑛 = 168

30mgBID
𝑛 = 168

Age, mean (SD), years 49.7 (12.4) 47.3 (11.2) 52.3 (11.2) 51.1 (12.1) 48.7 (11.0) 51.4 (11.7)
Female, 𝑛 (%) 20 (39.2) 25 (49.0) 23 (47.9) 80 (47.6) 83 (49.4) 92 (54.8)
White, 𝑛 (%) 49 (96.1) 46 (90.2) 47 (97.9) 153 (91.1) 150 (89.3) 152 (90.5)
Body mass index, mean (SD), kg/m2 30.7 (7.4) 33.0 (7.1) 32.8 (6.8) 31.1 (6.6) 30.9 (7.3) 30.6 (5.9)
Duration, mean (SD), years

PsA 6.5 (5.7) 4.9 (4.6) 10.1 (8.3) 7.3 (7.1) 7.2 (6.8) 8.1 (8.1)
Psoriasis 13.5 (11.7) 13.1 (11.9) 19.0 (13.5) 15.7 (13.0) 15.5 (11.9) 16.5 (12.3)

Swollen joint count (0–76), mean (SD) 13.0 (8.2) 12.7 (10.4) 13.9 (8.7) 12.8 (8.8) 12.5 (9.5) 12.8 (7.8)
Tender joint count (0–78), mean (SD) 27.9 (17.8) 22.4 (15.6) 27.4 (16.5) 23.3 (15.2) 22.2 (15.9) 23.1 (14.5)
HAQ-DI (0–3), mean (SD) 1.1 (0.59) 1.0 (0.55) 1.2 (0.61) 1.2 (0.6) 1.2 (0.6) 1.2 (0.6)
Physician’s global assessment of disease
activity (0–100mmVAS), mean (SD) 58.0 (20.4) 59.4 (18.9) 57.9 (17.4) 55.2 (20.3) 54.1 (21.8) 55.7 (19.2)

Prior use of biologics, 𝑛 (%) 24 (47.1) 24 (47.1) 25 (52.1) 41 (24.4) 37 (22.0) 41 (24.4)
Prior use of methotrexate, 𝑛 (%) 41 (80.4) 40 (78.4) 39 (81.3) 90 (53.6) 95 (56.5) 88 (52.4)
Prior biologic failure, 𝑛 (%) 11 (21.6) 10 (19.6) 10 (20.8) 19 (11.3) 14 (8.3) 14 (8.3)
∗
𝑛 reflects the number of patients randomized; actual number of patients available for each end point may vary.

HAQ-DI: Health Assessment Questionnaire-Disability Index; PsA: psoriatic arthritis; VAS: visual analog scale.

𝑛 = 51; and apremilast 30mg BID: 𝑛 = 48). Among substudy
patients, baseline demographic and disease characteristics,
as well as prior and concurrent therapy, were comparable
across treatment groups (Table 1). Baseline demographics
were similar to those of the full study population, except that
prior exposure to methotrexate was higher in the biomarker
subset (80.0%), as was prior exposure to a biologic DMARD,
such as a TNF blocker (48.8%), than in the overall intent-
to-treat population (54.2% and 23.6%, resp.) (Table 1). Prior
biologic failure was also higher in the biomarker subset
(20.7%) than in the overall intent-to-treat population (9.3%)
(Table 1). The biomarker substudy patients, therefore, may
have had a more treatment-resistant PsA phenotype than the
overall study population.

3.1. Biomarker Changes during the Placebo-Controlled Period
(Weeks 0 to 24). Patients who received apremilast 20mg
BID or 30mg BID exhibited significantly different mean
percent changes from baseline in various biomarkers at
Weeks 4, 16, and/or 24 compared with placebo (Figure 2).
At Week 16 (LOCF), with apremilast 20mg BID and/or
apremilast 30mg BID treatment, significant differences in
mean percent change from baseline (versus placebo) were
observed for TNF-𝛼, IL-8, IL-6, and ferritin. At Week 24
(LOCF), apremilast 20mg BID or 30mg BID treatment was
associated with significantly different percent changes from
baseline (versus placebo) in TNF-𝛼, IL-8, IL-6, ferritin, MIP-
1𝛽, andMCP-1 (Figure 2). Significant mean percent increases
(versus placebo) in vWF were also observed with apremilast
treatment at Weeks 16 and 24 (Figure 2); however, all vWF
values were within normal range (<120𝜇g/mL).

3.2. Association between ACR20 Response and Change in Bio-
markers. At Week 16, changes in plasma TNF-𝛼 and vWF
were associated with ACR20 response based on both uni-
variate andmultivariate logistic regression analyses (Table 2).
For TNF-𝛼, the association with ACR20 response was sig-
nificant for both apremilast dose groups. ACR20 response
was associated with an increase from baseline in TNF-𝛼 in
patients receiving apremilast 20mg BID but a decrease from
baseline inTNF-𝛼 in patients receiving apremilast 30mgBID.
In the apremilast 20mg BID group, there was a mean 120%
increase from baseline TNF-𝛼 at Week 16 among the ACR20
responders, with a high degree of variability (data not shown).
By contrast, in the apremilast 30mg BID dose group, there
was a mean 40% decrease from baseline TNF-𝛼 at Week 16
among the ACR20 responders. For vWF, the association with
ACR20 responsewas significant only for the apremilast 20mg
BID group.

3.3. Change in Biomarkers over 40Weeks. Six biomarkers (IL-6,
IL-17, IL-23, ferritin, IL-10, and IL-1RA) exhibited significant
changes (versus baseline) at Week 40 among patients who
received apremilast 20mg BID or 30mg BID (Figure 3). At
this time point, there was no longer any placebo-treated
group for comparison, because all placebo-treated subjects
were rerandomized to receive apremilast 20mg BID or
30mg BID at Week 16 (early escape) or Week 24 (the final
visit for the placebo-controlled portion of the study). With
apremilast treatment, the biomarker change from baseline
varied over time. For some analytes, differential effects of
apremilast 20mg BID and 30mg BID doses were observed
(Figures 4(a)–4(f)). Changes in biomarkers that were main-
tained over time to Week 40 with apremilast 20mg BID
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Figure 2: Changes in biomarkers with placebo, apremilast 20mg BID, and apremilast 30mg BID over Weeks 0 to 24. ∗𝑃 < 0.05 versus
placebo (rank analysis of covariance two-sided 𝑃 value). §𝑃 = 0.0527. SEM: standard error mean.

and/or 30mgBID included, butwere not limited to, decreases
in IL-17, IL-6, and ferritin, and increases in IL-10 and IL-1RA
(Figure 4).

4. Discussion

The current exploratory pharmacodynamic findings in
patients with PsA enrolled in the PALACE 1 trial substudy
support previous reports surrounding the biological activ-
ity of apremilast on immune cell function and in psori-
atic disease [6, 9]. Patients receiving apremilast over 24
weeks exhibited significant changes inmultiple inflammatory
biomarkers, including IL-8, TNF-𝛼, IL-6, MIP-1𝛽, and MCP-
1, consistent with the anticipated broad effect of PDE4
inhibition [5]. Changes in TNF-𝛼 with apremilast 20mg
BID and 30mg BID treatment were associated with ACR20
clinical response at Week 16, the primary end point. After 40
weeks of apremilast treatment, generally similar decreases in
the plasma concentration of IL-6, IL-17, and IL-23 were seen

with both apremilast doses, suggesting long-term inhibition
of the systemic Th-17 immune response. The significant
increases in IL-10 and IL-1RA after 40 weeks of apremilast
treatment demonstrate the increase in anti-inflammatory
mediator production with PDE4 inhibition.

The profile of biologic activity observed is consistent with
a therapeutic role for apremilast in the treatment of PsA.
Many of the inflammatory analytes down-regulated during
apremilast treatment in the current subset of PALACE 1
patients, including TNF-𝛼, IL-8, IL-17, MIP-1𝛽, and MCP-
1, are over-expressed in patients with psoriasis and PsA
[14–17]. The current findings are largely consistent with
preclinical studies of the impact of apremilast on cytokine and
chemokine expression [5, 6]. For Weeks 4 through 24, bio-
marker changes were generally greater in the apremilast
30mg BID treatment group than in the apremilast 20mg
BID treatment group (Figure 2). Interestingly, at Week 40 the
magnitude of the effects on IL-6, IL-23, and IL-17 were similar
for the apremilast 20mg BID and 30mg BID treatment
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Table 2: Association between ACR20 response and biomarker change at Week 16.

Univariate analysis 1∗ Multivariate
analysis 2§

Biomarker§ Placebo
𝑛 = 51

Apremilast 20mg BID
𝑛 = 51

Apremilast 30mg BID
𝑛 = 48

Interaction

OR
(two-sided 95% CI) 𝑃 value

‡ OR
(two-sided 95% CI) 𝑃 value

‡ OR
(two-sided 95% CI) P value‡ P value

TNF-𝛼 (pg/mL) 0.995
(0.986, 1.003) NS 1.006

(1.001, 1.011) 0.0205 0.978
(0.960, 0.996) 0.0166 0.0024

IL-8 (pg/mL) 1.000
(0.990, 1.010) NS 0.997

(0.985, 1.008) NS 0.994
(0.984, 1.004) NS NS

IL-6 (pg/mL) 0.998
(0.992, 1.004) NS 1.002

(0.991, 1.013) NS 0.989
(0.977, 1.002) NS NS

Ferritin (ng/mL) 0.996
(0.974, 1.019) NS 1.001

(0.984, 1.018) NS 0.992
(0.969, 1.016) NS NS

vWF factor (𝜇g/mL) 1.012
(0.985, 1.040) NS 0.996

(0.938, 0.996) 0.0253 1.007
(0.992, 1.022) NS 0.0387

NS: not significant.
∗ORs, CIs, and 𝑃 values were calculated from a logistic regression model with percent change from baseline biomarker value atWeek 16 (LOCF) as a covariate.
§At Week 16 (LOCF) for the biomarkers with a significantly (𝑃 < 0.05) different percent change from baseline in the between-treatment comparisons
(apremilast 20mgBID versus placebo or apremilast 30mgBID versus placebo), the ACR20 (nonresponder imputation) and ACR20 (LOCF) datasets were
identical.
‡P values were calculated from a logistic regression model with treatment as a factor, percent change from baseline biomarker value at Week 16 (LOCF) as a
covariate, and interaction of treatment and percent change from baseline value at Week 16 (LOCF).
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Figure 3: Mean percent change in biomarkers with apremilast
20mg BID and apremilast 30mg BID at Week 40; no patients were
receiving placebo at this time point. ∗𝑃 < 0.05Wilcoxon signed rank
test (two-sided 𝑃 value for testing the median of zero).

groups (Figure 3). This suggests that the clinical pharmaco-
dynamics of the two apremilast dose levels became similar
over the longer treatment duration. In the overall study
population, clinical efficacy at Week 40 for patients initially
randomized to apremilast at baseline was also similar for the
apremilast 20mg BID and 30mg BID treatment groups, with
ACR20 response rates of 58% for apremilast 20mg BID and
57% for apremilast 30mg BID [18]. Previously, in a phase II
study in patients with recalcitrant psoriasis, treatment with

apremilast 20mg BID led to significant decreases in proin-
flammatory gene expression in the lesional skin, including IL-
12/IL-23p40, IL-17A, and IL-23p19 [9]. Taken together, these
results illustrate that apremilast has a significant impact on
the Th-17 mediators in both the systemic (blood) and local
(skin) immune compartments. In psoriatic disease, IL-17 is
produced not only by T helper cells, but also neutrophils,
mast cells, 𝛾𝛿 T cells, and innate lymphoid cells [19]. In addi-
tion, in psoriasis, keratinocytes can produce IL-17C, and such
production is associated with psoriatic skin inflammation
[20]. Whether apremilast has direct or indirect effects on IL-
17 production by all of these cell types is not yet known. It
should be noted that only IL-17A, and not other isoforms
such as IL-17C or IL-17F, was measured in the current study.
In an earlier study of apremilast, decreases in IL-17A were
linked to decreased keratinocyte proliferation and to PASI-75
response in patients with recalcitrant psoriasis [9]. Moreover,
in a recent phase III trial, the human anti-IL-17Amonoclonal
antibody secukinumab demonstrated efficacy for PsA [21].
The current findings build on this evidence and suggest a
potential role of IL-17 reduction in the clinical response to
apremilast treatment of PsA; it will be of interest to explore
this relationship in future investigations. Interestingly, IL-10
levels were significantly increased after 40 weeks of treatment
with apremilast 30mg BID. This may have been due to a
direct induction of IL-10 by apremilast, as had been observed,
to elevate IL-10 production by endotoxin-stimulated PBMC,
and in the skin of psoriasis patients who achieved a clinical
response PASI-75 or greater [5, 9].

However, there were some unexpected observations.
Preclinical investigations indicated that apremilast leads to
increased expression of IL-6 at higher concentrations in



Journal of Immunology Research 7

0

0 4 16
Treatment exposure (weeks)

24 40

49
50
46

44
50
49

12
55
52

34
39

10
20
30

−20
−10

−30
−40

Placebo:

Apremilast 30mg BID:
Apremilast 20mg BID:

n = 52

n = 74

n = 66

Ch
an

ge
 fr

om
 b

as
eli

ne
(%

)

(a) IL-17

0

0

4 16
Treatment exposure (weeks)

24 40

49
50
46

44
50
49

12
55
52

34
39

−14
−12
−10
−8
−6
−4
−2

−16
−18Ch

an
ge

 fr
om

 b
as

eli
ne

(%
)

Placebo:

Apremilast 30mg BID:
Apremilast 20mg BID:

n = 52

n = 74

n = 66

(b) IL-23

0

0 4 16
Treatment exposure (weeks)

24 40

49
50
46

44
50
49

12
55
52

34
39

10
20

−20
−10

−30

−50
−40

Ch
an

ge
 fr

om
 b

as
eli

ne
(%

)

Placebo:

Apremilast 30mg BID:
Apremilast 20mg BID:

n = 52

n = 74

n = 66

(c) IL-6

0

0 4 16
Treatment exposure (weeks)

24 40

49
50
46

44
50
49

12
55
52

34
39

10
20

−20

−10

−30Ch
an

ge
 fr

om
 b

as
eli

ne
(%

)

Placebo:

Apremilast 30mg BID:
Apremilast 20mg BID:

n = 52

n = 74

n = 66

(d) Ferritin

0

0 4 16
Treatment exposure (weeks)

24 40

49
50
46

44
50
49

12
55
52

34
39

10
20
30
40

−20

−10

Ch
an

ge
 fr

om
 b

as
eli

ne
(%

)

Placebo:

Apremilast 30mg BID:
Apremilast 20mg BID:

n = 52

n = 74

n = 66

(e) IL-10

0

0 4 16
Treatment exposure (weeks)

24 40

49
50
46

44
50
49

12
55
52

34
39

10
20
30
40
50

−20
−10

Ch
an

ge
 fr

om
 b

as
eli

ne
(%

)

Placebo:

Apremilast 30mg BID:
Apremilast 20mg BID:

n = 52

n = 74

n = 66

(f) IL-1RA

0

0 4 16
Treatment exposure (weeks)

24 40

49
50
46

44
50
49

12
55
52

34
39

−20

−10

−30

−40

Placebo

Apremilast 30mg BID
Apremilast 20mg BID

Ch
an

ge
 fr

om
 b

as
eli

ne
(%

)

Placebo:

Apremilast 30mg BID:
Apremilast 20mg BID:

n = 52

n = 74

n = 66

(g) TNF-𝛼

Figure 4: Median percent change in select biomarkers with placebo, apremilast 20mg BID, and apremilast 30mg BID over Weeks 0 to 40.
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vitro (e.g., 10𝜇M) [5]. In this study, however, IL-6 plasma
levels were significantly decreased by apremilast 30mgBID at
Weeks 16, 24, and 40.This decrease in IL-6may be an indirect
effect, caused by the reduction of TNF-𝛼, which affects IL-6
expression [22]. In a study of infliximab for PsA, IL-6 also
showed early decreases from baseline, although IL-6 levels
rebounded somewhat at 12 weeks [23]. In the current study,
there was also a significant decline in ferritin in patients
treated with apremilast 30mg BID for 16, 24, and 40 weeks.
While the pathophysiological role of ferritin in PsA is not
clear, a similar, significant 12.6% median decrease in ferritin
has been reported in psoriasis patients treatedwith etanercept
for 12 weeks [24].

Significant increases from baseline in vWF were seen
with apremilast 30mg BID at Week 16 and Week 24. The
mechanism by which apremilast increased vWF levels is
unknown, although it may be related to apremilast-mediated
cyclic adenosine monophosphate (cAMP) elevation within
endothelial cells. The vWF is released from Weibel-Palade
bodies upon stimulation of endothelial cells with cAMP-
elevating secretagogues such as epinephrine, thrombin, his-
tamine, vasopressin, and adenosine, as well as the nonselec-
tive phosphodiesterase inhibitor IBMX [25, 26]. Importantly,
such vWF elevations remained below the established upper
limit of normal (<120 𝜇g/mL) and were transient, returning
to baseline levels with up to 40 weeks of treatment.

Regression analyses showed that ACR20 response was
associated with changes in TNF-𝛼 and vWF. At Week 16,
ACR20 response was associated with a decrease in TNF-
𝛼 in the apremilast 30mg BID group; in this dose group,
there was a mean 40% decrease from baseline TNF-𝛼 at
Week 16 among the ACR20 responders. However, ACR20
response also was associated with an increase in TNF-𝛼
with apremilast 20mg BID; in this dose group, there was a
mean 120% increase from baseline TNF-𝛼 at Week 16 among
the ACR20 responders, with a high degree of variability
(data not shown). vWF was increased at Week 16 in both
apremilast dose groups.The precise reason for this difference
in TNF-𝛼 is not known, but the anti-inflammatory effects of
apremilast 30mg BID atWeek 16 appear to be more clear and
consistent than the effects of apremilast 20mg BID. At Week
24, the association between TNF-𝛼 and ACR20 response was
no longer evident, and the association with vWF persisted.
While the link between elevated TNF-𝛼 levels and relatively
greater PsA disease activity is fairly well established [17],
evidence regarding the clinical significance of vWF changes is
conflicting and not well characterized [27, 28]. vWF expres-
sion has previously been shown to be elevated in patients with
active PsA, as well as other arthropathies [27, 28]. Given the
broad nature of the changes among inflammatory mediators
observed currently with apremilast treatment, interpreting
the relationship between clinical response and single protein
analytes must be undertaken with caution. With continued
or long-term treatment, early changes in one inflammatory
mediator may induce changes in the expression of other,
downstream signals; clinical responses may evolve in both
magnitude and nature over time. In this context, it seems
more plausible that the aggregate of changes in inflammatory
mediator expression seen with apremilast over time, rather

any single mediator at any one time point, contributes to the
clinical effects observed.

The subgroup of patients included in the current pharma-
codynamic analysis was limited in size, representing approxi-
mately one-third of the overall study population. Proportions
of patients with prior exposure to methotrexate and/or to
a biologic DMARD, such as a TNF blocker, and the prior
biologic failure rate were higher in the biomarker subset than
in the overall intent-to-treat population. These differences
suggest that the biomarker substudy population may have
had a more treatment-resistant PsA phenotype than the
overall study population, thereby limiting the extrapolation
of the biomarker study conclusions. These differences in
prior treatment may have led to an underestimation of the
pharmacodynamic effects of apremilast and dampened the
association with clinical response, since the PsA patients with
previous biologic treatment had lower clinical response rates
than the biologic-näıve patients [10]. Fluctuations in disease
activity accompanying flares of skin or joint symptomsduring
the study period within individual patients may also have
contributed to variability in cytokine levels. The groups were
not matched in terms of ongoing, concomitant DMARD
treatment during the study period, which may also have
impacted observed differences in biomarker levels.

Similar biomarker studies have been conducted with
other therapeutic agents used for the treatment of PsA. For
example, treatment of PsA patients with the human TNF-
𝛼 monoclonal antibody golimumab for 4 to 14 weeks was
associated with a significant decrease in serum levels of the
acute phase reactants serum amyloid P, haptoglobin, and 𝛼

1

anti-trypsin, and inflammatory markers MCP-1, MIP-1𝛽, IL-
16, IL-8, S100A12 intercellular adhesion molecule 1, MMP-
3, and vascular endothelial growth factor, as well as plas-
minogen activator inhibitor-1 and thyroxine binding globulin
[29].This pattern for golimumab is only partially overlapping
with that of apremilast, namely with respect to the reductions
in MCP-1, MIP-1𝛽, and IL-8 observed for both therapeutic
agents. However, the remainder of the biomarker changes
were quite distinct. In another example, infliximab therapy
was associated with significant decreases in serum IL-6, vas-
cular endothelial growth factor, FGF, MMP-2, and E-selectin
early after infliximab infusions (2–6weeks), andTNF-𝛼 levels
decreased after 12 weeks in a small cohort of PsA patients
[23]. Here, there were similarities between the mechanisms
of infliximab and apremilast in that IL-6 and TNF-𝛼 were
decreased following treatment with either agent. In a small
study analyzing the changes in serum biomarkers in PsA
patients during treatment with etanercept, adalimumab, goli-
mumab, or infliximab, decreases in MMP-3 and an increase
in cartilage oligomeric matrix protein were associated with
clinical response to these TNF inhibitors [30]. Such results
are quite different from the patterns identified in the current
PsA studywith apremilast. However, differences in thematrix
(serum versus plasma), sample handling, and storage condi-
tions as well as biomarkers, assay methodologies, and PsA
patient populations would preclude any solid conclusions
regarding a direct comparison between apremilast and these
other effective agents.
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5. Conclusion

Overall, the effects of apremilast in PsA are consistent with
its pharmacological profile observed in vitro [6], and these
clinical pharmacodynamic data demonstrate that apremilast
may exert its therapeutic effects through regulating produc-
tion of Th1 cytokines and chemokines in the earlier stage
of treatment (4–24 weeks), followed by regulation of Th17-
related immunity and upregulation of anti-inflammatory
mediators upon longer treatment (40 weeks).
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Fc gamma receptor IIB (Fc𝛾RIIB) is the only Fc gamma receptor (Fc𝛾R) which negatively regulates the immune response,
when engaged by antigen- (Ag-) antibody (Ab) complexes. Thus, the generation of Ag-specific IgG in response to infection or
immunization has the potential to downmodulate immune protection against infection. Therefore, we sought to determine the
impact of Fc𝛾RIIB on immune protection against Francisella tularensis (Ft), a Category A biothreat agent. We utilized inactivated
Ft (iFt) as an immunogen. Näıve and iFt-immunized Fc𝛾RIIB knockout (KO) or wildtype (WT) mice were challenged with Ft-
live vaccine strain (LVS). While no significant difference in survival between näıve Fc𝛾RIIB KO versus WT mice was observed,
iFt-immunized Fc𝛾RIIB KO mice were significantly better protected than iFt-immunized WT mice. Ft-specific IgA in serum and
bronchial alveolar lavage, as well as IFN-𝛾, IL-10, and TNF-𝛼 production by splenocytes harvested from iFt-immunized Fc𝛾RIIB
KO, were also significantly elevated. In addition, iFt-immunized Fc𝛾RIIB KO mice exhibited a reduction in proinflammatory
cytokine levels in vivo at 5 days after challenge, which correlates with increased survival following Ft-LVS challenge in published
studies. Thus, these studies demonstrate for the first time the ability of Fc𝛾RIIB to regulate vaccine-induced IgA production and
downmodulate immunity and protection. The immune mechanisms behind the above observations and their potential impact on
vaccine development are discussed.

1. Introduction

Fc gamma receptor IIB (Fc𝛾RIIB), which is expressed on B
cells, as well as other antigen (Ag) presenting cells (APC),
is the only Fc gamma receptor (Fc𝛾R) known to negatively
regulate the immune response and play an important role in
B-cell regulation and antibody (Ab) production [1–7]. Thus,
Ag-specific Ab generated in response to infection, immu-
nization, or the administration of Fc𝛾R-targeted vaccines,
when complexed with Ag, has the potential to interact with
Fc𝛾RIIB and significantly downmodulate immunity and pro-
tection against infectious agents. Importantly, Fc𝛾RIIB is also

expressed on dendritic cells (DCs) and macrophages and can
negatively regulate cellular as well as humoral immunity [1–
3, 6, 8]. Consistent with the regulation of cellular immunity,
it has been demonstrated that utilizing a Mycobacterium
tuberculosis (MTB)model in which naı̈ve wildtype (WT) and
Fc𝛾RIIB knockout (KO) mice received an aerosol challenge
of MTB, Fc𝛾RIIB KO mice exhibited an enhanced cellu-
lar immune response compared to their WT counterparts,
which included increased IFN-𝛾 production [9]. In another
study, following Staphylococcus aureus (SA) infection, naı̈ve
Fc𝛾RIIB KO mice were better protected against a primary
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intravenous infection with SA [10]. However, in contrast
to the above results using näıve mice, if Fc𝛾RIIB KO mice
were first immunized with a pneumococcal vaccine and then
challenged with high doses of Streptococcus pneumoniae,
mortality rates were increased above that of WTmice, corre-
lating with increased proinflammatory cytokine production
[11]. Yet, in another study in which Plasmodium berghei para-
sitemia was induced postimmunization, parasitemia was not
impacted following intradermal immunization of Fc𝛾RIIB
KO versus WTmice with a Plasmodium berghei vaccine [12].
Thus, while enhanced immunity and/or protection against
infectionwas observed in näıve Fc𝛾RIIBKOversusWTmice,
the absence of Fc𝛾RIIB had either negative or no impact on
immunity and/or protection following immunization.

To further clarify the role of Fc𝛾RIIB in the generation
of protective immunity against infection, we investigated
the impact of Fc𝛾RIIB on F. tularensis (Ft) challenge before
and after immunization with inactivated Ft (iFt) in WT
versus Fc𝛾RIIB KO mice. Ft is a gram-negative intracellular
pathogen that in designated a Category A biothreat agent
due to its extreme virulence [13–15]. Based on the published
studies cited above using näıve Fc𝛾RIIB KO mice [9–11], we
hypothesized that näıve mice challenged with Ft would be
better protected in the absence of Fc𝛾RIIB. In contrast, based
on the published studies above using immunized Fc𝛾RIIB
KO mice [11, 12], we predicted a negative or very limited
impact of the absence of Fc𝛾RIIB on survival following Ft-
challenge of iFt-immunized Fc𝛾RIIB KO versus WT mice.
In fact, the opposite was observed in the case of both
näıve and iFt-immunized mice. Specifically, there was no
difference in survival of näıve Fc𝛾RIIB KO versus WT mice
challenged with Ft. In contrast, in the case of iFt-immunized
Fc𝛾RIIB KO versus WT mice, protection was significantly
improved in Fc𝛾RIIB KO mice. The latter correlated with
enhanced Ft-specific IgA production in vivo, enhanced recall
responses in the form of increased IFN-𝛾 production by ex
vivo splenocytes incubated with iFt, and reduced in vivo
proinflammatory cytokine production 5 days after challenge.
Thus, these studies demonstrate for the first time that the
presence of Fc𝛾RIIB can significantly dampen immunity
and protection against infection following immunization.
These are also the first studies to suggest a role of Fc𝛾RIIB
in the regulation of Ag-specific IgA production. Potential
explanations for the above observations are discussed.

2. Materials and Methods

2.1. Reagents. RPMI medium was obtained from Cellgro
Mediatech Inc. (Manassas, Va) into which was added 10%
heat inactivated fetal bovine serum (FBS) (Hyclone Thermo
Scientific, South Logan, Utah), 1% Pen/Strep (Hyclone
Thermo Scientific, South Logan, Utah), 5mL of 200mM
glutamine (100X) (Cellgro Mediatech Inc., Manassas, Va),
5mL of 100mM sodium pyruvate (100X) (Gibco Invitrogen,
Grand Island, NY), 5mL nonessential amino acids (AA)
(100X) (Cellgro Mediatech Inc., Manassas, Va), and 250𝜇L
of 0.1M 2-mercaptoethanol (2-ME) (Bio-rad, Hercules, CA).
Media was then filter sterilized with a 0.22 𝜇m filter and
stored at 4∘C. Ft-live vaccine strain (LVS)was utilized in these

studies and was cultured in Mueller Hinton Broth (MHB)
medium consisting of 490mL of distilled, deionized cell
culture grade water (Cellgro Mediatech Inc., Manassas, Va),
10.5 g MHB (Becton Dickinson, Sparks, Maryland), 0.069 g
anhydrous calcium chloride (Acros Organics, NJ), 0.105 g
hydrous magnesium chloride (hexahydrate) (MP Biomedi-
cals, Solon, OH), 5mL of glucose (Sigma-Aldrich, St. Louis,
Missouri), 5mL of ferric pyrophosphate (Sigma-Aldrich, St.
Louis, Missouri), and 10mL isovitalex (Becton Dickinson,
Sparks, Maryland). MHB media was adjusted to a pH of
6.8, filtered (0.22𝜇m), and stored at 4∘C for up to two
weeks. Red blood cell (RBC) lysis buffer contained 4.13 g of
ammonium chloride (Sigma-Aldrich, St. Louis, Missouri),
0.5 g of potassium bicarbonate (Sigma-Aldrich, St. Louis,
Missouri), and 18.5mg of EDTA (Sigma-Aldrich, St. Louis,
Missouri) diluted in 500mL of distilled water. The pH of
the solution was adjusted to 7.2, after which the solution was
filter-sterilized using a 0.22𝜇m filter and stored at 4∘C.

2.2. Splenocyte Isolation. Spleens were isolated from mice
and passed through a 70𝜇m cell strainer (Fisherbrand,
Houston, TX). The single cell suspension was collected in
a sterile petri dish containing approximately 3 to 5mL of
media. The cell suspension was washed and RBCs were
lysed using a RBC lysis buffer. The cell suspension was then
passed through a second 70 𝜇m cell strainer (Fisherbrand,
Houston, TX) and collected in a 50mL conical centrifuge
tube containing approximately 10mL of media. Cells were
spun for 5 minutes at 1500 revolutions per minute (RPM)
and resuspended in RBC lysis buffer. After 3 to 5 minutes
(min), the reaction was quenched through the addition of 20
to 40mL of media. Splenocytes were again spun for 5min
at 1500 RPM. Following resuspension, any residual tissue
was removed via pipet or by again passing the splenocyte
suspension through a 70 𝜇m filter (Fisherbrand, Houston,
TX). Splenocytes were subsequently washed twice with fresh
media twice and enumerated using trypan blue.

2.3. Mice. C57BL/6J mice were obtained from Jackson Lab-
oratories (Bar Harbor, ME). Breeding pairs of Fc𝛾RIIB KO
mice (B6; 129S4-Fcgr2btm1Ttk/J) on aC57BLbackgroundwere
obtained from Jackson Laboratories and bred in the Animal
Resources Facility at Albany Medical College. Mice of 6–15
weeks old were used in order to identify significant differ-
ences under conditions that include a relatively broad range
of ages. All animals were housed and cared for according to
guidelines approved by the Institutional Animal Care andUse
Committee.

2.4. Generation of iFt-Immunogen. iFt was used as immuno-
gen. Briefly, Ft-LVS organisms were grown in MHB medium
(Becton Dickinson, Sparks, Maryland) at 37∘C to a density
of 0.5–1 × 109 CFU/mL. 1 × 1010 CFU/mL live bacteria were
then incubated in 1mL of sterile PBS (Cellgro, Manassas,
Virginia) containing 2% paraformaldehyde (Sigma-Aldrich,
St. Louis, Missouri) for 2 hours at room temperature. The
iFt-organisms were then washed with sterile PBS three
times. Inactivation was verified by culturing a 100 𝜇L sample
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(∼1 × 109 iFt-organisms) on chocolate agar plates (Becton,
Sparks, Maryland) for 7 to 10 days. The iFt preparations were
stored at −20∘C in PBS.

2.5. Immunization and Challenge Studies. Mice were divided
into groups consisting of 6–8 mice per group. Each mouse
was anesthetized by intraperitoneal (i.p.) injection of 20%
ketamine (Vedco, St. Joseph, Missouri) plus 5% xylazine
(Lloyd, Shenandoah, Iowa) diluted in sterile cell culture grade
water (Cellgro, Manassas, Virginia). Mice were subsequently
administered i.n. either 20𝜇L of PBS (vehicle) or 2 × 107 iFt-
organisms in 20𝜇L of PBS. Unless otherwise indicated, mice
were immunized on day 0 and boosted on day 21. Immunized
mice were then challenged on day 35 i.n. with either 4 × LD

50

or 16 × LD
50

of live Ft-LVS and subsequently monitored for
survival for a minimum of 21 days.

2.6. Bacterial Burden Quantitation. Mice were immunized
and subsequently challenged with a sublethal dose (approxi-
mately 0.4 × LD

50
) of live Ft-LVS. Five days after challenge,

mice were sacrificed and tissues were collected. Tissues were
homogenized with a mechanical bead beater and serially
dilutedwith sterile PBS.Diluted tissue sampleswere plated on
chocolate agar and CFU colonies were enumerated approxi-
mately 72 hours later.

2.7. Antibody Quantitation. Total mouse IgM, IgG, and IgA
were measured by ELISA. Kits were purchased (Immunology
Consultants Laboratory, Portland, OR) and the manufactur-
ers protocol was followed. All reagents were brought to room
temperature. Samples and standards were serially diluted and
100 𝜇L/well were added to plates precoated with anti-IgM,
anti-IgG, or anti-IgA Abs. Plates were incubated at room
temperature for 60 minutes. Following the incubation, plates
were aspirated and washed, and 100 𝜇L of the appropriate
enzyme-Ab conjugate was added to each well. After 30
minutes, the plates were again washed and substrate solution
was added. The reaction was stopped after 10 minutes with
stop solution and the plates were read at 450 nm using a
microplate reader (VersaMax,Molecular Devices, Sunnyvale,
California). Ft-specific Ab production was also measured by
ELISA. ELISA plates (Corning, Corning, New York) were
coated with 50𝜇L/well of live Ft-LVS (5 × 107 CFU/mL
in carbonate buffer containing 2.15 g sodium bicarbonate
and 2.62 g sodium carbonate (Sigma-Aldrich, St. Louis,
Missouri) diluted in 500mL of sterile cell culture grade
water (Cellgro, Manassas, Virginia) at pH 9.6–9.8), overnight
at 4∘C. The plates were then washed three times with
200𝜇L/well of PBS containing 0.5% bovine serum albumin
(BSA) (Baxter Healthcare, Deerfield, Illinois) and 0.002%
sodium azide (Sigma-Aldrich, St. Louis, Missouri). Plates
were then blocked at 4∘C for 2 hours with 200𝜇L/well of
PBS containing 5% BSA and 0.02% sodium azide. Plates were
again washed and serial dilutions of sera or bronchoalveolar
lavage fluids (BALF) were added to the plates (50 𝜇L/well)
and incubated for 2 hours at 4∘C. After washing, alkaline
phosphatase conjugated anti-mouse Ab specific for total

mouse Ab (Sigma-Aldrich, St. Louis, Missouri), IgG (Sigma-
Aldrich, St. Louis, Missouri), IgA (Sigma-Aldrich, St. Louis,
Missouri), IgG1 (Southern Biotech, Birmingham, AL), IgG2c
(Abcam, Cambridge, MA), or IgM (Sigma-Aldrich, St. Louis,
Missouri) were added and incubated for 1 hour at 4∘C. Plates
were washed and then 100 𝜇L/well of alkaline phosphatase
substrate (Sigma, St. Louis, MO) was added. All samples
were read at 405 nm using a microplate reader (VersaMax,
Molecular Devices, Sunnyvale, California) following a 5-
second (sec) shake.

2.8. Adoptive Transfer Studies. Micewere immunizedwith iFt
i.n. as described above and on day 35 mice were anesthetized
and blood was collected via percutaneous cardiac puncture.
Clotted blood samples were then spun at 8000 RPM for 10
minutes and serumwas harvested and pooled. Following heat
(complement) inactivation at 55∘C for 30 minutes, serum
was spun at 4000 RPM for 10 minutes, aliquoted, and frozen
at −20∘C until use. For adoptive transfer experiments, mice
were administered i.p. 250𝜇L of PBS (vehicle), serum from
PBS immunized mice, or serum iFt-immunized mice. Mice
were then anesthetized and challenged with the indicated
dose of Ft-LVS 24 hours after adoptive transfer. Survival was
monitored for 21 days.

2.9. Ex Vivo Splenocyte Activation (Recall Response) Assay.
On day 35 after primary immunization, spleen cells were
harvested and diluted in medium to a concentration of
5 × 106 spleen cells/mL. 1000𝜇L of cells was added to wells
of a 24-well plate (Costar Corning, Corning, NY) plate,
each well containing an equivalent number of iFt-organisms.
Alternatively 100 𝜇L of cells was added to wells of a U-
bottom 96-well plate (Falcon BD, Franklin Lakes, NJ) that
contained a concentration range between 2.5 and 20 iFt per
splenocyte. Plates were incubated at 37∘C for up to 7 days
in a humidity chamber to prevent medium evaporation.
Supernatants were collected at 1, 3, 5, and 7 days and frozen
at −20∘C until they were analyzed. Samples were analyzed for
cytokines via cytometric bead array (CBA) multiplex assay
(BD Biosciences-BD Pharmingen, Sparks, Maryland). Data
was acquired on a FACSArray Instrument and analyzed using
CBA software version 1.0.1 (BD Immunocytometry Systems,
Sparks, Maryland).

2.10. Cytokine Quantitation in Lungs and BALF. WT and
Fc𝛾RIIB KO mice were immunized i.n. and on day 35 mice
were given a sublethal challenge i.n. with approximately
0.4 × LD

50
of Ft-LVS. Tissues were collected five days after

challenge. Tissues were homogenized and centrifuged, and
supernatants were collected. Luminex assay was performed
on tissue supernatants to determine in vivo cytokine levels
and to assess inflammation.The Luminex assay is a multiplex
system for quantitation and detection of multiple cytokines
in a single sample.

2.11. Statistical Analysis. Themethod of statistical analysis for
each figure is described in the respective figure legends.
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Table 1: Relative differences in Ab levels between näıve WT and näıve Fc𝛾RIIB KO mice.

Experimental group Response measured WT mice
(median response)

KO mice
(median response) Fold changec

Näıve before challenge Total serum IgMa 451 441 1.0
Total serum IgGa 758 1134 1.5∗

Total serum IgAa 14 20 1.4
Ft-specific serum IgMb 88 85 1.0
Ft-specific serum IgGb 33 92 2.8

a
𝜇g/mL of Ab.

bAb titer.
cFold change was caculated by deviding KO mice (median response) by WT mice (median response).
∗
𝑃 < 0.05.

3. Results

3.1. Naı̈ve Fc𝛾RIIB KO Mice Exhibit Increased Levels of Total
Serum IgG versus That of Naı̈ve WTMice. Given the key role
Ab plays in initiating Fc𝛾RIIB-mediated downmodulation
of the immune response, we sought to verify prior studies
demonstrating increased levels of total serum IgG in Fc𝛾RIIB
KO versus WT mice [16]. We also examined serum levels of
total IgM and total IgA, as well as Ft-specific IgM and IgG,
since mice have propensity for low basal levels of natural
Ft-specific Ab [17]. As shown in Table 1, we observed no
difference in total IgM levels between WT and Fc𝛾RIIB KO
mice. However, näıve Fc𝛾RIIB KO mice exhibited higher
levels of total serum IgG than their WT counterparts. Total
IgA also appeared somewhat elevated in Fc𝛾RIIB KO versus
WTmice. In regard to the presence of natural Ft-specific IgM
and IgG Ab, there were no significant differences between
Fc𝛾RIIB KO versus WT mice, although the median titer for
Ft-specific IgG was higher in Fc𝛾RIIB KO mice (Table 1).

3.2. There Is No Difference in Survival of Naive Fc𝛾RIIB KO
versus Naı̈ve WT Mice Challenged with Ft-LVS. Based on
published studies demonstrating a beneficial effect on the
immunity and/or protection of näıve Fc𝛾RIIB KO versus
WT mice following infectious disease challenge [10, 11], we
expected that the absence of Fc𝛾RIIB would enhance survival
of näıve Fc𝛾RIIB KO mice challenged with Ft-LVS. In fact,
we observed no significant difference in survival between
näıve Fc𝛾RIIB KO andWTmice at all challenge doses tested
(Figures 1(a)–1(d)).Thus, the elevatedmedian response levels
of natural Ft-specific serum IgG Ab in näıve Fc𝛾RIIB KO
mice versus WT mice (Table 1) had no impact on survival
(Figures 1(a)–1(d)).

3.3. Ft-Specific IgA, but Not IgG, Is Significantly Increased in
Fc𝛾RIIB KO versus WT Mice following iFt-Immunization. A
number of published studies have demonstrated that in the
absence of Fc𝛾RIIB, Ag-specific IgG production is enhanced
upon immune stimulation [18–20]. Thus, we examined the
production of Ft-specific Ab, including IgG, IgA, and IgM,
in the serum and BALF of Fc𝛾RIIB KO versus WT mice
immunized with iFt. In some cases, the titers obtained
were highly variable between individual mice, which likely
reflects not only normal mouse-to-mouse variation but also

differences in immune responsiveness due to differences in
the age of the individual mice and its effects on B cell
repertoires [21]. Despite the latter, we did observe a significant
increase in the production of total Ft-specific serum Ab in
Fc𝛾RIIB KO versus WT mice following iFt-immunizations
(Figure 2(a)). While there were no significant differences in
the levels of Ft-specific serum IgG, IgG2c, IgG1, or IgM
in the serum of these mice (Figures 2(b), 2(c), 2(d), or
2(e), resp.), Ft-specific IgA levels in serum were significantly
increased (Figure 2(f)).While there is not a dramatic increase
in the median response in total anti-Ft Ab titer between PBS
and iFt-immunized Fc𝛾RIIB KO mice (Figure 2(a)), there
is a significant increase in the median levels of IgG2c in
iFt-immunized Fc𝛾RIIB KO mice versus PBS-immunized
Fc𝛾RIIB KOmice (𝑃 < 0.01) (Figure 2(c)). This suggests that
despite the former observation regarding total anti-Ft Ab,
iFt-immunized Fc𝛾RIIB KOmice produce increased levels of
potentially high affinity IgG2c anti-Ft Ab. Lastly, there were
no significant differences in the levels of Ft-specific IgG in the
BALF of these mice, while the levels of Ft-specific IgA in the
BALF of iFt-immunized Fc𝛾RIIB KOmice were significantly
higher than that of WT mice (Figure 2(h)). The presence of
Ft-specific Abs in naı̈ve (Table 1) or unimmunized mice has
been previously observed in mouse [17] and humans [22, 23]
and is likely due to the presence of B1 cells producing natural
antibodies stimulated in response to normal flora or self-Ag
[24, 25].

3.4. iFt-Immunized Fc𝛾RIIB KO Mice Exhibit Increased Pro-
tection against a Lethal Ft-LVS Challenge as Compared to
Their WT Counterparts. Given the integral role Ag-specific
IgG plays in Fc𝛾RIIB-mediated immune modulation and
the absence of increased levels of Ft-specific IgG in iFt-
immunized Fc𝛾RIIB KO versus WT mice (Figure 2), we
sought to determine whether there would be any impact
of the presence versus absence of Fc𝛾RIIB on protection
of iFt-immunized mice. Despite the lack of a significant
increased Ft-specific IgG in Fc𝛾RIIB KO versus WT mice
and in contrast to studies using näıve mice (Figure 1), at a
challenge dose of 4 × LD

50
, the survival of iFt-immunized

Fc𝛾RIIB KO mice was significantly better than that of WT
mice (100% versus 50% resp.) (Figure 3(a)). Similar to that
observed in näıve mice (Figure 1), there was no significant
difference in survival between Fc𝛾RIIB KO and WT mice
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Figure 1: There is no difference in survival of naive Fc𝛾RIIB KO versus naı̈ve WT mice challenged with Ft-LVS. Näıve WT C57BL/6J and
Fc𝛾RIIB KOmice were challenged i.n. with 0.5 × LD

50
(a), 1 × LD

50
(b), 2 × LD

50
(c), or 4 × LD

50
(d) of Ft-LVS and survival was monitored for

25 days after challenge. Panel (a) represents 8 mice/group while panels (b)–(d) represent between 14 and 25 mice/group. Statistical analysis
was determined by a contingency table analysis and two-tailed Fisher’s exact test on survival at day 25.

immunized with PBS (Figure 3(a)). When the challenge dose
was increased to 16 × LD

50
, the overall level of survival

decreased. However, a slight increase in the survival of iFt-
immunized Fc𝛾RIIB KO versus WT mice was still apparent
(Figure 3(b)). The increased survival also correlated with a
reduction in the median bacterial burden in iFt-immunized
Fc𝛾RIIB KO (Figure 3(c)).

3.5. Adoptive Transfer of Serum from iFt-Immunized Fc𝛾RIIB
KO and WT Mice to Naı̈ve Fc𝛾RIIB KO and WT Mice,
Respectively, Does Not Replicate the Differences in Survival
Observed in iFt-Immunized Fc𝛾RIIB KO versus WT Mice.
We surmised that while there were no differences in Ft-
specific IgG levels in iFt-immunized Fc𝛾RIIB KO versus WT
mice (Figure 2), the observed increases in Ft-specific IgA
in the serum and BALF of Fc𝛾RIIB KO versus WT mice
might be responsible for the increased protection observed
(Figure 3). To test this, we adoptively transferred serum from

iFt-immunized Fc𝛾RIIB KO and WT mice into their naive
counterparts, in an effort to recapitulate the difference in
survival obtained in Figure 3. As demonstrated previously
by others [26], adoptive transfer of serum to näıve mice
did increase protection against Ft-LVS challenge. However,
a significant increase in protection in näıve Fc𝛾RIIB KO
mice receiving serum from iFt-immunized Fc𝛾RIIB KOmice
versus that of WT mice was not observed (Table 2).

3.6. Splenocytes from iFt-Immunized Fc𝛾RIIB KO versus WT
Mice Exhibit Enhanced IFN-𝛾, IL-10, and TNF-𝛼 Produc-
tion in Response to iFt Added Ex Vivo. Given that IFN-
𝛾, a Th1 cytokine, has been shown to play an important
role in protection against Ft-infection [13, 27–30] and that
Fc𝛾RIIB has been shown to downmodulate cellular immune
responses, including Th1 responses [9, 11], we examined the
impact of Fc𝛾RIIB’s absence on the production of IFN-
𝛾 by splenocytes from iFt-immunized Fc𝛾RIIB KO versus
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Figure 2: Continued.
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Figure 2: Ft-specific IgA, but not IgG, is significantly increased in Fc𝛾RIIB KO versus WT mice following iFt-immunization. Fc𝛾RIIB KO
and WT mice were immunized i.n. with 20𝜇L of PBS (vehicle) or 2 × 107 iFt-organisms in 20 𝜇L of PBS on day 0 and boosted on day 21.
Serum was then collected on day 35 and levels of total Ft-specific Ab (a), Ft-specific IgG (b), Ft-specific IgG2c (c), Ft-specific IgG1 (d),
Ft-specific IgM (e), and Ft-specific IgA (f) were determined via ELISA. Titers of Ft-specific IgG (g) and Ft-specific IgA (h) in BALF were
similarly determined. Each symbol represents a single mouse. The 50% maximum of the highest experimental OD was determined and all
experimental OD values were transformed to their respective log values. A log (agonist) versus response-variable slope (four parameters)
nonlinear regression (curve fit) was performed on the log values, and the unknowns were interpolated. The inverse log was taken on the
interpolated unknowns to determine the final titers for each individual mouse sample (error bars represent median with interquartile range
of data distribution). Statistics were performed by adding 0.1 to the determined titer value and taking the log of this new value to correct for
heteroscedasticity. A one-way ANOVA along with a Tukey’s multiple comparison test was performed, and median and interquartile range is
graphed. ∗∗∗𝑃 < 0.001; ∗𝑃 < 0.05.

WT mice restimulated ex vivo with iFt. Consistent with the
increased protection observed in iFt-immunized Fc𝛾RIIB
KO versus WT mice (Figure 3) and a critical role for IFN-
𝛾 in mediating protection against Ft-infection, within three
days following restimulation with iFt, splenocytes from iFt-
immunized Fc𝛾RIIB KO mice exhibited increased levels of
IFN-𝛾 compared to that of WT splenocytes (Figure 4(a)).
This remained the case at a series of iFt/splenocyte ratios
ranging between 2.5 and 20 : 1 (Figure 4(b)). Furthermore,
in this same experiment, we also examined the production
of IL-10 and IL-17, since IL-10 restrains IL-17-induced lung
pathology following pulmonary Ft-LVS infection [31]. We
demonstrate that iFt-immunized Fc𝛾RIIB KO mice produce
increased levels of IL-10 and lower levels of IL-17A than iFt-
immunized WT mice, consistent with the ability of IL-10 to
limit IL-17 induced pathology in Fc𝛾RIIB KO mice (Figures
4(c) and 4(d)), leading to increased survival (Figure 3).
Finally, we demonstrate that iFt-immunized Fc𝛾RIIB KO
mice produce higher levels of TNF-𝛼 compared to iFt-
immunized WT mice (Figure 4(e)), another cytokine that
also plays an essential role in survival against a primary Ft-
infection [32].

3.7. Levels of Proinflammatory Cytokines in the Lungs of
iFt-Immunized Fc𝛾RIIB KO versus WT Mice Were Reduced
5 Days after Challenge. We have previously observed that
although immunizationwith iFt initially stimulates increased

production of inflammatory cytokines, including IFN-𝛾, on
days 1–3, an overall reduction in such cytokines occurs in
vivo between days 5 and 7 after challenge. Furthermore, the
latter decrease correlates with increased protection [13, 33].
Therefore, we also analyzed inflammatory cytokine levels in
the lungs of iFt-immunized Fc𝛾RIIB KO versus WT 5-day
mice after challenge. Consistent with our prior observations,
significantly lower levels of IFN-𝛾 andMCP-1 in the lungs and
TNF-𝛼 in the BALF of iFt-immunized Fc𝛾RIIB KO versus
WT mice were observed (Figures 5(c), 5(e), and 5(h), resp.).
There were also reductions in the median cytokine levels for
IL-6 and TNF-𝛼 in the lungs of these same mice (Figures
5(a) and 5(g), resp.), as well as IL-6 (Figure 5(b)), IFN-𝛾
(Figure 5(d)), and MCP-1 (Figure 5(f)) in BALF.

4. Discussion

4.1. The Impact of Fc𝛾RIIB on Primary Infection. A very
limited number of studies thus far have focused on the role of
Fc𝛾RIIB in resolving primary infections [9–12]. Specifically,
they suggest that, during primary infection, the absence
of Fc𝛾RIIB results in an improved immune response to
infection, which can be beneficial to the host [9–11]. In
contrast, other studies suggest that, following immuniza-
tion, the absence of Fc𝛾RIIB leads to an overproduction of
cytokines and potential septic shock [11] or no differences
in immunity and/or protection [11, 12]. However, our studies
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Figure 3: iFt-immunized Fc𝛾RIIB KO mice exhibit increased protection against a lethal Ft-LVS challenge as compared to their WT
counterparts. WT C57BL/6J and Fc𝛾RIIB KO mice were immunized i.n. with 20𝜇L of PBS (vehicle) or 2 × 107 iFt-organisms in 20𝜇L of
PBS on day 0 and boosted on day 21. On day 35 mice were challenged i.n. with approximately 4 × LD

50
(a) or 16 × LD

50
(b) of Ft-LVS.

Survival was then monitored for 21 to 25 days. Panel (a) represents between 12 and 14 mice/group while panel (b) represents between 17 and
20 mice/group. Statistical analysis was determined by a contingency table analysis and two-tailed Fisher’s exact test on survival at day 21.
∗∗𝑃 < 0.01. In addition, bacterial burden in the lungs of challenged mice was also determined. WT C57BL/6J and Fc𝛾RIIB KO mice were
immunized i.n. with 20𝜇L of PBS (vehicle) or 2× 107 iFt-organisms in 20𝜇L of PBS on day 0 and boosted on day 21. On day 35mice were given
a sublethal challenge i.n. with approximately 0.4 × LD

50
of Ft-LVS. Five days after challenge lungs were collected, homogenized, and plated

on chocolate agar to determine bacterial burden as described in Section 2. Each symbol represents a single mouse. Statistical analysis of the
tissue bacterial burden was done via a nonparametric one-way ANOVA (Kruskal-Wallis test) coupled with a Dunn’s multiple comparison
after test. While there appeared to be a substantial reduction in bacterial burden in the majority of iFt-immunized Fc𝛾RIIB KO versus WT
mice, the difference was not significant based on this analysis.

using the Ft-infectious disease model demonstrate that the
absence of Fc𝛾RIIB has little or no impact on the outcome
of survival following primary infection, while its absence
following vaccination and challenge increases the protective
efficacy of the vaccine. A number of likely explanations exist
for our observations. In regard to primary infection of naı̈ve
mice, our studies and those of others have demonstrated
Fc𝛾RIIB deficient mice exhibit higher levels of total IgG [6,
16]. Our studies also demonstrate that there is no significant
difference in Ft-specific IgG or total IgAAbs in näıve Fc𝛾RIIB
KO versus WT mice (Table 1). The latter, in addition to the

fact that the formation of Ft-anti-Ft Ab complexes would be
necessary to actively engage Fc𝛾RIIB and impact immunity
and protection, may explain a failure to see differences
in protection between näıve Fc𝛾RIIB KO and WT mice.
Furthermore, the generation of Ft-specific IgG in response to
infection would not be expected to occur until approximately
day 7 after infection [26], the same point at which mice
generally succumb to infection (Figure 1).

4.2. The Impact of Fc𝛾RIIB on Infection following Vaccina-
tion. In contrast to studies involving immunization against
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Figure 4: Splenocytes from iFt-immunized Fc𝛾RIIB KO versusWTmice exhibit enhanced IFN-𝛾, IL-10, and TNF-𝛼 production in response
to iFt added ex vivo. WT C57BL/6J and Fc𝛾RIIB KOmice were immunized i.n. with 20𝜇L of PBS (vehicle) or 2 × 107 iFt-organisms in 20𝜇L
of PBS on day 0 and boosted on day 21. (a) Splenocytes were then harvested from individual mice on day 35 and stimulated at a ratio of one
iFt per splenocyte. Supernatants were then harvested at the indicated days. (b) Fc𝛾RIIB KO and WT mice were immunized and splenocytes
were harvested as previously described. Splenocytes were then stimulated at increasing iFt to splenocyte ratios. Supernatants were harvested
five days later and analyzed for IFN-𝛾, (c) IL-10, (d) IL-17A, and (e) TNF-𝛼 via CBA assay. A two-way ANOVA and a Bonferroni posttest was
performed on the CBA determined sample concentrations to determine statistical significance, and mean and standard deviation is graphed.
∗∗∗𝑃 < 0.001; ∗∗𝑃 < 0.01; ∗𝑃 < 0.05.
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Figure 5: Levels of proinflammatory cytokines in the lungs of iFt-immunized Fc𝛾RIIB KO versus WT mice were reduced 5 days after
challenge. WT C57BL/6J and Fc𝛾RIIB KOmice were immunized i.n. with 20𝜇L of PBS (vehicle) or 2 × 107 iFt-organisms in 20𝜇L of PBS on
day 0 and boosted on day 21. On day 35mice were given a sublethal challenge i.n. with approximately 0.4× LD

50
. Five days after challenge lung

tissue was collected, homogenized, and centrifuged and supernatants were collected. Luminex assay was performed on tissue supernatants
to determine in vivo cytokine levels. Each symbol represents a single mouse. A value of 0.1 was added to the average cytokine concentration
to correct for heteroscedasticity. A one-way ANOVA along with a Tukey’s multiple comparison test was performed on the log of the average
cytokine concentration of lung and BALF samples from individual mice to determine statistical significance, and median and interquartile
range is graphed. ∗𝑃 < 0.05.
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Table 2: Summary of adoptive transfer survival studies.

Group Donor Immunogen Recipient Percent protection Mouse number Statistical
comparison

Significance
(𝑃 valuea)

A WT PBS WT 6.67 𝑛 = 15
B KO PBS KO 26.67 𝑛 = 15 A versus B 𝑃 = 0.3295
C WT iFt WT 53.33 𝑛 = 15
D KO iFt KO 62.5 𝑛 = 16 C versus D 𝑃 = 0.7224
aThe 𝑃 values were determined by performing a contingency table analysis and two-tailed Fisher’s exact test on survival at day 21 after challenge.

S. pneumoniae and subsequent challenge [11], iFt-immunized
mice are better protected when Fc𝛾RIIB is absent (Figure 3).
This is also despite the lack of significant differences in the
levels of Ft-specific IgG production in Fc𝛾RIIB KO versus
WT mice following iFt-immunization (Figure 2). Impor-
tantly, however, both IgG and IgA can mediate protection
against Ft-infection [13, 29, 30, 34–38]. Thus, the significant
increase in Ft-specific IgA production in iFt-immunized
Fc𝛾RIIB KO versus WT mice (Figure 2) could explain the
increased protection observed with iFt-immunized Fc𝛾RIIB
KO versus WTmice. Never the less, a role for Ft-specific IgA
in mediating the increased protection observed (Figure 3) is
not supported by adoptive transfer studies. Specifically, no
significant difference in protection was observed in näıve
recipient Fc𝛾RIIB KO versus WT mice following adoptive
transfer of sera from iFt-immunized Fc𝛾RIIB KO or WT
donors, respectively (Table 2). However, cellular immune
responses can also play a crucial role in survival against a
lethal Ft-challenge [13, 27–30, 34–38]. In this regard, we do
show splenocytes from iFt-immunized Fc𝛾RIIB KO mice
incubated with iFt ex vivo produce substantially more IFN-
𝛾, IL-10, and TNF-𝛼 than their WT counterparts, while pro-
ducing less IL-17, which has been associated with increased
pathology (Figure 4) [31]. Thus, this observation more likely
explains the enhanced protection observed in iFt-immunized
Fc𝛾RIIB KOmice. However, a role for Ft-specific IgA cannot
be totally excluded, in that our prior studies have demon-
strated the requirement for both IgA and IFN-𝛾 in protection
of iFt-immunized mice following Ft-LVS challenge [13, 33].
Lastly, our studies, and those of others, have demonstrated
that a reduction in the levels of proinflammatory cytokines
5–7 days after challenge, correlates with increased protection
in the Ft-infectious disease model [13, 29, 33, 37, 39].
Accordingly, we also observed a significant reduction in
proinflammatory cytokines in the lungs of iFt-immunized
Fc𝛾RIIBKOversusWTmice 5 days after challenge (Figure 5).
Furthermore, this decrease in proinflammatory cytokines
in lungs of iFt-immunized Fc𝛾RIIB KO versus WT mice
at 5 days after challenge also correlated with a decrease in
bacterial burden in the lungs of these animals, reflecting the
ability of iFt-immunized Fc𝛾RIIB KO mice to better control
Ft-infection than their WT counterparts (Figure 3).

4.3. Consideration of Fc𝛾RIIB’s Regulatory Role in the Devel-
opment of Vaccines. We have recently demonstrated that
targeting iFt to Fc receptor (FcR) in the form of monoclonal
Ab- (mAb-) iFt complex administered i.n., provides superior

protection to that of iFt [13]. However, a major concern
regarding Fc𝛾R-targeted vaccines, when utilizing Fc to target
vaccine Ags, is their ability to bind to Fc𝛾RIIB, as well as acti-
vating Fc𝛾Rs, which could potentially dampen the response
to vaccination and thereby limit efficacy. Thus, FcR-targeted
vaccines that bypass Fc𝛾RIIB in favor of activating Fc𝛾R, such
as one recently developed in our laboratory, which targets
the activating Fc𝛾R (human Fc𝛾RI) [40], could significantly
increase the efficacy of such vaccines. Alternatively, as we
have demonstrated in this paper, Fc𝛾RIIB can also limit
the stimulatory capacity of non-FcR-targeted vaccines. Thus,
the use of Fc𝛾RIIB antagonists as vaccine adjuvants could
significantly enhance the efficacy of vaccines in general.

5. Conclusions

This study is the first to demonstrate that (1) the absence
of Fc𝛾RIIB does not affect the susceptibility of mice to a
primary infection with the intracellular Category A mucosal
pathogen F. tularensis; (2) that in the absence of Fc𝛾RIIB,
both humoral and cellular immunity are enhanced following
immunization with the inactivated vaccine iFt; (3) that the
level of Ag-specific IgA produced in response to vaccination
can be impacted by the presence/absence of Fc𝛾RIIB; (4) that
the enhanced immune responses observed (Ft-specific IgA
and IFN-𝛾 production) following iFt-immunization correlate
with increased protection of Fc𝛾RIIB KO versus WT mice
after lethal mucosal challenge with Ft LVS. Thus, these
studies further expand our knowledge regarding the role of
Fc𝛾RIIB plays in the immune response to infection,while also
providing further impetus for developing vaccines geared
toward modulating the inhibitory activities of this receptor.
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Mesenchymal stem cells (MSCs) are multipotent cells capable of differentiation into mesenchymal lineages and that can be
isolated from various tissues and easily cultivated in vitro. Currently, MSCs are of considerable interest because of the biological
characteristics that confer high potential applicability in the clinical treatment of many diseases. Specifically, because of their high
immunoregulatory capacity, MSCs are used as tools in cellular therapies for clinical protocols involving immune system alterations.
In this review, we discuss the current knowledge about the capacity of MSCs for the immunoregulation of immunocompetent
cells and emphasize the effects of MSCs on T cells, principal effectors of the immune response, and the immunosuppressive effects
mediated by the secretion of soluble factors andmembranemolecules.We also describe themechanisms ofMSC immunoregulatory
modulation and the participation of MSCs as immune response regulators in several autoimmune diseases, and we emphasize the
clinical application in graft versus host disease (GVHD).

1. Introduction

Mesenchymal stem cells (MSCs), also referred to as mul-
tipotent mesenchymal stromal cells, have been a focus of
recent research, partially because they are an extraordinary
model for investigating the biological mechanisms that allow
a cellular population to generate diverse cell types and
because they are a potential tool in cellular therapies for
several clinical applications. MSCs can differentiate into
mesenchymal lineages and secrete cytokines and growth
factors with paracrine effects that favor the regeneration of
damaged tissues [1, 2]. Several studies have demonstrated that
MSCs possess an immunoregulatory function in vitro and
in vivo and that this property suggests clinical applications
in the regulation of immunocompetent cell responses [2, 3].
This review addresses current knowledge of the biological
aspects involved inMSC immunoregulatory capacity and the
clinical focus of these characteristics that allows these cells to
be used in the treatment of several diseases with an immune
component involved. This review culminates with a clinical

description of the diseases treatedwithMSCs as a component
of cell therapy procedures.

2. Definition and Characteristics of MSCs

MSCs are adult stem cells that are initially isolated from bone
marrow (BM) [4] and can generate stromal BM components,
such as adipocytes, reticular cells, and osteoblasts, whereas
in conjunction with additional cellular components, MSCs
maintain hematopoiesis [5]. MSCs proliferate in vitro as
adherent, colony-forming cells with a high capacity for self-
renewal and proliferation [4, 5]. Because there is no definite
marker of MSCs, the International Society for Cellular
Therapy has established minimum criteria that these in vitro
cell populations must fulfill and certain characteristics to
be considered MSCs. The cells must be positive for CD105,
CD73, and CD90, express low levels of MHC-I, and be
negative for MHC-II, CD11b, CD14, CD34, CD45, and CD31.
Additionally, these cells must be capable of differentiation
into osteoblasts, adipocytes, and chondroblasts in vitro [5, 6].
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MSCs have been isolated from multiple tissues: skeletal
muscle, adipose tissue (AT), synovial membranes, dental
pulp, periodontal ligaments, cervical tissue, menstrual blood,
Wharton’s jelly (WJ), umbilical cord (UC), umbilical cord
blood (UCB), amniotic fluid, placenta (PL), and fetal tissues
such as blood, liver, and BM [7–10]. In most cases, isolated
MSCs are heterogeneous in proliferation and differentiation,
although all express the characteristic MSC marker profile.
MSCs cultivated in vitro possess three biological properties
that qualify them for use in cellular therapy: (a) broad poten-
tial of differentiation, (b) secretion of trophic factors that
favor tissue remodeling, and (c) immunoregulatory prop-
erties [2]. These traits make MSCs potential tools in many
conditions. Furthermore, MSCs differentiate into different
mesodermal lineages (adipocytes, chondrocytes, osteocytes,
fibroblasts, and myocytes) [5]. Because of this potential for
differentiation, MSCs were initially used in the treatment
of imperfect osteogenesis [11] and myocardial damage [12].
The benefits observed in these initial cell therapy protocols
were thought to be the result of osteogenic and myogenic
differentiation [3]. The current understanding is that, in
addition to diversemesodermal differentiation capacity,MSC
benefits arise primarily from the secretion of trophic factors
and immunoregulatory capacity [1–3].

3. Immunoregulatory Properties of MSCs

Multiple studies have demonstrated the immunoregula-
tory properties of MSCs. MSCs profoundly affect immune
response through their interactions with the cellular compo-
nents of the innate (natural killer cells (NK)) and adaptive
(dendritic cells (DCs), B lymphocytes, and T lymphocytes)
immune system. MSC immunoregulation can occur through
cellular contact and/or the secretion of diverse factors [13–
17]. Because of these properties, MSCs can prevent the
inappropriate activation of T lymphocytes and generate
a tolerogenic environment during wound repair or stop
an immune response during healing, thus contributing to
the maintenance of immune homeostasis [2, 3]. Below, we
describe the immunoregulatory effects of MSCs on specific
immune cells with special emphasis on the effect of MSCs on
T lymphocytes because of their role as effector cells in many
diseases with an immune component.

3.1. Immunosuppressive Effects on Immunocompetent Cells
3.1.1. T Lymphocytes. When lymphocytes are activated, they
proliferate and differentiate to fulfill their effector functions.
MSCs modulate each of these phases, thus influencing T
lymphocyte immune response. The phases in which T cells
are vulnerable to MSC immunoregulation, recognizing from
a biological perspective that there are no obvious limits
between phases, are described below.

(1) Activation. During activation, T lymphocytes express
and secrete molecules characteristic of this phase, such
as CD25, CD69, CD38, cytotoxic T lymphocyte antigen-
4 (CTLA-4), and human leukocyte antigen-DR (HLA-DR)
and in addition the cytokines Interferon-𝛾 (IFN𝛾), tumor

necrosis factor (TNF𝛼), and IL-2, among others [18]. Cur-
rently, there are contradictory results regarding the effect
of MSCs on T lymphocyte activation. Some studies have
observed that BM-MSCs prevent the expression of the early
activationmarkers CD25 andCD69 in T cells stimulatedwith
phytohemagglutinin (PHA) [19, 20], whereas other studies
describe no effect by BM-MSCs on the expression of these
molecules [16, 21]. Such contradictory results may be because
of differences in the population of T lymphocytes studied.
With this understanding, the activation of peripheral blood
mononuclear cells (PBMC) with PHA in the presence of BM-
MSCs results in lower numbers of CD4+ and CD8+ that
expressCD25,CD38, andCD69 [20]. Employing the identical
model, other authors have described a smaller proportion
of cells expressing CD3+CD25+ and CD3+CD38+ [19]. Con-
tradictory results report that the activation of PBMC with
antibodies in the presence of BM-MSCs does not modify the
expression of CD25 or CD69 in CD4+ and CD8+ populations
[21]. Similarly, no change was reported in the expression of
CD25, CD69, or CTLA-4 in studies of populations enriched
with CD4+ and CD8+ lymphocytes activated by alloantigens
[16]. However, a recent study using populations enrichedwith
CD3+ T lymphocytes activated with anti-CD2/CD3/CD28
in the presence of BM-MSCs showed an increase in the
expression of CD69+ in CD4+ and CD8+ T lymphocyte
populations [22]. These results emphasize the importance of
the cellular context in MSC immunoregulation.

The effects of MSCs on the secretion of cytokines by
activated T lymphocytes are also described by contradictory
results. Some studies have demonstrated that the presence of
MSCsdiminishes [14, 21] or increases [23, 24] significantly the
secretion of IFN𝛾 by activated T lymphocytes. Nonetheless,
it has been described that the effects of MSCs on IFN𝛾
secretion depend on the source of the lymphocyte population
studied [23]. In this study, the authors demonstrated that
the activation of CD3+ T lymphocytes with anti-CD3/CD28
in the presence of MSCs from adipose tissue resulted in an
increase in IFN𝛾, which was an effect that was not observed
when PBMC were activated with the identical stimulus. Our
laboratory recently demonstrated that the activation of CD3+
T cells with antibodies in the presence of BM-MSCs, UCB-
MSCs, and PL-MSCs also resulted in an increase in IFN𝛾 in
cocultures [24]. This observed effect might be related to the
generation of IFN𝛾-producing T regulatory cells (Tregs) [25].

(2) Proliferation. The effect of MSCs on the proliferation
of T lymphocytes is independent of the activation method.
The first studies to analyze the effects of BM-MSCs on the
proliferation of T lymphocytes used irradiated MSCs that
were cocultivated with alloantigen-stimulated PBMC. These
studies reported that MSCs inhibited T-cell proliferation in a
dose-dependent fashion [13, 16, 17, 19]. However, in addition
to inhibiting alloantigen-induced proliferation, MSCs can
inhibit proliferation induced by polyclonal activators such as
PHA [14, 26] or anti-CD3/CD28 [21, 23, 24]. The immuno-
suppressive effects of MSCs have been analyzed using total
populations of PBMC and populations enriched in CD3+,
CD4+, or CD8+ lymphocytes. Every case has demonstrated
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the capacity of MSCs to diminish proliferation [13, 16, 17, 19,
21, 23, 24]. Immunoregulation has been shown to be indepen-
dent of the induction of apoptosis [16, 27] and is performed
through mechanisms dependent and independent of cellular
contact. Among the secreted factors identified are transform-
ing growth factor beta 1 (TGF

𝛽1
), hepatocyte growth factor

(HGF), indoleamine-2,3-dioxygenase (IDO), prostaglandin
E2 (PGE

2
), IL-10, and HLA-G5 [13, 17, 28], whereas pro-

grammed death-ligand 1 (PD-L1) andHLA-G1 are involved in
contact-dependent mechanisms (Figure 1) [28–30]. Whether
direct contact betweenMSCs and T lymphocytes is necessary
for the inhibition of T-cell proliferation remains controver-
sial. Some authors have suggested that MSCs act via an
immunosuppressive mechanism independent of cell-to-cell
contact [31, 32], whereas others have indicated that contact
is required for efficient immunoregulation [24, 28–30, 33, 34].
However, themechanism ofMSC immunoregulation appears
to depend on cellular populations, mode of activation, and
the presence or absence of cell-to-cell contact [23, 32].

(3) Differentiation and Effector Function. Upon activation by
the presence of pathogens or signs of damage, helper T cells
CD4+ (Th0) differentiate into one of the following subtypes,
depending on the T-cell microenvironment: Th1, Th2, Th17,
or Tregs. Each population is characterized by the secretion
of a set of cytokines whose function is essential to eliminate
pathogens within the organism, resolve inflammation, and
maintain immune homeostasis. Several studies have sug-
gested that MSCs modulate the differentiation, function, and
balance of these subpopulations and foster the development
of an anti-inflammatory immune response (Figure 1) [14,
28, 35, 36]. The activation of näıve T cells (CD45RA+) in
favorable conditions for the induction of Th1 or Th2 and
in the presence of MSCs results in the inhibition of IFN𝛾
secretion by Th1 cells and the increase of IL-4 secretion
by Th2 cells [14]. Furthermore, MSCs inhibit the produc-
tion of proinflammatory cytokines IL-17, IL-22, IFN𝛾, and
TNF𝛼 and the differentiation of näıve CD4+ lymphocytes
to Th17. Additionally, MSCs promote the secretion of IL-
10 and the expression of the Foxp3 transcription factor,
thus suggesting differentiation toward Tregs (Figure 1) [35].
Similarly, in a murine model, the presence of MSCs in the
Th1 and Th17 differentiation processes favors differentiation
to CD4+CD25+Foxp3+ Tregs. This effect was not observed
when MSCs were added to cultures of mature Th1 or Th17
populations [36]. These results indicate that MSCs affect the
differentiation and function of inflammatory T lymphocyte
populations in their capacity to produce proinflammatory
cytokines and also in the induction of a Tregs phenotype.

Several studies have described the role of MSCs in the
induction of distinct Tregs populations [14, 28, 37–40]. In
an initial study analyzing the participation of BM-MSCs
in the differentiation of Tregs populations, Maccario et al.
observed that the presence of allogeneic and autologous
MSCs, with respect to the responder T lymphocyte pop-
ulation in mixed lymphocyte culture (CML), induced a
significant increase in the CD4+CD25bright T lymphocyte
population. However, only allogeneic MSCs favored an
increase in CD4+CD25+CTLA-4+ populations [37]. In the

same year, a different study observed that PBMC activation
by IL-2 in the presence of MSCs increased the proportion of
CD4+CD25+ T lymphocytes [14]. Subsequently, Prevosto et
al. showed that PBMC in coculture with BM-MSCs generated
a population of cells that could inhibit T lymphocyte prolifer-
ation induced by alloantigens or polyclonal activators (anti-
CD3 or PHA), and this effect required cell-to-cell contact.
These Tregs populations could also be derived from CD4+ or
CD8+ cells. The authors observed that the increase in Foxp3
mRNA expression occurred only in the Tregs populations
derived from CD4+ lymphocytes [38]. MSCs can induce and
maintain the function and phenotype of Tregs derived from
CD3+, CD3+CD45RO+, or CD3+CD45RA+ T lymphocyte
populations. Beginning with a CD3+ population, BM-MSCs
primarily recruit Tregs from virgin CD3+CD45RA+ lympho-
cytes. The authors also demonstrated that the presence of
BM-MSCsmaintained Foxp3 expression in Tregs [40]. MSCs
from UC also have capacity to induce generation of Tregs
[34].

Furthermore,MSCs can induce regulatory T type 1- (Tr1-)
like cells characterized by IFN𝛾 and IL-10 secretion.Through
an in vivo transplant-induced arteriosclerosis model
(obstructed arteries), Jui et al. demonstrated that the local
administration of BM-MSCs could prevent this pathology
through a local increase in IFN𝛾 and IL-10 [41]. In a
subsequent in vitro study, the identical laboratory dem-
onstrated that BM-MSCs favored the generation of Tr1
lymphocytes with an IL-10+IFN𝛾+CD4+ phenotypemediated
by PGE

2
and IDO (Figure 1) [25]. MSC participation in T

lymphocyte subpopulation equilibrium has also been
observed in human in vivo studies. Patients who have
received MSCs for the treatment of GVHD show subsequent
increases of CD4+CD25+Foxp3+ and Tr1 populations and
decreases of Th17+ [42]. Similarly, the administration of
MSCs to patients with systemic lupus erythematous induced
an increase in CD4+CD25+Foxp3+ Tregs in the peripheral
blood [43]. Increases in this Tregs population have also
been observed in kidney transplant patients, which were
transplanted with autologous MSCs [44].

3.1.2. Dendritic Cells. DCs are the most important antigen
presenting cells in the body.These cells are derived from BM-
CD34+ cells in vivo and from monocytes stimulated with
IL-4 and granulocyte macrophage colony-stimulating factor
(GM-CSF) in vitro.The primary function of DCs is to process
and present antigens to virgin and memory T cells, although
they also interact with other immune components such as B
lymphocytes and NK cells. The individual DCs must mature
to initiate an appropriate immune response, and during the
maturation process, DCs increase the membrane expression
of MHC-II and T-cell costimulatory molecules CD80 and
CD86. Immature DCs can not only activate T cells but also
induce tolerance [45].

MSCs can affect the recruitment, maturation, and func-
tion of DCs. MSCs can significantly reduce monocyte differ-
entiation intoDCs, affecting the upregulation ofCD1a, CD40,
CD80, CD86, and HLA-DR (Figure 2) [15, 37, 46–48]. This
reduction is performed through the secretion of factors [15,
46] and is a reversible process because these monocytes then
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Figure 1: Immunoregulatory effect of MSCs on T lymphocytes. MSCs can induce the sustained expression of CTLA-4 and CD69 activation
molecules on T cells, which have been related with generation of cells with immunoregulatory properties. Cell-to-cell contact seems to be
required for the increase of CTLA-4 expression. Dependent and independent mechanisms of cellular contact are involved in the decrease of
proliferation of CD4+ and CD8+ T cells and in generation of Foxp3+ Tregs by MSCs. Cytokines such as IL-10 can stimulate the expression
and secretion of HLA-G5 by MSCs and in turn it stimulates the secretion of IL-10 in a positive feedback loop. The initial contact between
MSCs and T lymphocytes seems to be required for initiation of the feedback loop. PGE

2
secreted by MSCs is involved in generation of Tr1

cells. HLA-G5 supports differentiation of Th2 cells and IDO decrease differentiation of Th17.

differentiate normally at the removal of MSCs [15]. When
immature DCs (iDCs) derived from monocytes-MSC cocul-
tures were activated with lipopolysaccharide (LPS) to induce
their final differentiation, they expressed lower levels of the
maturationmarker CD83 and costimulatorymolecules CD80
andCD86.These results suggest thatMSCs canmaintainDCs
in an immature state [15]. However, Spaggiari et al. showed
that MSCs do not affect direct LPS-induced maturation of
DCs in cocultures, because there was no change in CD80,
CD83, and CD86 expression [47]. These results suggest that
MSCs exert a strong inhibitory effect on the differentiation
process frommonocytes to iDCs but not on the LPS-induced
maturation of iDCs to mature DCs (mDCs). In addition,
mDCs cocultured with MSCs show a diminished expression
of HLA-DR, CD1a, CD80, and CD86, thus suggesting that
MSCs may push mDCs toward an immature state with a
reduced stimulatory capacity (Figure 2) [47].

Additionally, MSCs affect the secretion of several
cytokines that are key to DCs maturation. Aggarwal and
Pittenger observed that MSCs inhibit the secretion of
TNF𝛼 by DCs activated by LPS. The inhibition of TNF𝛼
secretion by DCs inhibits their maturation, migration to the
lymph nodes, and their capacity to stimulate alloreactive T
lymphocytes, because of the alteration in the expression of
several receptors that are necessary to capture and process
antigens [14]. MSCs also inhibit the DCs secretion of IL-12
[15, 47, 48]. The insufficient production of IL-12 is associated
with the induction of T cell anergy and tolerance [15, 26, 47].
Human BM-MSCs that act through Notch can induce the
differentiation of CD34+ hematopoietic progenitors into a
population of regulatory DCs with specific properties: (1) the
expression of high levels of IL-10 mRNA and low expression
of IL-2 mRNA; (2) the capacity to inhibit alloreactive T-cell
proliferation and function; and (3) the capacity to induce
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Tregs differentiation characterized by expression of Foxp3
and TGF

𝛽1
mRNA (Figure 2) [49].

3.1.3. NK Cells. NK cells are important in innate immunity
and participate in the body’s defenses against infections and
cancer. NK cells perform their effector function through
the secretion of cytokines, such as IFN𝛾, TNF

𝛽
, and GM-

CSF, and possess cytotoxic activity both spontaneous and
antibody-dependent [50]. NK function is regulated by the
equilibrium of signals transmitted by activator and inhibitor
receptors that interact with specific HLAmolecules on target
cells. Thus, HLA-class I negative or HLA-class I-mismatched
cells represent potential targets of NK cells [27, 50]. MSCs
affect the phenotype, proliferation, cytotoxic potential, and
cytokine secretion of NK cells (Figure 2). When activated
by IL-2, NK cells secrete IFN𝛾, but when activated in the
presence ofMSCs, IFN𝛾 secretion significantly decreases [14].
Furthermore, NK cells activated by IL-2 and alloantigens in
the presence ofMSCs showdiminished proliferation and lytic
activity [16, 51]. IL-15 is another cytokine that promotes the

proliferation, survival, and effector function of NK cells, but
through factor secretion, MSCs can inhibit IL-15 induced
proliferation [27]. However, MSCs and NK cell contact are
necessary to inhibit NK cytotoxicity in tumor cell lineages
[27].

3.1.4. B Lymphocytes. B lymphocytes are involved in the
adaptive immune response. These cells are responsible for
humoral immunity and are specialized for antibody produc-
tion [52]. Few studies have analyzed the effects of MSCs on
B lymphocytes; however, MSCs diminish B-cell proliferation
by cell cycle arrest in the G0/G1 phase and not by inducing
apoptosis [53]. A recent study demonstrated that effect
of MSC on B lymphocytes proliferation with CpG is not
direct and requires presence of CD3+ T cells [54]. MSCs
can also affect B-cell differentiation because IgM, IgG, and
IgA production are diminished [53–56]. Furthermore, MSCs
modify the chemotactic properties of B lymphocytes, because
expression changes in their chemokine receptors including
CXCR4, CXCR5, and CCR7 were induced by MSCs [53].
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3.2. Soluble Factors Involved in MSC Immunoregulation

3.2.1. TGF
𝛽1

and HGF. The first molecules described in the
MSC-mediated immunoregulation of alloantigen-activated
T lymphocytes were TGF

𝛽1
and HGF. Both cytokines can

independently diminish alloantigen-activated T lymphocyte
proliferation, although proliferation can be partially reestab-
lished through blocking with antibodies [20, 31]. MSCs
constitutively express TGF

𝛽1
and HGF, which appear to

act synergistically [17]. TGF
𝛽1

is involved in the MSC-
mediated generation of CD4+CD25+Foxp3+ Tregs (Figure 1)
[39] and in the decreased proliferation of NK cells [27].These
results suggest that TGF

𝛽1
and HGF, in addition to other

mechanisms, participate in the suppression ofMSC-mediated
proliferation in mixed lymphocyte culture (MLC).

3.2.2. Indoleamine-2,3-dioxygenase. IDO is an enzyme that
catalyzes the conversion of the amino acid tryptophan to
kynurenine. The inhibition of T lymphocyte proliferation is
because of the exhaustion of tryptophan or the build-up of
kynurenine [57]. There is experimental evidence supporting
both hypotheses.Thus, the addition of exogenous tryptophan
has been shown to reestablish alloantigen-activated T-cell
proliferation in the presence of MSCs [13]. Similarly, the
addition of kynurenine toMLC inhibits proliferation without
MSCs, however such inhibition is lower when compared
with that observed in cultures in the presence of MSCs
[17]. The use of competitive inhibitors of IDO reduces MSC
immunosuppressive effects on alloantigen-activated CD4+
T lymphocytes [16]. Notably, the reestablished proliferation
does not reach the levels observed in MLC without MSCs,
thus suggesting the presence and participation of additional
mechanisms [13]. The exhaustion of tryptophan by IDO
participates in the inhibition ofTh17 differentiation; however,
this mechanism and the build-up of kynurenine are involved
in the IDO generation of Foxp3+ Tregs [57]. Furthermore,
IDO is involved in the decrease of proliferation and cytotoxic
activity of NK cells activated by IL-2 in the presence of MSCs
[51] and also in the inhibition of maturation and functional
activity of DCs (Figure 2) [45].

3.2.3. Prostaglandin E
2
. PGE

2
also plays a role inMSC-medi-

ated immunoregulation. PGE
2
is a lipid mediator derived

from the conversion of arachidonic acid to prostaglandin
through COX1 and COX2 enzyme action [58]. These
enzymes, with PGE

2
, are constitutively expressed by MSCs,

although their expression increases in an inflammatory
environment [14, 17]. PGE

2
has been shown to diminish

proliferation, stimulate the secretion of IL-4 and IL-10, and
promote CD4+CD25+Foxp3+ and IL-10+IFN𝛾+CD4+ Tregs
differentiation (Figure 1) [25, 59]. Several studies have shown
that PGE

2
is a MSC effector molecule; synthesis can be

blocked with indomethacin or NS-398, and activated T-cell
proliferation increases, but not similar to levels observed of
T-cell proliferation in absence of MSCs [14, 17, 32, 60]. PGE

2

is involved in the decrease of differentiation of monocytes
into DCs [47] and the decrease of proliferation and cytotoxic
activity of NK cells activated by IL-2 in the presence of MSCs
(Figure 2) [51].

3.2.4. IL-10. It has been reported that IL-10 is expressed by
human [17] and murine [61] MSCs and that TLR3 ligand
increases the IL-10 secretion by humanMSCs [62]. However,
other authors have showed that murine [16, 63] and human
MSCs do not express IL-10 [64]. Despite these conflicting
results, some studies have reported a high concentration of
IL-10 in the supernatant from cocultures of fetal or adult
MSCs and immune cells and their participation in the
immunosuppression by MSCs in such cocultures have been
well demonstrated [38]. In that regard, some authors have
showed that cell-to-cell contact between BM-MSCs and T
cells appears vital in the concentration increase of IL-10 in the
supernatant [24, 38, 64]. Participation of IL-10 in BM-MSC-
mediated immunoregulation and in Tregs generation has
been demonstrated through the use of antibodies [17, 20]. IL-
10 downregulates Th1 cytokine expression and can stimulate
the expression and secretion of HLA-G5, which is another
important molecule in MCS-mediated immunoregulation
[28]. A recent study reported an increase in immunosup-
pressive capacity of CD4+CD25+ Tregs cocultured with BM-
MSCs, which is due to a high expression of PD-1 on Tregs
stimulated by IL-10 present in the coculture supernatant
(Figure 1) [65]. Furthermore, IL-10 is also involved in the
decrease of maturation and function of DCs, inhibiting the
ability of DCs to produce IL-12 (Figure 2) [61].

3.2.5. HLA-G5. HLA-Gmolecules are nonclassic HLAmole-
cules characterized by a limited allelic polymorphism and
a tissue-specific expression pattern. There are membrane-
bound isoforms (HLA-G1, G2, G3, and G4) and soluble
isoforms (HLA-G5, G6, and G7) [66]. BM-MSCs express the
membrane-bound isoform HLA-G1 and the soluble isoform
HLA-G5 [28, 30]; expression of both molecules is promoted
by IL-10 [28]. Similarly, HLA-G5 stimulates the secretion
of IL-10 in a positive feedback loop. The simultaneous use
of antibodies against both molecules nearly reestablishes
proliferation of alloantigen-activated PBMC in the presence
of MSCs [28, 67]. Direct contact between MSCs and T
cells is required to establish the positive feedback loop and
subsequent generation of an immunosuppressive environ-
ment, which is further exacerbated by the generation of
the CD4+CD25+Foxp3+ Tregs induced by both molecules
(Figure 1) [28].

3.2.6. Galectins. Galectins are a family of proteins that bind
specifically to 𝛽-galactoside. Eleven of the 15 galectins are
distributed in lymphoid and nonlymphoid tissues. Galectins
participate in the regulation of cellular homeostasis in both
adaptive and innate immunity as immunostimulators or
immunosuppressors [68]. Several galectins have been impli-
cated in MSC-mediated immunoregulation as is described
below. Galectin-1 mRNA and protein are constitutively
expressed and released into culture medium by MSCs [69].
The silencing of Galectin-1 expression using siRNA [70] or
antibodies [71] reestablishes proliferation of PBMC activated
by mitogens or alloantigen, thus indicating that Galectin-
1 participates in MSC immunoregulation. Similarly, MSCs
express Galectin-3, a molecule known to regulate T-cell
proliferation, adhesion, andmigration [68].The inhibition of
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Galectin-3 expression inMSCswith siRNA reduces immuno-
suppressive capacity on alloantigen-activated T lymphocytes
[72]. Ungerer et al. recently demonstrated that Galectin-9
also participates in MSC-mediated immunoregulation. The
authors observed thatMSCs express higher levels ofGalectin-
9 in an inflammatory environment, and through the use
of antibodies, the authors described the participation of
Galectin-9 in the MSC-mediated proliferation reduction of
stimulated T and B lymphocytes [73, 74].

3.3. Membrane Molecules Involved in MSC-Mediated Immun-
oregulation. The following membrane molecules participate
in MSC-mediated immunoregulation: the PD-1/PD-L1 path-
way, HLA-G1, Jagged-1, and adhesion molecules, such as
intercellular adhesion molecule 1 (ICMA-I) and vascular
cell adhesion molecule 1 (VCAM-I) (Figure 1). PD-L1 (B7-
H1/CD274) and its receptor (PD-1/CD279) are components
of a T lymphocyte costimulatory pathway that releases
inhibitory and regulatory signals upon activation. The path-
way is involved in tolerogenesis and immune response termi-
nation to avoid tissue damage [75]. The PD-1/PD-L1 pathway
is activated in the event of a persistent antigenic stimulus, as
occurs with self-antigens, chronic viral infection, or tumors.
The activation of this pathway prevents autoimmunity and
directly contributes to the immunosuppressive microenvi-
ronment observed in tumors through T-lymphocyte regula-
tion [75]. In murine models [29] and human MSC from PL
[76], UC [34], and BM [34, 65, 77], it has been observed
that IFN𝛾 induce an increase of PD-L1 expression and has
been demonstrated the participation of PD-L1 in MSC-
mediated immunosuppression of T cell proliferation through
the use of monoclonal antibodies [29, 75, 76]. Future studies
will be necessary to determine the participation of PD-L1
expressed on MSCs in the expression of Foxp-3 in T cells.
Interestingly, an increase in the expression of PD-L1 receptor
(PD-1) has been observed in activated CD4+CD25+ Tregs
cocultured with BM-MSCs, which is associated with a high
immunosuppressive capacity. The same increase in PD-1 was
observed in CD4+CD25− T cells, but in contrast with Tregs,
it is associated with apoptosis [65, 77].

HLA-G1 is similarly important inMSC-mediated immun-
oregulation. Giuliani et al. [30] demonstrated that the
reduced proliferation in anti-CD3/CD28-activated T lym-
phocytes in the presence of MSCs derived from BM or
fetal liver was primarily driven by cell-to-cell contact and
that MSCs expressed higher levels of HLA-G1 in cocul-
ture. Furthermore, the use of antibodies specific to this
molecule nearly reestablishedT lymphocyte proliferation and
reduced concentration of IL-10 in cocultures, which shows
the relevance of cell-to-cell contact [30]. Similar studies have
reported the importance of cell-to-cell contact betweenMSCs
and T cells in such mechanisms [24, 38, 64]. It appears
that cell-to-cell contact in cocultures promotes expansion
of CD4+ T cells which produce IL-10 and increase the
expression of CD210 (IL-10 receptor, subunit A) on CD4+ T
cells but not on CD8+ T cells and MSCs [64]. These results
suggest that through cell-to-cell contact between MSCs and
T cells a population of T cells whose secreted products

contribute to the immunoregulatory environment generated
by MSCs is formed (Figure 1).

The participation of the adhesion molecules ICAM-
I and VCAM-I has been demonstrated using antibod-
ies against both adhesion molecules, which are expressed
by MSCs during T-cell immunoregulation. When ICAM-I
and VCAM-I were blocked in a mouse model, anti-CD3-
activated splenocyte proliferation was partially reestablished
[78]. Additionally, the expression of ICAM-I and VCAM-
I increased when MSCs were exposed to IFN𝛾 [35]. These
results suggest that MSCs increase the capacity to recruit
inflammatory T-lymphocyte populations and modulate its
own function toward a regulatory phenotype as was demon-
strated in the Th17 population [35]. Furthermore, adhesion
molecules could be involved in T-cells immunoregulation
through induction of CTLA-4 expression on T cells, which
has been previously demonstrated [79, 80]. Our labora-
tory recently demonstrated that cell-to-cell contact between
activated CD3+ lymphocytes and MSCs from BM or UCB
increased the expression of CTLA-4 (Figure 1) [24].

Through different mechanisms CTLA-4 is a negative
regulator of immune response. It has been demonstrated that
interaction between CTLA-4 with CD80/B7-1 and CD86/B7-
2 expressed in DC induces IDO upregulation by DC [57]. It
is likely that a similar mechanism is present in CD4+CTLA-
4high T cells generated in cocultures with MSC [24, 37, 38].
This idea is supported by several evidences; activated T cells
express CD80 and CD86, in particular the presence of MSC
induces increased expression of CD86 on CD4+ T cells [81],
and it has been shown that the interaction of these molecules
with CTLA-4 induced IDO expression in CD4+ T cells [82].

The cell-to-cell contact betweenMSCs andCD3+ T cells is
important in the immunosuppresion of B cells by MSCs [54].
This evidence suggest that inhibition of B-cell proliferation
observed in cocultures with MSC is dependent of soluble
factors produced during cell-to-cell contact between T cells
and MSCs. Another molecule involved in the inhibition of
T lymphocyte proliferation is Jagged-1, a Notch ligand [83].
Because Jagged-1 is expressed in MSCs suggests that Notch
signaling is involved in MSC immunosuppressive functions.
Liotta et al. showed that when Jagged-1 was blocked by
antibodies, the MSCs inhibitory effects were decreased on a
population of alloantigen-activated CD4+ lymphocytes [84].

4. The Modulation of MSC
Immunoregulatory Properties

Many studies suggest that MSCs and immune cells have
established two-way regulatorymechanisms; thus, the activa-
tion of MSC immunoregulatory properties requires the pres-
ence of derived proinflammatory cytokines from immune
cells. Similarly, as a result of this activation, factors secreted
by MSCs also regulate immune response.

4.1. MSC Activation Requires an Inflammatory Environment.
MSCs must be “activated” to efficiently perform their im-
munoregulatory role [2]. Broad evidence demonstrates that
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this “activation” requires the presence of proinflamma-
tory cytokines derived from T lymphocytes, macrophages,
and NK cells, thus indicating that there are bidirectional
regulatory mechanisms between MSCs and immune cells.
Cytokines, such as IFN𝛾, are necessary in this process, either
alone or in combination with TNF𝛼, IL-1𝛼, IL-1𝛽, or IL-17
[14, 17, 85] (Figure 2). The importance of an inflammatory
environment for MSC immunosuppressive capacity has been
shown both in vitro and in vivo. The initial experiments
indicated that when exposed to IFN𝛾, MSCs induce the
expression of IDO [13, 17] and PD-L1 [34] and increase
the secretion of PGE

2
[14, 60]. Similarly, the conditioned

medium of MSC- and IL-15-activated NK cell cocultures
can inhibit NK-cell proliferation, which indicates that this
coculture activates MSC immunoregulatory properties [27].
Other studies have shown that NK cells can produce IFN𝛾
when they interact withMSCs (autologous or allogeneic), and
MSC exposure to IFN𝛾 increases the expression of HLA-I in
MSCs, which reduces the secretion of cytokines and cytotoxic
activity ofNK cells [51] (Figure 2).This evidence suggests that
bidirectional regulatory mechanisms drive the interaction
between MSCs and NK cells. MSCs express NK receptor
ligands, such as PVR, Nectin-2 (NAM-1 ligands), and ULPBs
and MICA (NKG2D ligands). Because of these receptor-
ligand profiles, it is likely that the interaction of NK cells and
MSCs (autologous or allogeneic) results in IFNproduction by
NK cells, whereas this exposure of MSCs to IFN𝛾 increases
HLA-1 expression in MSCs and other immunoregulatory
molecules, thereby reducing the secretion of cytokines and
NK cytotoxic activity [51]. In addition to the abovementioned
cytokines, a recent study reported that IL-17 together with
IFN𝛾 and TNF𝛼 increased inhibition of T-cell proliferation
mediated by MSCs, apparently through a synergic effect of
the three cytokines, leading to a high expression of inducible
nitric oxide synthase (iNOS) [85].

Ankrum et al. recently suggested that MSCs are not fully
immunoprivileged because of their capacity to activate cells
of the immune system (NK cells, macrophages, etc.) and may
even be rejected by such immune cells [86]. Thus, resting
MSCs are immunogenic and able to promote the secretion
of inflammatory cytokines, which in turn induce MSC to
express and secret distinct immunoregulatory molecules,
allowing them to evade the immune response. In this regard,
it has been demonstrated that naı̈ve MSCs or primed pre-
viously with INF𝛾 plus TNF𝛼 are able to decrease T-cells
proliferation. However, naı̈ve MSCs induce the secretion of
INF𝛾 and IL-2 by activated T cells at two days of coculture
and this is a cellular event prior to inhibition of proliferation.
The authors suggested that unprimedMSC transiently induce
proinflammatory cytokines secretion, which promote the
increase of their immunoregulatory capacity [87].

In vivo studies in mouse models suggest that MSCs are
effective in the treatment, but not prevention of GVHD.
The highest survival rates were obtained when MSCs were
administered when serum IFN𝛾 concentrations peaked. The
injection of MSCs preactivated with high concentrations of
IFN𝛾 was effective in GVHD prevention and resulted in
100% survival. However, the injection of MSCs with low
concentrations of IFN𝛾 did not increase survival [88].

Similar results were observed in clinical trials. The
administration of MSCs to patients with steroid refractory
GVHD significantly improved patient outcomes [89, 90].
However, when MSCs were administered simultaneously
with hematopoietic stem cells (HSC), there was no change in
grade II/IV GVHD incidence and a high incidence of relapse
[91].

4.2. MSCs and Toll-Like Receptors. Toll-like receptors (TLRs)
are expressed by many immune cells, and their principal
function is to detect pathogens. The activation of TLRs is
essential to initiate an innate immune response and supports
the adaptive immune response. Ten TLR types have been
identified in humans and each recognize specific molecular
patterns associated with bacterial, viral, or fungal pathogens.
The signaling pathway common to all TLRs is the activation
of NF-𝜅𝛽, which controls the expression of several inflamma-
tory cytokines and the expression ofmaturationmarkers [92].
Different TLRs are involved in autoimmune diseases, chronic
inflammation, and infections [93].

MSCs express TLR-2, 3, 4, 5, 6, 7, and 9, which are
all functional (except TLR-9) because its activation results
in receptor internalization and the activation of the NF-
𝜅𝛽, MAPK, and AKT pathways [62, 84, 94]. The initial
analyses of TLR participation inMSC-mediated immunoreg-
ulation described contradictory results. An in vitro popula-
tion enriched with alloantigen-activated CD4+ lymphocytes
cultured in the presence of poly(I:C) or LPS-treated MSCs,
activated TLR-3 and TLR-4 in theMSCs, thus inhibiting their
immunosuppressive capacity. This effect may be because of
the reduced expression of Jagged-1 in MSCs [84]. Contra-
dictory results by Opitz et al. showed an augmentation in
immunosuppressive capacity after TLR-3 and TLR-4 acti-
vation in MSCs, which continued to inhibit T-cell prolif-
eration, even in low MSC : T cells ratio in cocultures [94].
These contradictory results can be explained with additional
evidence from Tomchuck et al. who observed that TLR-
3 activation in MSCs supports the activation of the anti-
inflammatory cytokines IL-10 and IL-12, whereas TLR-4 acti-
vation supports the secretion of proinflammatory cytokines
[62].These results were corroborated byWaterman et al. who
reported that TLR-3 supported MSC immunosuppressive
effects, whereas TLR-4 supported proinflammatory effects.
These authors proposed that MSCs could be polarized to one
of two phenotypes: proinflammatory or anti-inflammatory.
EachMSCpopulationmaypossess unique characteristics and
differ in their secretion of cytokines, differentiation capacity,
extracellularmatrix deposits, TGF

𝛽1
-signaling pathways, and

expression of Jagged, IDO, and PGE
2
[95]. However, the TLR

participation in the immunoregulation by MSCs remains
controversial. A recent study demonstrated the secretion of
proinflammatory cytokines byMSCs upon activation of TLR-
3 or TLR-4 [96].

5. Immunoregulation in
Alternative Sources of BM-MSCs

Currently most studies on the biology of MSCs have used
BM-derived MSCs. Similarly, most literature describing the
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Table 1: Description of the molecules involved in immunoregula-
tion mechanisms by MSCs from different sources.

Sources of MSC Molecules involved in MSC
immunosuppression Reference

Bone marrow IDO, TGF
𝛽1
, HGF, IL-10,

HLA-G, PDL-1, PGE2

[8, 13, 14, 16, 17,
20, 28, 31, 32, 34,
38, 45, 46]

Placenta IDO, TGF
𝛽1
, IL-10, HLA-G,

PDL-1 [24, 67, 76, 97, 98]

Umbilical cord
blood

IDO, TGF
𝛽1
, HGF, HLA-G,

PDL-1, PGE2
[24, 60, 98]

Umbilical cord IDO, TGF
𝛽1
, HGF, IL-10,

HLA-G, PDL-1, PGE2
[34, 98, 100, 101]

Adipose tissue IDO, TGF
𝛽1
, HGF, IL-10,

PGE2
[8, 101]

Wharton’s jelly IDO, TGF
𝛽1
, HGF, IL-10,

HLA-G, PGE2
[8, 98, 101, 104]

molecules that participate in immunoregulatorymechanisms
are specific to BM-MSCs [8, 13, 14, 16, 17, 20, 28, 31, 32, 38].
Few studies have used other sources such as PL [24, 76, 97–
99], UCB [24, 60, 98], UC [34, 98, 100–102], AT [8, 99, 101–
103], and WJ [8, 98, 99, 101, 104] (Table 1). Immune cell
studies that have used MSCs derived from PL, AT, UCB, WJ,
placental villi, amnion, and chorion have focused principally
on T lymphocytes, one of the most studied cell types in MSC
immunoregulation [8, 24, 76, 97, 101–103, 105–111] (Table 2).
The search for alternative sources is particularly important
not only because obtaining BM is expensive and invasive,
but also because of reports that MSC differentiation capacity
diminishes as the individual ages [112, 113].

Some reports have compared the immunoregulatory
properties of MSCs from different sources to determine
which is the most viable for BM replacement. In this regard,
our research group has demonstrated that MSCs from BM
and UCB, have identical immunoregulatory capacity [24].
However we have shown, in the same way as other groups,
that in contrast to BM-MSCs, PL-derived MSCs have a
lower capacity [24, 107]. In fact, results relating to PL are
contradictory between groups [76, 97, 99, 108]. In this regard,
results of a preclinical study for treatment of 9 patients with
grades III-IV acute GVHD with PL-MSCs showed complete
and partial recovery in two and four patients, respectively.
No recovery was observed in two patients and one patient
presented with convulsions [114]. The inconsistency of the
results observed in clinical application of PL-MSCs could
be related to the inconsistent results obtained in vitro by
various groups. A different study comparing UC-, UCB-,
PL-, and WJ-derived MSCs observed differences in the
capacity to express HLA-G or TGF

𝛽1
after activation with

IFN𝛾. There were no differences observed in IDO secretion
[98]. Screening for immunosuppressive factors in WJ- and
BM-MSCs activated with IFN𝛾 or TNF𝛼 has indicated
differences in the postactivation secretion of IDO, HGF, and
PGE
2
, which may influence immunoregulatory properties

[104]. It is important to pursue comparative studies to
determine whether MSCs from alternative sources operate

with the identical immunoregulatory mechanisms as BM-
MSCs, which are used in cellular therapy. These studies will
be vital in determining alternative sources of MSCs for their
potential implementation at the clinical level.

6. MSCs and Clinical Applications

The use of stem cells to replace cells and tissues damaged
by congenital or degenerative disease or trauma is called
stem cell therapy. In such procedures, cells are administered
to patients through the blood or directly to the damaged
tissue. The use of stem cells in cellular therapy is a current
topic of debate. We previously outlined that MSCs have three
biological properties that make them potential candidates for
this use: high differentiation potential, trophic factor secre-
tion, and immunoregulatory capacity. MSCs are potentially
applicable to many diseases, such as GVHD, autoimmune
diseases and bone, cartilage, and cardiovascular diseases.The
beneficial effects of MSCs administration regarding several
of the aforementioned diseases have been analyzed in animal
models and phases I, II, and III clinical studies have been
initiated [115, 116]. In the following sections, we focus on the
use of MSCs in the treatment of immune-associated diseases
with special emphasis on the treatment of GVHD.

6.1. Graft versus Host Disease. Because of their immunoreg-
ulatory properties, BM-MSCs have been applied principally
in HSC transplants because MSCs are capable of treating
and preventing GVHD [89, 117–119]. After HSC transplant,
GVHD presents when donor T lymphocytes recognize
patient HLA molecules (alloantigen) as nonself and mount
an immune response (allogeneic immune response). GVHD
can be acute or chronic depending on the time of onset and
intensity of tissue damage. Acute GVHD (aGVHD) appears
within the first 100 days of the transplant, whereas chronic
GVHD (cGVHD) has a later onset. Although the exact
pathophysiology is unknown, three phases are believed to
describe aGVHDonset: (1) the activation of host antigen pre-
senting cells (APCs) by the transplant conditioning regimen
(radiotherapy and/or chemotherapy); (2) the activation of T
lymphocytes, which proliferate and differentiate in response
to histoincompatible antigens presented by APCs; and (3) a
cellular effector and inflammatory phase. The final phase is
a combined effect of different sectors of the immune system
(cytotoxic T lymphocytes and NK cells) and inflammatory
cytokines (IFN𝛾, TNF𝛼, IL-1, etc.), which together promote
inflammation and tissue damage in various organs and can
cause death [120].

The first clinical trial evaluating the safety and effective-
ness of MSCs in the treatment of GVHD was performed
by Frassoni et al. who observed that the coinfusion of HSC
and nonirradiated MSCs from the identical donor reduced
the incidence and severity of GVDH in recipients of an
allograft from an HLA-identical sibling [121]. Subsequently,
Le Blanc et al. reported the case of a 9-year-old boy with
steroid refractory aGVHD grade IV who was treated with
haploidentical MSCs from his mother. The child improved
significantly on the 4th day after infusion. Approximately
70 days after treatment, the child had renewed symptoms of
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diarrhea and high levels of bilirubin. The administration of
a second dose of MSCs significantly improved the patient’s
condition, and he remained stable throughout the following
100 days [121]. After this case, the identical group reported
another study with the administration of MSCs to 8 steroids
refractoryGVHDgrades III-IVpatients.No toxic effectswere
observed, and survival was significantly improved compared
to the control [89]. In a multicenter phase II study of 55
steroid refractory GVHD patients. A response was observed
in 39 patients treated with MSCs, of which 30 recovered
completely and 9 partially recovered. Survival was signifi-
cantly improved in patients experiencing full recovery, and
the mortality rate was significantly lower than that generally
associated with the transplant. The authors suggest that the
effect of the MSCs was independent of the donor because
MSCs of HLA-identical, haploidentical, and incompatible
siblings had similar results [90].

Other studies on the use of MSCs have reported less
encouraging results. von Bonin et al. treated 13 patients with
steroid-refractory aGVHD with different doses of MSCs (1–5
applications) from unrelated donors that had been expanded
in medium with platelet lysate. Only 5 patients responded to
treatment and only 4 were alive after 257 days of treatment
[122]. Similarly, Müller et al. reported the treatment of 5
children with acute or cGVHD. MSCs doses were increased
in accordance with cell availability from 0.4 × 106 to 3.0 ×
106/kg. Only one patient responded to this treatment [123].
In addition, it has been suggested that the cotransplant of
HSC and BM-MSCs may prevent GVHD, but there is a
high rate of relapse [91]. However, a clinical trial with 37
children treatedwithmultiple doses of BM-MSCs for steroid-
refractory grades III-IV aGVHD reported complete response
in 24 children and partial response in 8 children [124]. The
contradictory results may be because of differences in the
method ofMSC expansion, the number of cells administered,
number of doses given, diagnosis of the recipient (chronic or
aGVHD), stage of GVHD development, and administration
of MSCs, among others. In attempts to eliminate some
these variables, clinical studies have been performed with a
universal BM-MSC preparation, such as Prochymal, which
has rendered positive results in the treatment of GVHD [125].
Additionally, the effects of using alternative sources of MSCs,
such as fetal membranes [114] or UC [126], have been studied.

Some studies have analyzed systemic changes after
administration of MSCs. Jitschin et al. reported that, in
steroid-refractory GVHD patients after MSC infusion, a
high frequency of CD4+CD25med-hiCD127loFoxp3+ and Tr1
populations was detected. A decrease of Th17 cells and no
changes in the number of NK or B cells were observed.
Furthermore, the authors suggest an induction and mainte-
nance of Tregs, because high levels of IL-2 were detected [42].
In another similar study an increment of CD8+CD28− and
CD5+CD19+ populations and decrease of CD8+CD28+ and
CD5−CD19+ B cells after BM-MSC infusion in the responsive
group were reported [127].The first two populations of T and
B cells are related with the maintaining of peripheral
tolerance or the induction of differentiation of Tregs [127].
Similar results were obtained recently in 23 refractory

cGVHD patients treated with MSCs in which it was detected
an increment in the population of CD19+CD5+IL-10+ B cells
and a high plasma concentration of IL-10 [128]. It is important
to mention that it has been suggested that changes in the
immune microenviroment in patients may promote the risk
of infections. In this regard, a retrospective cohort study
showed that treatment of GVHDwithMSC is a risk factor for
pneumonia related death [129]. Furthermore, Remberger and
Ringdén reported treatment with MSC increment incidence
of invasive fungal infections [130]. Finally, randomized Phase
III trials are necessary to determine the effectiveness ofMSCs
in GVHD.

6.2. Autoimmune Diseases. MSC immunosuppressive capac-
ity may be useful in the treatment of autoimmune diseases.
In these pathologies, self-antigens are not tolerated, and the
body mounts an immune response against its own tissues
and organs. The resulting damage can be systemic (systemic
lupus erythematosus) or targeted to a specific organ or tissue,
such as the pancreas (type I diabetes), central nervous system
(multiple sclerosis), or joints (rheumatoid arthritis) [131–133].
Animal models have demonstrated that MSC treatment is
effective in some of these conditions, several of which have
also been clinical trials, as described below [132, 133].

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease that affects connective tissue. Clinical studies
using allogeneic BM-MSCs [134] and UC-MSCs [135, 136]
to treat this disease have described positive outcomes and
no severe side effect. In a multicenter study, 40 SLE patients
were intravenously transplanted with UC-MSCs and total or
partial clinical response was observed in 60% of patients.
The beneficial effect of UC-MSC administration is not per-
manent, because 29.2% of patients relapsed [137]. Although
these results are interesting, it is important to mention that
in the future a controlled and randomized study will be nec-
essary to conclusively demonstrate the effectiveness of UCB-
MSC administration for SLE treatment [137]. Although the
mechanism through which MSC improves patient condition
is unknown, Li et al. reported increase of CD4+CD25+Foxp3+
Tregs in peripheral blood of refractory SLE patients trans-
planted with UC-MSCs, even after one month of treatment.
Additionally, a significant decrease ofTh17 cells since the first
week and up to twelve months after transplant was observed
[138]. Also, Wang et al. detected an increase in IDO activity
after administration of UC-MSCs in SLE patients, evidenced
by kynurenine concentrations [135]. These results suggest
participation of immunoregulatory mechanism regarding
beneficial effects of MSC administration in such patients.

On the other hand, some reports have shown that BM-
MSC administration inmurinemodel of SLE do not decrease
the levels of autoantibodies or the mortality rates [139].
Furthermore, using the same animal model, Youd et al.
reported that administration of allogeneic BM-MSCs to pre-
vent or treat SLE enhances autoantibody production and even
exacerbates the disease in both experimental conditions
[140]. Also, a study carried out in two patients showed
that administration of autologous BM-MSCs increased
peripheral blood CD4+CD25+Foxp3+ Tregs cells, but no
improvement was observed in patients [43]. Today, there
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are no clinical trials in progress to assess efficacy of MSC
transplantation in the treatment of Lupus erythematosus
[http://www.clinicaltrials.gov/].

Type I diabetes is a chronic metabolic disease character-
ized by an autoimmune reaction against insulin-producing
pancreatic𝛽 cells. In vitro studies using cocktail of growth fac-
tors or genetic manipulation have shown that BM-MSCs can
differentiate into insulin-producing cells [141]. However, such
transdifferentiation capacity of BM-MSCs into endocrine
pancreas cells in animal models has yielded contradictory
results and still remains elusive. Nevertheless, in animalmod-
els have been demonstrated that MSCs can revert type I dia-
betes, enhances insulin secretion and sustain normoglycemia
[131]. It has been proposed that such beneficial effects are
mainly due to trophic factors and immunoregulators secreted
by MSCs and not to their differentiation capacity [141].

In a clinical trial, the administration of insulin-producing
cells derived of MSCs from adipose tissue in 11 patients
reduced insulin requirements over the first 2 to 4 months
after intraportal infusion [142]. In another trail, WJ-MSCs
were administrated to 15 patients and a decrease in insulin
requirements and blood glucose levels was observed even
after 24 months of follow-up [143]. The exact mechanism of
this therapeutic effect is unknown.However, it is thought that
MSC immunoregulatory capacity prevents the destruction
of the 𝛽-pancreatic cells rather than their differentiation
capacity to regenerate 𝛽 cells. In that regard, intravenous
administration of BM-MSCs in a murine model of type
1 diabetes reversed hyperglycemia and improved pancre-
atic regeneration, which is associated with an increase of
CD4+CD25+Foxp3+ Tregs cells in spleen and pancreatic
lymphnodes [144]. Similar resultswere obtained by intraperi-
toneal administration of MSCs from AT-MSCs in mouse
models, during early development of induced type I diabetes.
Increased secretion of insulin and decreased glucose levels
in peripheral blood were observed but also inflammatory
infiltrate in pancreatic islets. Furthermore, a low frequency
of CD4+IFN𝛾+ and CD4+TNF𝛼+ T-cells was observed in
pancreatic lymph nodes (PLNs), and in contrast, a high
frequency of CD4+CD25+Foxp3+ Tregs, a decrease of IFN𝛾
concentration and increase in TGF

𝛽1
were observed in

pancreatic tissue [145].
Additionally, cotransplantation with BM-MSCs improves

engraftment of pancreatic islets in humanized diabeticmouse
model. Normoglycemia was maintained during 4 weeks after
transplant which show that MSCs promote functionality of
transplanted islets. The authors observed low infiltration
by CD3+ T cells in the transplanted tissue and increase
of CD4+CD25+Foxp3+ Tregs in peripheral blood [146].
Future clinical trials will be required to determine if such
immunological mechanisms also occur in humans. Cur-
rently, phases I, II, and III clinical trials are evaluating the
efficacy of autologous BM-MSCs [clinicaltrials.gov identifier:
NCT02057211, NCT01068951, NCT01157403] and UC-MSCs
in the treatment of type I diabetes [clinicaltrials.gov identifier:
NCT01374854].

Two autoimmune diseases affect the central nervous
system (CNS): multiple sclerosis (MS) and amyotrophic
lateral sclerosis (ALS). MS is a chronic inflammatory disease

characterized by the loss of myelin and axon damage. ALS
selectively targetsmotor neurons in the brain and spinal cord.
Several studies have demonstrated in murine models that
MSC has positive effects for prevention and treatment of
both pathologies, but it is not known what mechanisms are
involved in such process. Although in vitro studies show that,
in the appropriate culture medium, MSCs differentiate into
cell typeswith neuronal and glial characteristics, contribution
of such mechanisms for in vivo tissue regeneration is contro-
versial. In contrast, in vitro and in vivo studies have suggested
that immunoregulation and trophic factor secretion are the
mainmechanisms used byMSCs to improve the symptoms of
MS and ALS [1, 147]. Studies in a murine model with exper-
imental autoimmune encephalomyelitis (EAE) as a model
for multiple sclerosis have demonstrated that the intravenous
administration of BM-MSCs improved the symptoms of the
disease by decreasing central nervous system inflammation
and demyelination. Other studies have reported that, in EAE
mice that had receivedMSCs, less infiltration by CD3+ T cells
and macrophages in CSN was observed after pathological
analysis [148]. Also, it has been detected low levels of IL-17
and TNF𝛼 in serum [149].Morando et al. observed that intra-
venous or intrathecal administration of BM-MSC promotes
generation of CD4+Foxp3+ in CNS and also an increase of IL-
17 mRNA [147]. Furthermore, after administration of hUC-
MSCs in a murine EAE model, the improvement of disease
activity is accompanied by an increase of CD4+CD25+Foxp3+
Tregs and decrease ofTh17 in spleen, while in the spinal cord
increased IL-4 and IL-10 and decreased IL-1 and IL-6 levels
were observed [150]. Taken together, these results suggest that
immunoregulation by MSCs has a neuroprotector effect that
reduces demyelization and axonal loss and therefore results
in the improvement of EAE symptoms. It is important to
mention that in a recent study it was reported that BM-
MSCs transplanted in a murine EAE model, CD8+ T cell
infiltrate was increased in CNS, which exacerbated EAE [151].
The difference between these results could be due to disease
mechanisms that underlie various models of EAE.

Similarly, allogeneic MSCs administration in murine
models of experimental ALS showed an improvement in
survival and motor function, in the spinal cord from MSC-
treated mice [152]. Intrathecal infusion of BM-MSCs in a
murine model of ALS delayed disease progression and pro-
longed survival [153]. Activated microglia secrete inflamma-
tory molecules including TNF𝛼 and nitric oxide that play an
important role in ALS and administration of hMSCs decrease
microglial activation (CD11b+ cells) and concentration of
TNF𝛼 in the spinal cord [153]. Based on the positive results
obtained in murine models, clinical trials have been carried
out to determine safety and efficacy ofMSCs for the treatment
of these pathologies. A clinical trial in which 34 MS and
ALS patients received intrathecal or intravenous autologous
MSCs reported that MSC administration was safe and had
an immediate immunosuppressive effect that diminished
inflammation [154]. A study by Mazzini et al. studied the
direct application of autologous MSCs to the spinal cord
in ALS patients and reported that MSC administration
generated no adverse side effects and was safe; however there
was no significant improvement in patients [155]. Currently,
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no study has shown an improvement in patient’s condition
by MSC treatment; therefore, further clinical trials must be
performed. Several of such studies, analyzing the efficacy and
safety of autologous or allogeneic MSCs for the treatment of
MS and ALS, are in progress [http://www.clinicaltrials.gov/].

Rheumatoid arthritis (RA) is a chronic, systemic inflam-
matory disorder that primarily affects joints and results in
bone and cartilage destruction. Collagen-induced arthritis
(CIA) initiated in susceptible strains of mice by immuniza-
tion with native type II collagen serves as a model of human
rheumatoid arthritis. Several authors have used this animal
model to analyze MSC efficacy to improve the symptoms of
this disease; however evidence remains equivocal as conflict-
ing results have been reported. Results in this animal model
suggest that inflammatory microenvironment present in RA
could reverse the immunosuppressive capacity of MSCs.
Djouad et al. [156] observed that MSC administration does
not improve the course of disease and in vitro experiments
showed that TNF𝛼 was responsible of reverse biological
function of MSCs. Additionally, it has been reported that
the intravenous administration of MSCs has no effect on the
progression of the disease [157] or make RA worse [158].
Similar results were reported by Papadopoulou et al. who
observed immunoregulatory capacity of MSCs in vitro, but
in vivo, they lost this capacity when they are administrated
in the inflammatory RA environment [159]. In a recent study
similar immunosuppressive capacity by synovium-derived
mesenchymal stem cells (S-MSC) from AR patients and
those from healthy donors was demonstrated. Both MSCs
are capable of decrease proliferation of PBMC activated
with PHA or alloantigens from healthy donors and also of
autologous synovial T cells activated with PHA. However,
when cocultures are added with exogenous IL-17 and/or
TNF𝛼, S-MSCs from AR patients or healthy donors, they
lost their immunoregulatory capacity [160]. In addition, it
has been reported that infusion of allogeneic-related HLA
matched or partially matched MSCs does not affect RA
development, while MHC mismatched MSCs exacerbate the
disease activity [161].

In contrast to these results, other studies have shown that
administration of syngeneic, allogeneic, or xenogeneic MSCs
improves RA in mice models. Thus, González et al. showed
that intraperitoneal administration of human AT-MSCs in
mice with CIA reduced the incidence and severity of disease.
Improvement of RA is accompanied by a decrease both in
inflammation and proinflammatory cytokine secretion (IL-
1𝛽, IL-12, IL-17, TNF𝛼, IFN𝛾, etc.) and reduction in Th1 and
Th17 numbers. In contrast, expansion of CD4+CD25+Foxp3+
Tregs and IL-10 secretion was increased [162]. Similar results
have been shown with human gingiva-derived mesenchy-
mal stem cells [163]. In addition, in a RA murine model
induced by antigens, intra-articular infusion of BM-MSCs
prevented cartilage damage reduced the inflammation and
also decreased serum concentration of TNF𝛼 [164].

A few studies have been done to determine safety and
efficacy of MSCs administration to humans for the treatment
of RA. A study carried out in four patients with refractory RA
and treated with allogeneic MSCs from BM (1 patient) or UC
(3 patient) administered intravenously showed no adverse

effects; however clinical remissions were not detected [165].
In contrast, a clinical assay with 172 patients with active RA
showed that UC-MSC administration is safe and that the
improvement in patients is accompanied by an increase of
CD4+CD25+Foxp3+ Tregs in peripheral blood and a decrease
of TNF𝛼 secretion [166]. The same authors suggest the need
for large multicentre trials. In this regard, two phases I and II
clinical trials are currently performed to evaluate the efficacy
of UC-MSCs [clinicaltrials.gov identifier: NCT01547091 and
NCT01985464].

7. Conclusion

BM-derived MSCs have an immunoregulatory capacity
because they can regulate the function of multiple immune
system components. To fulfill this role, MSCs must be
activated by proinflammatory cytokines such as IFN𝛾. MSCs
can inhibit DCsmaturation and thus prevent the activation of
T lymphocytes and even more and decrease the proliferation
and cytotoxic activity of NK cells. As a result of these
characteristics, MSCs are a promising alternative treatment
for immune-related diseases. Currently, MSCs have been
used in the treatment of autoimmune diseases, including
GVHD, and have rendered positive results. Despite this
encouraging debut in clinical application, it is necessary
to perform more clinical trials that extend the current
knowledge of the biology of MSC immunoregulatory activity
to optimize and control the patient’s immune response for
maximum benefits. These studies will be relevant to clinical
decisions in the treatment of GVHD, autoimmune diseases,
and other illnesses with an immune component, such as
cancer, in which MSCs play an important role in the tumor
microenvironment that favors growth as our group has
previously demonstrated [10].
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and D. Dilloo, “Human bone marrow stromal cells inhibit
allogeneic T-cell responses by indoleamine 2,3-dioxygenase-
mediated tryptophan degradation,” Blood, vol. 103, no. 12, pp.
4619–4621, 2004.

[14] S. Aggarwal and M. F. Pittenger, “Human mesenchymal stem
cells modulate allogeneic immune cell responses,” Blood, vol.
105, no. 4, pp. 1815–1822, 2005.

[15] X.-X. Jiang, Y. Zhang, B. Liu et al., “Human mesenchymal stem
cells inhibit differentiation and function of monocyte-derived
dendritic cells,” Blood, vol. 105, no. 10, pp. 4120–4126, 2005.

[16] M. Krampera, L. Cosmi, R. Angeli et al., “Role for interferon-
𝛾 in the immunomodulatory activity of human bone marrow
mesenchymal stem cells,” Stem Cells, vol. 24, no. 2, pp. 386–398,
2006.

[17] J.M. Ryan, F. Barry, J.M.Murphy, and B. P.Mahon, “Interferon-
𝛾 does not break, but promotes the immunosuppressive capac-
ity of adult human mesenchymal stem cells,” Clinical & Experi-
mental Immunology, vol. 149, no. 2, pp. 353–363, 2007.

[18] M. Wang, D. Windgassen, and E. T. Papoutsakis, “Comparative
analysis of transcriptional profiling of CD3+, CD4+ and CD8+

T cells identifies novel immune response players in T-cell acti-
vation,” BMC Genomics, vol. 9, article 225, 2008.

[19] K. le Blanc, I. Rasmusson, C. Götherström et al., “Mesenchy-
mal stem cells inhibit the expression of CD25 (interleukin-2
receptor) and CD38 on phytohaemagglutinin-activated lym-
phocytes,” Scandinavian Journal of Immunology, vol. 60, no. 3,
pp. 307–315, 2004.

[20] M. E. Groh, B. Maitra, E. Szekely, and O. N. Koç, “Human
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Serotonin (5-HT) induces concentration-dependent metabolic effects in diverse cell types, including neurons, entherochromaffin
cells, adipocytes, pancreatic beta-cells, fibroblasts, smooth muscle cells, epithelial cells, and leukocytes. Three classes of genes
regulating 5-HT function are constitutively expressed or induced in these cells: (a) membrane proteins that regulate the response
to 5-HT, such as SERT, 5HTR-GPCR, and the 5HT

3
-ion channels; (b) downstream signaling transduction proteins; and (c)

enzymes controlling 5-HT metabolism, such as IDO and MAO, which can generate biologically active catabolites, including
melatonin, kynurenines, and kynurenamines. This review covers the clinical and experimental mechanisms involved in 5-HT-
induced immunomodulation. These mechanisms are cell-specific and depend on the expression of serotonergic components
in immune cells. Consequently, 5-HT can modulate several immunological events, such as chemotaxis, leukocyte activation,
proliferation, cytokine secretion, anergy, and apoptosis.The effects of 5-HT on immune cellsmay be relevant in the clinical outcome
of pathologies with an inflammatory component. Major depression, fibromyalgia, Alzheimer disease, psoriasis, arthritis, allergies,
and asthma are all associated with changes in the serotonergic system associated with leukocytes.Thus, pharmacological regulation
of the serotonergic system may modulate immune function and provide therapeutic alternatives for these diseases.

1. Introduction

Serotonin (5-HT), also known as 5-hydroxytryptamine or 3-
(2-aminoetil)-1H-indol-5-ol, is a monoamine containing two
nitrogen molecules: the first nitrogen is basic and embedded
within the indol-5-ol; the second, within 2-aminoethyl, is
located at the terminus of the aliphatic chain. 5-HT is
generated from tryptophan and serves as a substrate for the
synthesis of a diverse set of molecules, such as melatonin,
formyl-5-hydroxykynurenamine, and 5-hydroxyindoleacetic
acid [1]. In addition, 5-HT is a signaling molecule that affects
the immune [2], gastrointestinal [3], and nervous [4] systems

in paracrine, endocrine, and juxtacrine fashion. Finally, 5-
HT regulates development during cellular differentiation and
ontogeny (morphogenesis) in several cell linages [5–7].

The majority of 5-HT synthesis, up to 90%, takes place
in gastrointestinal enterochromaffin (EC) cells, followed by
synthesis in myenteric neurons (5%) and the brain [8, 9]. In
the 1980s, 5-HTwas identified as an immunomodulator for its
ability to stimulate or inhibit inflammation [10].This immune
regulation—which has yet to be fully elucidated—is orches-
trated by the serotonergic system. Therefore, to understand
disease pathologies related to the immune system, it is
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important to consider the function of serotonergic compo-
nents. Specifically, insight can be gained by understanding
how serotonergic components are related to mechanisms of
immune modulation that depend on 5-HT receptors (5HTR)
expression in leukocytes and other cells involved in an
inflammatory response.

2. A Brief History of 5-HT Discovery

The discovery of 5-HT was a product of collaborative
endeavors initiated in the last quarter of the 19th century
[11] that lasted into the second half of the 20th century.
Initial studies identified an extract with vasoconstriction
properties from a platelet fraction of uncoagulated blood [12].
In research conducted in Rome during the 1930s, Vittorio
Erspamer isolated a molecule from gastrointestinal EC cells
with the capacity to generate smooth muscle contractions
in a rat uterus. Chemical analysis identified the molecule as
an indoleamine and it was named enteramine [13]. During
the 1940s in the Cleveland Clinic research department,
Maurice Rapport, Arda Green, and Irving Page purified
and characterized a vasoconstrictor compound generated
shortly after coagulation and related to hypertension. In a
tour de force, the molecule was purified from 900 liters of
serum obtained from 2 tons of bull’s blood [14, 15]. The
name serotonin emerged after the substance was crystallized
in 1948 because it was obtained from serum (“ser”) and
could induce vascular tone (“tonin”) in blood vessels [16].
Subsequently, the crystalline vasoconstrictor substance was
shown to be a single complex composed of creatinine and
indol-derivates, which permitted a structural model of 5-HT
based on UV-spectrophotometry [17]. Chemical synthesis of
5-HT by Hamlin and Fischer in 1951 [18] provided significant
progress allowing for the confirmation of its pharmacological
effects [19] and a comparison with the previously isolated
enteramine [20]. Interest in understanding the physiological
role of 5-HT prompted efforts to isolate the compound from
different mammals and tissues, such as the central nervous
system [21].

Since the 1970s there has been an established association
between the serotonergic system and affective disorders as
well as mood changes [22]. Recently, serotonin has been
associated with a myriad of processes [23], including aggres-
sion [24], sleep [25], appetite [26], pain [27], bone density
[28], tissue regeneration [29], platelet aggregation [30], and
gastrointestinal function [31]. The influence of 5-HT on
the immune system has also been recognized, although the
specific mechanisms underlying these effects are not com-
pletely understood and may require confirmation in human
cells. Despite these pitfalls, it is well acknowledged that the
serotonergic system and associated molecules expressed in
immune cells can influence mood disorders, such as major
depression [32] and schizophrenia [33, 34].

3. Components of the Serotonergic System Are
Expressed in Leukocytes

The expression of serotonergic components is differentially
regulated between tissues and cell types.While the expression

and function of serotonergic proteins has primarily been
studied within the central nervous system [81], it should be
pointed out that no functional differences between cell types
have been identified.The serotonergic components expressed
in the immune system encompass a complex ensemble of
proteins that coordinate the synthesis and degradation [1],
transport and storage [58], and response to 5-HT stimu-
lation [40]. In leukocytes, the expression of serotonergic
components (Table 1) is modulated by the concentration of
extracellular and intracellular 5-HT. Furthermore, the signals
generated by 5-HT interactions with leukocytes are distinct
depending on function, developmental stage, and activation
status of the cell. This functional heterogeneity suggests that
the serotonergic system can precisely regulate a wide range of
immunomodulatory effects [81].

3.1. Catabolism and Anabolism of 5-HT. The essential amino
acid Tryptophan is utilized by many cell types and can be
converted into a wide range of chemically related prod-
ucts, among the best known are 5-HT and melatonin, but
also include kynurenines and kynurenamines (Figure 1). In
macrophages and T lymphocytes the indoleamine 2,3-dioxy-
genase (IDO1 & IDO2. EC: 1.13.11.52) [60, 82] enzymes help
degrade tryptophan to generate kynurenines and produce
kynurenamines from 5-HT or melatonin [83]. In general, all
of these compounds can modulate immune responses [1, 84–
86]. However, the mechanisms by which these molecules
exert an immunomodulating function are not completely
elucidated. Some observations suggest that kynurenines and
kynurenamines function in negative feedback loops to mod-
ulate 5-HT-mediated inflammation, other proinflammatory
molecules, and melatonin levels.

3.1.1. Anabolism. The synthesis of serotonin begins with the
essential amino acid, tryptophan, and follows two-enzy-
matic steps. First, a hydroxyl group is added by tryptophan
5-hydroxylase (TPH; EC: 1.14.16.4) to generate 5-hydroxy-
tryptophan. Mammals produce two TPH enzymes encoded
by two independent genes, TPH1 and TPH2. While TPH1 is
expressed in peripheral tissues, TPH2 is exclusively expressed
in the central nervous system [87–89]. After this hydroxy-
lation step, a carboxyl group is removed by an aromatic L-
amino acid decarboxylase (DDC; EC: 4.1.1.28) generating 5-
HT [90–92].

3.1.2. Catabolism. Within the immune system, four catabolic
pathways for the breakdown of 5-HT have been observed.
One pathway begins with the generation of melatonin from
5-HT through two enzymatic steps; first, 5-HT is acety-
lated by arylalkylamine N-Acetyltransferase (AANAT; EC:
2.3.1.87) generating N-acetyl 5-HT, which then acquires a
methyl group from N-acetylserotonin-O-methyltransferase
(ASMT; EC: 2.1.1.4; previously known as hydroxyndole-O-
methyltransferase, HIOMT) to become melatonin [93, 94].
Subsequently, the enzyme indoleamine 2,3-dioxygenase
(IDO1 & IDO2; EC: 1.13.11.52) can convert melatonin into
a cyclooxygenase (COX; EC: 1.14.99.1) inhibitor called
formyl-N-acetyl-5-methoxykynurenamine. Interestingly this
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Figure 1: Metabolic pathways associated with 5-HT. The metabolic pathways branching from the catabolism of tryptophan are shown.
Green and brown branches show kynurenine pathways from tryptophan. The dark blue branch displays the 5-HT generation pathway
while the red branch displays the melatonin generation pathway (solid line) and the melatonin catabolism pathway (dashed lines). The 5-
HT catabolism pathways are depicted in blue, purple, and cyan dotted lines. The most relevant compounds are circled with dotted lines
and underlined compounds have no demonstrated effects. An additional catabolic pathway marked in pink from 5-hydroxy-L-tryptophan
generates 5-hydroxy-kynurenine and 5-hidroxy-kynurenamine family compounds (paths C05648 andC05647), which have no demonstrated
biological effects. The compounds in these pathways are denoted by their “Kyoto Encyclopedia of Genes and Genomes” (KEGG) code
(http://www.genome.jp/kegg/). Enzymes with their classification codes (EC, http://www.chem.qmul.ac.uk/iubmb/enzyme/) and UNIPROT
gene names are shown in squares. The shading arrows show the most studied pathways.
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metabolite can function to block the synthesis of prostagl-
andins [95], yet other melatonin metabolites, including 5-
methoxyindole acetic acid and 6-hydroxymelatonin, have no
reported function [96].

A second catabolic pathway of 5-HT utilizes the enzyme
indoleamine 2,3-dioxygenase (IDO) and generates formyl-
5-hydroxykynurenamine. In a third pathway, 5-HT is trans-
formed into 5-hydroxyindoleacetic acid with monoamine
oxidase A/B (MAO-A o MAO-B; EC: 1.4.3.4) among other
enzymes. Interestingly, MAO-A expression, which is regu-
lated by the cytokines IL-4 and IL-3, has been identified
in human monocytes from peripheral blood [62]. A fourth
catabolic pathway generates N-methylserotonin from 5-HT
using the enzyme amine N-methyltransferase (INMT; EC
2.1.1.49) and may also be active in immune cells.

It is not thoroughly understood that the extent by which
the byproducts and metabolites generated during catabolism
may affect the immune system [1, 84]. The identification of
additional 5-HT metabolites in plasma, including serotonin-
O-sulfate [97] and 5-hydroxykynurenamine [98], suggests
that other catabolic pathways linked to specific biochemical
processes, such as activation and cell proliferation, may also
be associated with the modulation of the immune system.

One additional catabolic pathway related with the four
previously described utilizes the enzyme IDO to generate
kynurenines from tryptophan. This pathway is positively
regulated when immune cells become activated and begin
secreting IFN-𝛼, IFN-𝛽 e IFN-𝛾, TNF-𝛼, TGF-𝛽, IL-1𝛽, and
IL-2 [85, 99–101], which significantly consumes tryptophan
and limits its availability for 5-HT production. L-kynurenine,
3-hydroxy-L-Kynurenine, and 3-hydroxyanthranilic acid can
negatively modulate immune responses. Specifically, Vécsei
and coworkers noted the blockage of cell proliferation as well
as the potential induction of apoptosis in Th1 and NK cells
[85, 101–103].

It was recently proposed that 5-hydroxyindole thiazo-
lidine carboxylic acid, a 5-HT byproduct found in the
intestinal tissues and several brain regions of rats, is generated
from the condensation of 5-hydroxyindole acetaldehyde and
L-cysteine by a carbon-sulfur lyase (EC 4.4.1.). However,
evidence supporting this enzymatic condensation remains to
be confirmed. In addition the properties of this byproduct or
its potential influence over immunological cells remain to be
investigated [104].

3.2. 5-HT Receptors: (5HTR). 5-HT modulates many leuko-
cyte functions ranging from activation of the immune
response to memory cell generation. The effects mediated by
5-HT are dependent on the differential expression of sero-
tonergic components in leukocytes. For example, serotonin
receptors (5HTR) on immune cells influence cytokine prolif-
eration, delivery, migration, and cellular activation. Signaling
through the 5HTR affects chemoattraction in immature
mammalian dendritic cells (human and rodent) but not in
mature cells, which respond to 5-HT by secreting IL-6 [43].
In addition, 5HTR signaling influences naı̈ve T cell activation
in mice by activating 5HT

7
[40] and regulates lymphocyte B

cell proliferation through 5HT
1A [41].

3.2.1. 5HTR Are G Protein-Coupled Receptors (GPCR). The
5HTR belong to the GPCR family class A, also known as 7-
transmembrane domain (7TM) receptors. GPCR are classi-
fied into 6 classes according to a database from the Interna-
tional Union of Basic and Clinical Pharmacology (IUPHAR:
http://www.guidetopharmacology.org/) [105]. This system
includes classes A, B, and C, as well as the adhesion, Frizzled,
and other 7TM classes. Receptors for adenosine, adrenaline/
noradrenaline, 5HT

1
, 5HT

2
, 5HT

4
, 5HT

5
, 5HT

6
, and 5HT

7

all belong to GPCR class A. Furthermore, the 5HTRs are
comprised of 6 families and 13 subfamilies [106] with an
undetermined number of isoforms that may be produced by
alternative splicing. This receptor diversity suggests that a
great amount of functional variation may exist between the
5HTRs [107].

Signal transduction from 5HTR is similar to standard
GPCRs. G proteins form heterotrimeric complexes made of
the subunits G𝛼, G𝛽 andG𝛾; the complex is coupled to the C-
terminus of the transmembrane 5HTR. Different subtypes of
the G𝛼 proteins (G𝛼i/o, G𝛼s, or G𝛼q11) may generate different
transduction responses functioning either as activators or
inhibitors.When the 5-HT ligand binds its receptor to induce
signal transduction it elicits a conformational change in the
receptor to facilitate activity [81]. Signal transduction can be
carried out by the effector proteins G𝛼 or the heterodimer
G𝛽-G𝛾. While transduction mechanisms have been better
depicted for G𝛼, especially in cells of the nervous system
[108], recent work has been devoted to the role of G𝛼 andG𝛽-
G𝛾 in the immune system [109, 110].

In the last few years, a number of investigations have
demonstrated that GPCR are capable of assembling dimers
(homo and heterodimers) as well as oligomers. Receptors
5HT
1B and 5HT

1D can assembly into homodimers and
heterodimers when coexpressed in the same cell. Notably, the
receptors display roughly 77% sequence identity within the
7TM domain [111]. The 5HT

2C receptors form homodimers
within the cellular membrane [112–114] and it has been
proposed that signaling is initiatedwhen two 5-HTmolecules
bind the dimer [115]. However, activation a single subunit
within the 5HT

4
homodimer is sufficient to initiate G pro-

tein activation even though simultaneous activation of both
receptors doubles the activation efficiency of the pathway.
While it appears that 5HTR tend to form homodimers
rather than heterodimers, the latter possibility has not been
discarded [116].

Milligan and coworkers have postulated that the for-
mation of heterodimers could generate specificity between
5HTR and its substrates, which could be especially relevant
for the use and design of pharmacological agents [117].
Despite current knowledge suggesting that the 5-HT recep-
tors function as homodimers and maybe heterodimers, it
is possible that higher subunit organizations (e.g., trimers
and tetramers) could function under certain circumstances
[114, 118].

To better understand 5-HT cellular-mediated processes,
it will be necessary to characterize the quaternary structure
and stoichiometry of 5HTRduring oligomerization in regular
cellular processes. It will also be important to determine the
biochemical details of the quaternary transitional structure
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(quinary structure) of 5HTR to establish not only its func-
tional characteristics, but also the coupling and assemblywith
cytoskeleton proteins. Recently, the crystal structures of the
receptor-agonist complexes, 5HT

1B and 5HT
2B with ergo-

tamine and dihydroergotamina, respectively, were reported
and provided structural information to better understand
receptor-ligand interactions and agonist selectivity, which
could inform 5HTR-based drug design [119, 120].

3.2.2. The 5HT
3
Receptors Form a Cationic Channel. The

5HT
3
receptors are part of a cation-selective ion channel

Cys-loop superfamily and have been detected in T lym-
phocytes, monocytes [47], mature dendritic cells [43], and
mast cells [38]. The functional unit of 5HT

3
, a pentameric

ring, generates a central ion channel and can be composed
of two 5HT

3A and three 5HT
3B subunits [121, 122]. Each

subunit contains a large N-terminal domain with the 5-HT
binding site and four transmembrane domains connected
with intracellular and extracellular loops [123–125].The 5HT

3

receptors are regulated through protein modifications and
cytoskeletal rearrangements, dependent on protein kinases
(A and C) and F-actin, respectively [123, 126].

There are a number of 5HT
3
receptor variants that can

be expressed from the human genome. The genes encoding
5HT
3A and 5HT

3B are located on chromosome 11q23, and
those encoding 5HT

3C, 5HT
3D, and 5HT

3E are on chromo-
some 3q27. However, the total number of isoforms generated
from these genes by alternative splicing has yet to be deter-
mined [127–130]. Interestingly, the subunits 5HT

3C, 5HT
3D,

5HT
3E, and 5HT

3Ea are not sufficient to form functional
pentamers but can generate them with 5HT

3A and hence
modify 5-HT responses [131].

In the context of the central nervous system, 5HT3
receptors are associated with rapid activation and inhibition
responses in addition to fast cellular depolarization [49, 132].
The cellular depolarization response is unique to neurons,
as this has not been observed in immune cells. In neurons,
5HT
3
receptors modulate the delivery of neurotransmitters,

such as dopamine [133], whereas the same receptors elicit
the release of cytokines from immune cells. Human lymph
nodes preferentially express the 5HT

3A and 5HT
3E variants

[49]. In addition, 5HT
3A is expressed in naı̈ve and activated

B-lymphocytes [48], T lymphocytes, and human monocytes,
but expression has not been detected frommonocyte-derived
dendritic cells [47]. Inhibiting the 5HT

3
receptors with

antagonists, such as ondasetron and tropisentrol, disrupts
TNF-𝛼 and IL-1𝛽 production, suggesting that these receptors
may activate the p38/MAPK pathway [134, 135].

3.3. SERT: 5-HT Transporter. The serotonin transporter
SERT actively moves extracellular 5-HT across the plasma
membrane into the cell. The transporter is also known as
solute carrier family 6, member 4 (SLC6A4), and belongs
to a family of neurotransmitters with 12 transmembrane
domains. The function of SERT in platelets is critical for
maintaining adequate 5-HT concentrations in the circulatory
system [136]. To function, SERT depends on the transport of
Na+/Cl− ions, yet the coordinated mechanism of 5-HT and
ion transport remains to be elucidated.

The gene encoding SERT has 14 exons and is located on
chromosome 17q11.1-17q12. Two genetic polymorphisms in
the gene regulatory regionmodulate transcription generating
a complex mix of long and short variants [137]. The SERT
functional unit is a dimer but it has been suggested that
two SERT homodimers could assemble into a tetramer [138].
Other members of the protein family form heterodimers;
however, these may not be functional [139]. Therefore, SERT
homodimers are currently accepted as the biochemically
functional unit.

SERT dimer formation relies on several posttranslational
modifications. The SERT proteins are glycosylated, and then
sialic acid is inserted into each of two N-linked glycans.
In the absence of glycosylation, the functional activity of
SERT is reduced. Furthermore, the addition of sialic acid
molecules is important for dimer formation and the associ-
ation with myosin IIA (a kinase that anchors protein kinase
G, PKG) at the cytoskeleton. This association can regulate
SERT phosphorylation by the guanosine monophosphate-
dependent PKG [140].

A complex regulatory mechanism of SERT internaliza-
tion associated with the cytoskeleton has been described
in platelets and is referred to as serotonylation (see Box 1).
The process of serotonylation depends on the 5-HT gra-
dient between the extracelluar and intracellular space cre-
ated by SERT activity. The gradient mediates regulation
via cytoskeletal components, vimentin, 5HTR, SERT, small
GTPases, transglutaminases (TGases), and possibly p21 acti-
vated kinases (p21/PAK) [141]. Specifically, increased levels
of 5-HT activate SERT internalization through activation of
small GTPases by serotonylation (TGases covalently linking
the 5-HT to the small GTPases). Currently efforts are being
directed to the characterization of SERT internalization
mechanisms in leukocytes.

Box 1 (serotonylation: SERT, TGasas, and small GTPases).
Serotonylation is the process by which 5-HT is covalently
bound to a protein through a transamination reaction and
constitutes a mechanism for regulating signal transduction.
This process requires high intracellular levels of 5-HT and is
mediated by transglutaminases (TGases. EC: 2.3.2.13). Phys-
iological serotonylation has been demonstrated in platelets
and other cells [142, 143] but not in leukocytes. However,
serotonylation may be involved in specific leukocyte func-
tions required for chemotaxis or cytokine secretion [43,
45] because this modification regulates similar functions in
platelets and pancreatic beta cells.

Although many cytoplasmic proteins can be serotony-
lated, the effect of serotonylation on small GTPases dur-
ing platelet activation and aggregation is noteworthy [142].
Serotonylation induces constitutive RhoA activation and,
consequently, the cytoskeletal reorganization needed for
aggregation [144–147]. Increased intracellular Ca2+ and 5-HT
in platelets also activates Rab4-mediated exocytosis of alpha
granules by Ca2+-dependent TGase-mediated serotonylation
[142].

In pancreatic beta cells, Rab3a and Rab27a are serotony-
lated during insulin exocytosis [143]. In smooth muscle cells
TGase-2-mediated serotonylation of RhoA may be required
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for proliferation [148–150]. Furthermore, serotonylation of
RhoA not only constitutively activates it, but also increases
its rate of proteosomal degradation [148]. Since Rab27a
and Rab27b also participate in exocytosis from platelets
and endocrine cells [151–155], these processes may be also
susceptible to serotonylation.

Additionally, 5-HT induces vimentin filament reorienta-
tion around SERT [156]. Furthermore, serotonylation of Rab4
promotes interaction with the SERT C-terminal domain
regulating translocation [157]. Importantly, there are no
reports that specifically study serotonylation in leucocytes,
but available information suggests that it may regulate
cytoskeletal reorganization in these cells [43, 45]. Rab27a
is expressed in cytotoxic T cells and regulates the last step
of granular exocytosis [158, 159]. Rab27, RhoA, and Rab4
are also expressed in several cells of the immune system
[160–162]; therefore it is possible that serotonylation regulates
exocytosis or cytoskeletal reorganization during functions
such as MHC presentation.

3.4. 5-HT Storage and Exocytosis in Leukocytes. Three poten-
tial outcomes may take place following 5-HT internalization:
signaling may be activated by serotonylation, 5-HT may
undergo enzymatic transformation, or 5-HT may be stored
in specialized vesicles. The synthesis, storage, and transport
of 5-HT in the immune system aremore diverse and complex
than previously reported, and a seminal review of the subject
was recently published by Ahern in 2011 [163].

Storage of 5-HT in the immune system allows for its reuse
by exocytosis, which occurs in dendritic cells, peripheral
blood lymphocytes, and platelets. Within these cells, the
vesicular monoamine transporter (VMAT) is responsible for
storing 5-HT inside dense granules [164].The 5-HT transport
and storage/exocytosis pathways in platelets are coupled to
the serotonylation signaling pathway, which assesses 5-HT
concentrations and dictates its fate [165]. LAMP1 containing
vesicles in monocyte-derived dendritic cells from mice also
store 5-HT, and upon ATP stimulation (Ca2+ influx), these
cells secrete 5-HT and cytokines [58]. A major focus of cur-
rent endeavors is the investigation of several 5-HT mediated
processes in other types of leukocytes, including 5-HT vesicle
storage, small GTPases-mediated serotonylation, cytoskeletal
associations, and the metabolism of 5-HT into derivatives,
such as melatonin and kynurenins.

4. The Effects of 5-HT on Leukocytes

Innate and adaptive immune responses rely on a diverse set of
cell types from lymphoid linage (T cells, B cells, andNK cells),
myeloid linage (neutrophils, eosinophils, basophils, mono-
cytes, and mast cells), or myeloid/lymphoid linage (dendritic
cells) origins. Professional antigen presenting cells (APC),
such as dendritic cells and macrophages, link the innate
and adaptive immune responses by recognizing, processing,
and presenting antigens on MHC-II. Antigen presentation
activates näıve T cells initiating clonal proliferation and
generating the immune memory, which is essential for the
adaptive phase of an immune response.

The local concentration of 5-HT can modulate a number
of events during these immune responses [10]. One reason
immune cells respond to 5-HT is that, as mentioned previ-
ously, they constitutively express the molecular machinery
that constitutes the serotonergic system.

4.1. Neutrophils. Neutrophils, the most abundant innate
immune cells in humanblood, constitute a first line of defense
against infection by recognizing foreign antigens, produc-
ing antimicrobial compounds, and secreting cytokines and
chemokines to recruit immunocompetent cells [166]. Mouse
models have demonstrated that neutrophil recruitment to
sites of acute inflammation requires platelet-derived chemo-
tactic stimuli, such as 5-HT, PAF (platelet-activation factor),
and histamine [167, 168].

4.2. Monocytes/Macrophages. Macrophages as well as their
precursors, circulating monocytes, participate in immune
responses during pathogen infection. Monocytes can be
divided in two subsets: those that express CD14, a component
of the lipopolysaccharide (LPS) receptor complex, and those
that express CD16, the Fc𝛾RIII immunoglobulin receptor
[169, 170]. CD14+ cells, which constitute 80–90% of the
circulating monocytes, express 5HT

1E, 5HT
2A, 5HT

3
, 5HT

4
,

and 5HT
7
mRNAs [42]. LPS stimulation does not affect

5HTR expression suggesting that the receptors constitutively
regulate cell functions.

The addition of 5-HT tomonocytes induces phagocytosis
of opsonized goat erythrocytes [171]. However, 5-HT has
been noted to elicit a number of responses in CD14+ cells
isolated from peripheral blood of healthy subjects [42]: (i) 5-
HT signaling decreases TNF-𝛼 secretion in a dose-dependent
manner; (ii) 5-HT signaling enhances LPS-induced secretion
IL-12p40 from activatedmonocytes, which acts as a chemoat-
tractant for macrophages and promotes the migration of
bacterially stimulated dendritic cells; and (iii) 5-HT signaling
enhances LPS-induced secretion of IL-6, IL-1𝛽, IL-8/CXCL8.
The first two effects are mediated by the 5HT

4
and 5HT

7

receptors, whereas the third effect requires 5HT
3
, 5HT

4
, or

5HT
7
.

Macrophages also respond to 5-HT although reports
conflict as to whether the response is inhibitory or stimu-
latory and the mechanisms involved have yet to be clearly
described. For example, combined stimulation with 5-HT
and muramyl peptides induces superoxide secretion by
peritoneal macrophages [172]. Bovine alveolar macrophages
release chemotactic factors for neutrophils and monocytes
in response to 5-HT and histamine [173]. Similarly, murine
macrophages detect 5-HT with the 5HT

2C receptor to induce
the secretion of CCL2, which induces monocyte migration
[174]. In peritoneal murine macrophages 5-HT induces
phagocytosis in a dose-dependent manner through 5HT

1A
and NF𝜅-B activation [175].

On the other hand, 5-HT is also reported to function as
negative regulator. For example, 5-HT

2
signaling limited the

activation of murine macrophages stimulated in vitro with
high concentrations of IFN-𝛾 [176]. Furthermore, human
alveolarmacrophages stimulatedwith LPS and 5-HT secreted
less TNF-𝛼 and IL-12, but more IL-10, nitric oxide, and
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prostangladin-E2. However, the receptors mediating these
effects have yet to be described [177].

The differentmacrophage responses elicited by 5-HTmay
be due to phenotypic differences in tissue-specific macro-
phages (i.e., changes in the proportion of 5-HT receptors)
or the effect of cooperative signaling with other molecules
[178]. Finally, macrophages can rapidlymetabolize 5-HT to 5-
hydroxyindole acetic acid [179], a biotransformation pathway
thatmay bemediated byMAO-A/B, ALDH/AOX andASMT,
which could affect serotonergic responses in these cells.

4.3. Dendritic Cells (DCs). DCs play a crucial role in the
immune response to infectious pathogens. In humans, cir-
culating DCs characteristically expresses high levels of class
II HLA molecules and are proficient in antigen uptake and
processing. However, they express low levels of HLA class I
and costimulatory molecules, such as CD80 and CD86, and
lack common lineage markers such as CD3, CD14, CD16,
CD19, CD20, and CD56. DCs are positioned between the
adaptive and innate immune systems: detecting microbial
infection, tissue damage, and inflammatory signals to pro-
mote the activation of antigen-specific responses [180–182].

Peripheral bloodmonocytes can differentiate intomacro-
phages or DCs depending on environmental stimuli. Cul-
turing cells with IL-4 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) induces humanmonocytes and
murine myeloid progenitors to differentiate into monocyte-
derived dendritic cells (MDDCs) and bonemarrow dendritic
cells (BMDCs), respectively. These cells, frequently used as
models for dendritic cell biology [50, 58, 183], are sensitive to
LPS and 5-HT (Table 2).

When 5-HT is added during IL-4/GM-CSF differenti-
ation, the resulting MDDCs display lower levels of CD1a,
CD86, and HLA-DR but had increased CD14 expression.
However, other markers such as CD40, CD80, or CD83
were unaffected. Murine BMDCs can be matured by LPS
stimulation to generate cells with characteristics of DCs
[184]. Although immature (CD11c+CD86−) and mature
(CD11c+CD86+) BMDCs constitutively express SERT, matu-
ration induced by LPS increases SERT expression and, conse-
quently, mature BMDCs have an increased capability for
intake, storage, and exocytosis of 5-HT [58]. BMDC matu-
ration also reduces the expression of enzymes involved in the
metabolism of 5-HT, such as MAO-A and -B. Furthermore,
immature and mature dendritic-like cells respond differ-
ently to 5-HT [50]. In mature MDDCs, the 5HT

3
receptor

contributes to changes in intracellular Ca2+ concentration
required for the secretion of IL-8 and IL-1𝛽 [2]. On the other
hand, 5-HT inhibits CXCL10 secretion from mature MDDC,
but CCL22 secretion is not affected [43].

Additionally, 5-HT can regulate MDDC functional
responses. Costimulation with 5-HT and LPS induces imma-
ture MDDCs migration in a 5HT

1B and 5HT
2A-dependent

manner. However, if 5-HT is added subsequent to LPS-
mediated maturation, migration is unaffected but cytokine
and chemokine secretion is induced [43]. Additional in vitro
experiments with MDDCs and BMDCs have also demon-
strated that 5-HT activates the secretion of pro-inflammatory
cytokines [2, 185].

Table 2: The effect of 5-HT on MDDC cytokine production.

Cytokine secretion 5-HT receptors involved References

↑ IL-6 5HT3, 5HT4 and 5HT7
Müller et al.,
2009 [43]

↓ IL-12p70 5HT4 and 5HT7
Müller et al.,
2009 [43]

↑ IL-10 5HT4 and 5HT7
Müller et al.,
2009 [43]

↑ IL-8, IL-1𝛽
↓ IL-12, TNF-𝛼

5HT3, 5HT4
(G𝛼s-coupled), and

5HTR7 (G𝛼s-coupled)

Idzko et al.,
2004 [2]

One key DC function is the activation of T cells and 5-HT
can also regulate this fundamental immunological process.
Since dendritic-like cells do not express TPH1, it is unlikely
that they can synthetize 5-HT. Therefore, O’Connell and
coworkers postulated that SERT-expressing DCs are able to
internalize 5-HT from the microenvironment [58]. When
interacting with T cells, MDDCs transiently release Ca2+,
which promotes cytokine and 5-HT secretion from LAMP1+
vesicles [186]. Thus, DCs may internalize and store 5-HT
to release into the immunological synapse during T cell
activation [58]. Activated T cells express TPH1 [58] and
therefore, can synthetize 5-HT. The synthesis of 5-HT in
activated T cells is related to tryptophanmetabolism [40] and
may also be important when T cells interact with target cells
[43].

Taken together, 5-HT affects DC differentiation and
maturation as well as the profile and function of soluble
mediators these cells express. Thus, 5-HT may participate
in the generation of a specific subset of DCs with unique
immunomodulatory properties [50].

4.4. T Cells. Differentiation, proliferation, and the functional
responses of T cells can each be modulated by the sero-
tonergic system. Based on experiments using the cell line
K562, 5-HT participates in T cell maturation in lymphoid
organs in a Na+-coupled, 5-HT active transport-dependent
manner (presumably SERT), which requires intracellular
Ca2+ changes [187].

Based on the effects of 5-HT receptor-specific agonists or
antagonists, T cell proliferation and secretion of proinflam-
matory cytokines, such as IL-2 and IFN-𝛾, requires activation
of 5HT

1A but not 5HT
1C [37]. Näıve T cells primarily express

5HT
7
and low levels of TPH1, but they do not express

5HT
1B or SERT. After 5-HT stimulation, the ERK-1,-2/NF-

𝜅B pathway is activated in proliferating T cells, and they
express 5HT

1B, 5HT
7
, 5HT

2A, and TPH1 [40]. In activated
human CD4+ T cells, 5-HT or 5HT

3
specific agonists impair

migration towards CXCL12 gradients, but not to those of
CCL2 or CCL5, which control T cell migration into tissues.
However, immature murine CD4+ T cells do not express
5HT
3
, and 5-HTdoes not affect cellmigration. But, activation

of these cells induces the expression of 5HT
3A [46] suggesting

they may respond to 5-HT once activated.
Therefore, the T cell activation state and environment

may influence the effects of 5-HT. For example, 5-HT inhibits
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phytohemagglutinin- (PHA-) mediated lymphocyte prolifer-
ation, possibly through reduced expression and distribution
of the IL-2 receptor [188, 189]. In addition, concanavalin A
(ConA) and low concentrations of 5-HT increased murine
T cell proliferation although the activation of CD4+ and
CD8+ subsets was reduced [190, 191]. This demonstrates
that 5-HT elicited effects are concentration dependent and
suggests: (i) 5-HT induces dose-dependent phenotypes, (ii)
differentiation may be achieved by receptors with different
5-HT affinity, and (iii) local 5-HT concentrations are tightly
regulated to induce specific effects.

T cells express SERT and, therefore, can acquire 5-HT
[51, 52, 192, 193]. However, näıve T cells have reduced SERT
functional activity [164] and may result to 5-HT synthesis.
In agreement with this hypothesis, a report from Aune and
coworkers demonstrates that the inhibition of the 5-HT syn-
thesis in IL-2-stimulated T cells blocks cell proliferation. The
addition of 5-hydroxtriptophan, a 5-HT precursor, restores
proliferation, further suggesting that these cells synthesize
the molecule rather than acquire it [37]. However, further
research is required to understand how 5-HT synthesis is
regulated in T cells.

4.5. B Cells. B cells recognize circulating antigen; as a con-
sequence, they activate processes that end in the generation
of memory B cells or antibody-forming plasma cells [194]. 5-
HT increases the proliferation of murine B cells by activating
5HT
1A [41]. In addition, SERT expression is proportional to

the proliferation rates of human leukemic B cells. Specifically,
SERT-specific inhibitors, such as fluoxetine, fenfluramine,
or 3,4-methylenedioxymethamphetamine (MDMA), elicited
anti-proliferative and pro-apoptotic effects [195].

4.6. NK Cells. NK cells recognize antigen in the context
of CD1 controlling viral replication early in infection and
inhibiting the development of cancer [196, 197]. These cells
are inhibited with oxidation produced by autologous mono-
cytes and with apoptosis induced by reactive oxygen species
(ROS); however, 5-HT signaling limits these forms of inhibi-
tion [198]. NK cells express 5-HT

1A and therefore can sense
5-HT local concentration [199–202]. In fact, 5HT

1A-specific
antagonists, such as pindobind, exacerbate the inhibitory
effect of monocyte-mediated ROS production on NK cells
[202].

4.7. Eosinophils. Eosinophils are responsible for fightingmul-
ticellular parasites and other infections in vertebrates; they
also control mechanisms associated with allergy and asthma.
Eosinophils express the 5-HT receptors 5HT

1A, 5HT
1B,

5HT
1E, 5HT

2A, and 5HT
6
, but they do not express 5HT

2C,
5HT
3
, 5HT

4
, and 5HT

7
. However, differential expression of

5HT
2A was detected in allergy and asthma patients [39].
The serum levels of 5-HT are higher in symptomatic

asthma patients in comparison to asymptomatic patients,
which may influence eosinophil-mediated inflammation in
patients with active disease. 5-HT is a potent chemoattractant
for eosinophils both in vivo and in vitro and supports rolling,
an important feature of these cells. Antagonists of 5HT

2A
inhibit both effects suggesting that 5-HTmediates eosinophil

activation [45]. Migration and rolling require changes in the
actin cytoskeleton and activation of PKC and calmodulin
signaling [39, 45], which control the morphological changes
required for eosinophil infiltration from circulation to sits of
inflammation [39].

4.8. Basophils. While basophils represent less than 2% of
leukocytes, they actively participate in immune responses in
peripheral organs where they are recruited during nematode
and ectoparasite infections. They also participate in allergic
reactions by releasing histamine in response to specific
growth factors, such as IL-3 [203, 204]. In addition, basophils
are an important source of IL-4 and therefore may promote
Th2 differentiation [205, 206].

The role of 5-HT on basophil functions has not been
clarified. Murine basophil exposure to 5-HT inhibits IL-4
secretion in a dose-dependent manner both in vitro and in
vivo [204]. 5-HT also blocks the release of histamine, IL-4,
and IL-6 from murine basophils following IL-3 stimulation
as well as blocking the release of IL-13 and IL-4 from human
peripheral blood basophils [204]. Intraperitoneal adminis-
tration of IL-33 to mice normally increases the serum levels
of IL-4, but is blocked by the administration of 5-HT [204].
Although murine basophils express SERT, drugs targeting
the transporter, such as fluoxetine or citalopram (Selective
SerotoninReuptake Inhibitor, SSRI), do not block the effect of
5-HT on cytokine release suggesting that other transporters
may be used, such as the organic cation transporter 3 [204].

4.9. Mast Cells. Human mast cells play a local regulatory
role at the site of inflammation. Human mast cells express
5HT
1A, 5HT

1B, 5HT
1E, 5HT

2A, 5HT
2B, 5HT

2C, 5HT
3
, 5HT

4
,

and 5HT
7
. Cell migration and fibronectin adhesion are both

influenced by the addition of 5-HT to these cells. Although
5HT
2A is the predominant receptor, responses are primarily

mediated through 5HT
1A and can be blocked by the G-

protein inhibitor pertussis toxin [38].

4.10. Platelets. Platelets are well known for initiating coagula-
tion and maintaining vascular tone; however, these cells also
participate in inflammatory responses by releasing histamine
and PAF. They provide a local source of biogenic amines,
including 5-HT, in damaged regions of the vasculature [207].
Platelets uptake 5-HT fromplasma in a fast and saturable pro-
cess; therefore, they are also key regulators of the circulatory
5-HT concentration [164]. The local concentration of 5-HT
during platelet aggregation is approximately 100 𝜇M [208]. 5-
HT uptake is mediated by SERT, and once inside the cell it is
transported to dense granules byVMAT (VesicleMonoamine
Transporter) or hydrolyzed by MAO [136].

5-HT signaling activates Rab4, which controls alpha
granule secretion, and RhoA, which induces the cytoskeletal
reorganization required for adhesion and aggregation [144,
145, 209]. It is reported that Rab4 activation occurs by
serotonylation (see Box 1), and it is likely that RhoA is
similarly activated.

Increases in the serum levels of 5-HT enhance SERT
density on the platelet cell membrane [142, 148, 156, 157].
Some studies suggest that human platelets initiate murine
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Table 3: Pathology-associated serotonergic protein expression in immune cells.

Patology/condition 5-HT, SERT and 5HTR variation Reference

Major depression disorder
Human

↓ SERT in platelets
↓ 5-HT serum levels
↓ SERT in lymphocytes

Mössner et al., 2007 [63]
Fazzino et al., 2008 [64]
Lima and Urbina, 2002 [52]
Peña et al., 2005 [65]

Fibromyalgia
Human

↓ 5-HT serum levels
↓ SERT platelets Bazzichi et al., 2006 [66]

Schizophrenia
Human

↑ 5HT2A (polymorphism T102C) in lymphocytes
↑ 5HT3A (gene) in PMBC
↓ SERT (re-uptake) in lymphocytes

Williams et al., 1997 [67]
Abdolmaleky et al., 2004 [68]
Shariati et al., 2009 [69]
Marazziti et al., 2006 [70]

Asthma
Human ↑ 5-HT plasma levels Lechin et al., 1998 [71]

Alzheimer disease
Human

↑ 5HT2C in NK cells
↓ 5-HT serum levels Martins et al., 2012 [72]

Psoriasis
Human ↑ SERT of skin biopsies, dendritic cells Thorslund et al., 2013 [59]

Alcohol exposition 0.1% 24 h
Culture, dendritic cells

↑ SERT in dendritic cells
↓ 5-HT extracellular levels Babu et al., 2009 [73]

Arthritis
Cell culture

↑ 5HT2A mRNA in macrophage-like synovial cells
↑ 5HT3 mRNA in macrophage-like synovial cells Seidel et al., 2008 [74]

Mitogen activation with concanavalin
Rat lymphocyte ↑ 5HT7 mRNA Urbina et al., 2014 [75]

T cell activation by Fc𝜖RI-mediated contact sensitivity and
the release of 5-HT [207]. However, the functional role that
platelet-derived 5-HT plays in the immune system is still far
from being fully understood.

5. Changes to the Serotonergic System
Affect Immune Responses and Have
Clinical Implications

Immune cells respond to 5-HT with varying degrees of
sensitivity, which can be partially explained by differences in
the expression of serotonergic components. In this section,
we review how pathologies with reported alterations to the
serotonergic system affect the immune system (Table 2). We
also discuss the effects of SERT-targeting drugs, such as SSRIs,
as well as drugs that target 5-HT receptors (Table 3).

5.1. Diseases Associated with Systemically Low 5-HT Levels.
Major depressive disorder (MDD), Fibromyalgia, infections,
and Alzheimer’s disease commonly display reduced 5-HT
serum levels. The precise effects these changes have on the
immune system in each disease are poorly defined. However,
MDD provides a good example because serotonergic alter-
ations are directly related to the severity of disease.

5.1.1. Major Depressive Disorder (MDD). MDD is defined as a
pervasive and persistent low mood with a multi-factor cause.
Symptoms have degrees of severity that are associated with
changes in both CNS and peripheral 5-HT concentrations
[210]. In addition, MDD patients commonly have altered
cortisol and cytokine blood levels [210–212]. Lymphocytes

from MDD patients express lower levels of SERT in com-
parison with those from healthy volunteers without changes
in the intracellular concentration of 5-HT [52, 64]. There
are no changes in SERT expression in monocytes, but the
intracellular concentration of 5-HT in monocytes is higher
in MDD patients [64]. MDD patient lymphocytes display a
three-fold increase in LPS-stimulated proliferation, an effect
blocked by 5-HT

1
antagonists [213]. In addition, there are

more 5-HT
2A clusters on the lymphocytes of MDD patients,

whom are responsive to SSRI treatment [44].
When MDD patients are treated with SSRIs there are

changes in lymphocyte subpopulations and in systemic
inflammatory mediators (Table 4). Before treatment, MDD
patients have higher blood cortisol, IL-4, IL-13, and IL-10 than
healthy volunteers [210–212]. After 20 weeks of treatment,
concomitantly with a remission of the depressive episode
there are increases in IL-2 and IL-1𝛽 but no change in cortisol
levels. At week 52 of treatment there is a significant reduction
in cortisol levels with an increase in IL-1𝛽 and IFN-𝛾 and
a decrease in anti-inflammatory cytokines [211]. Regarding
lymphocyte subpopulations, before SSRI treatment MDD
patients had more NK cells compared to healthy volunteers
(312 ± 29 versus 158 ± 30; cells/mL), but no differences
were found in the T and B cell populations. After 20 weeks
of treatment, patients experienced a remission of depressive
episodes along with an increase in NK cell and B cell
populations, which remained heightened until the 52nd week
of treatment [214]. These findings in conjunction with the
fact that lymphocytes fromMDDpatients respond differently
than healthy subjects suggest that the general inflammatory
response and specific immune subsets are sensitive to sys-
temic levels of 5-HT and changes in those levels induced
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Table 4: Serotonergic drugs and their effects on the immune system.

Pathology/treatment Result Reference
HIV chronic infection/
SSRI (citolopram)
Human

↓Macrophage infectivity
↓ Viral replication in macrophages and T cells
↑ NK cell activity

Benton et al., 2010 [57]
Evans et al., 2008 [76]

HCV infection
IFN-𝛼 and SSRI (escitalopram)
Human

↓ Depression symptoms Schaefer et al., 2012 [77]

Tendinopathy and facial pain
5-HT3 antagonist (tropisetron)
Human

Analgesic effect Müller and Stratz, 2004
[78]

Infection with Leishmania donovani
SSRI (sertraline)
Balb/c mice

SSRI killed L. donovani promastigotes and intracellular
amastigotes Palit and Ali, 2008 [79]

CT26/luc colon carcinoma-bearing mice
Mirtazapine ↓ T cell infiltration in tumor Fang et al., 2012 [80]

by SSRIs. However, further studies are still required to fully
understand how components of the serotonergic system are
differentially expressed on immune cell subsets. This may
clarify the mechanisms involved in MDD progression and
highlight new therapeutic targets for its treatment.

5.1.2. Fibromyalgia. Fibromyalgia (FM) is a common chronic
pain syndrome that primarily affects the joints and muscles
and is generally associatedwith other somatic and psycholog-
ical symptoms, including fatigue, poor sleep, cognitive diffi-
culties, and stress [214]. FMpatients have central sensitization
and increasing glial cell activation, which, in turn, favors
pain signaling and activates the release of pro-inflammatory
cytokines, nitric oxide, prostaglandins, and ROS that sustain
the hyperexcitable state of the spinal cord [215–217].

Several neurotransmitters are involved in FM-associated
central sensitization. 5-HT

2
and 5-HT

3
are involved in pain

control, indicating a key participation of the serotonergic
system [218, 219]. Levels of 5-HT are low in the serum and
cerebrospinal fluid of FM patients and correlate with clinical
symptoms [66, 220–222]. FM patients also have increased B
cell and decreased NK cell counts [223]. The administration
of the 5-HT

3
antagonist tropisetron [224] or high doses

(45mg) of the SSRI fluoxetine [225] produce analgesic and/or
other beneficial effects in FM patients (Table 4), suggesting
that regulation of the serotonergic system can be useful.
However, to date it is not known whether the components of
the serotonergic system can be altered in the immune cells of
patients.

5.1.3. Infections. Immune responses to viruses, bacteria,
fungi, and parasites all require 5-HT. Human immunode-
ficiency virus (HIV) infection is a primary model for the
study of 5-HT during infection (Table 4). 5-HT controls HIV
replication in T4 lymphocytic cell lines [226] and modulates
NK cell activation in HIV-infected patients [76]. The virus
infects macrophages, which provide a reservoir of infection
[227]. 5-HT decreases the expression of the HIV coreceptor
CCR5 on infected macrophages and reduces proviral syn-
thesis 50% [228, 229]. These effects can also be achieved

with an agonist targeting 5-HT
1
but not with one of 5-

HT
2
[229]. Furthermore, SHIV-infected PBMCs fromRhesus

monkeys (Macaca mulatta) have 10 times less SERT mRNA
than uninfected controls [230]. The authors of this study
suggest that low SERT expression may be responsible for the
symptoms of depression found in HIV-patients. SSRI drugs
are cytotoxic to NK cells taken from HIV-infected patients
[76]. Similarly, SSRIs stimulate macrophage activity in vivo
and reduce HIV replication in macrophages and T cells
[57]. Interestingly, these effects were independent of patients’
psychological status indicating that mood changes are not
necessary for 5-HT to have an immunomodulatory effect.
These findings suggest that components of the serotonergic
system may be suitable therapeutic targets for the control of
HIV infection.

Patients infectedwith hepatitis C virus (HCV) and treated
with IFN-𝛾 have reduced levels of tryptophan and kynure-
nine [231], suggesting that 5-HT synthesis and systemic
concentrations may be reduced. Furthermore, HCV-infected
patients given SSRI therapy have lower viral replication rates
[232].Therefore, SSRIs and/or 5-HTR-targeting drugsmay be
beneficial for many viral infections.

There is also evidence that SSRIs have antibacterial (espe-
cially against gram-negative bacteria) [233, 234], antifungal
[235], and antiparasitic [79, 236] effects.The available reports
establish a direct cytotoxic effect of SSRIs on the pathogen
(Box 2). However, it will be interesting to characterize
whether immune cells contribute to infection control during
SSRI treatment.

Box 2 (selective serotonin reuptake inhibitors (SSRIs) have
antiparasitic and antifungal activity). Sertraline and fluox-
etina decrease in vitro cell viability of Aspergillus spp. and
Candida parapsilosis [235, 237, 238]. Sertraline is likely effec-
tive at controlling Leishmania donovani infection in a mouse
model by inhibition of parasite respiration [79]. Mianserine
decreases the motility of Schistosoma mansoni, the most
common species of schitosomes, and 5-HT receptors are
expressed in these helminthes at the larvae and adult stages
but are overexpressed once they enter NCS [236]. Together
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these results demonstrate that parasites and fungi express
SERT-like proteins indicating that they are likely sensitive to
SSRIs and systemic changes of 5-HT in the host. Further-
more, the serotonergic system in parasites and fungi may
constitute a pharmacological target for drug design. ABLAST
search using the human sequence of SERT (gen SLC6A4)
against the Aspergillus taxa (taxid: 5052) in the GeneBank
database identified seven conserved hypothetical proteins
assigned either as uncharacterized eukaryotic solute carrier
6 (EAU35443.1; XP 682235.1; CBF84552.1; XP 001215815.1;
EIT73756.1) or sodium/chloride dependent neurotransmitter
transporter (XP 001826855.1; XP 002385196.1).

5.1.4. Alzheimer’s Disease. Alzheimer’s disease is a neurode-
generative disorder and the primary cause of dementia in
elderly people [239]. 𝛽-amyloid deposits in senile plaques
and neuro-fibrillary tangles that affect brain cell function are
characteristic of the disease [240]. Symptoms of dementia
and depression, which are related to reduced levels of 5-HT,
are present in 50–90% of patients [241]. NK cells isolated
from patients with Alzheimer’s disease have a high density
of 5-HT

2C compared with cells from late onset depression
patients. However, there is no difference in the level of
5-HT
1A, 5-HT

2A, and 5-HT
2B receptors on PBMCs [72].

The abundant increase of 5-HT
2C on NK cells may be

a compensatory mechanism for reduced 5-HT availability.
Activation of 5-HT

2C inhibits NK cell activity, which may
partially explain why Alzheimer’s disease patients are more
susceptible to viral infections [72, 242].

SSRIs have been used to treat depression in Alzheimer’s
disease patients. In these patients, SSRIs stimulate cell sur-
vival mechanisms, cell adhesion, and lymphocyte activation
[243]. Similarly, in amurinemodel of the disease (hAPP/PS1),
chronic oral administration of a 5-HT

4
-selective agonist

(SSP-002392) reduced 𝛽-amyloid production and deposition
and improved mouse memory [244]. Given the complexity
of the cell population expressing 5-HT

4
in the brain, it is

difficult to speculate about a mechanism of action. However,
microglial cells may be involved because they express 5-
HT
4
and can phagocytose 𝛽-amyloid deposits, an activity

promoted by agonist [244].This indicates that 5-HT
4
agonists

induce immunomodulation in microglial cells. It remains
to be determined whether similarly activated immune cells
influence Alzheimer’s disease progression and symptoms.

5.2. Diseases with High Systemic Levels of 5-HT. From an
immunological point of view, the diseases in this group, such
as asthma, arthritis, and cancer, are the result of dysregulated
inflammatory responses. Therefore, the association of these
diseaseswith high circulating levels of 5-HT reinforces its role
as an immunomodulator.

5.2.1. Asthma. Asthma is a chronic inflammatory disease of
the lungs with consequent narrowing of the airways. 5-HT
levels are increased in asthma patients and SSRI treatment
improves clinical symptoms. In vitro, addition of 5-HT or 5-
HT
1
/5-HT

2
agonists to alveolar macrophages increases the

production of IL-10, nitric oxide, and PGE-2, but reduces

TNF-𝛼 and IL-12 production. Interestingly, receptor antag-
onists do not affect secreted-cytokine profiles [177]. Regard-
less, these results indicate that cytokine production is under
the control of 5-HT, and therefore, regulating its systemic
concentrations may be useful for asthma patients.

5.2.2. Rheumatoid Arthritis (RA). Rheumatoid arthritis is a
chronic disease that causes pain, stiffness, and swelling that
limits the motion and function of many joints. While RA
can affect any joint, smaller joints of the hands and feet are
most commonly involved. Inflammation can affect organs,
such as eyes and lungs, in addition to joints. The 5-HT con-
centrations in platelet-free blood are 1.6- to 2.3-fold higher
in RA patients than in healthy controls (reported average
serum concentrations were 1130 nmol/L versus 704 nmol/L,
resp.) [245]. This has led to proposals that 5-HT is involved
in the pathology, onset, and/or progression of the disease.
Treating patients with 5-HT

3
antagonists combined with

intra-articular glucocorticoids has analgesic effects [246].
While there have yet to be any reports on the responses of RA
patient immune cells to 5-HT, the role of serotonergic system
in arthritis or osteoarthritis has been studied in vitro and in
vivo. An osteoarthritis model using cultured synovial tissue
demonstrated that 5-HT stimulation increases the expression
of 5-HT

2A and 5-HT
3
as well as the release of PGE-2 into the

medium.The addition of receptor antagonists inhibits PGE-2
production [74], whichmay explain the beneficial effects seen
in arthritis patients given this treatment [74].

SSRIs can also affect arthritis development. Fluoxetine
and citalopram inhibit disease progression in a collagen-
induced mouse model of arthritis as well as in human RA
synovialmembranes cultures. In addition,macrophages from
RA patients display impaired TLR-3, -7, -8, and -9 signaling
after SSRI exposure [247]. Therefore the evaluation of SSRIs
in RA patients is of interest.

5.2.3. Cancer. While the role of serotonergic system in cancer
patients has not been largely studied, advanced stages of
breast cancer correlate with increased levels of systemic 5-
HT [248]. In mouse models of melanoma and lymphoma,
SSRI treatment reduced tumor growth by 50%, inhibited IL-
10 and IFN-𝛾 production, and increased IL-1𝛽 production
[249]. Similarly, exposing a Burkitt’s lymphoma cell line
to different SSRIs (fluoxetine, paroxetine, or citalopram)
decreased DNA synthesis and induced cell death [250].
Although further studies are required, these results suggest
that the serotonergic system can impact cancer cells directly
or indirectly through immune cell activation.

6. Conclusions

Given the importance of 5-HT as a neurotransmitter, studies
of the serotonergic system have primarily been limited to
the CNS. Recently, however, a large amount of experimental
evidence indicates that the serotonergic systemhas important
physiological roles in the immune, vascular, and digestive
systems. In this review we discussed the immunomodulatory
effects that 5-HT can induce by activating 5HTR and SERT,



Journal of Immunology Research 13

which are differentially expressed on many leukocytes. These
effects can be variable depending on cellular phenotype. For
example, 5-HT induces dose-dependent cytoskeletal reorga-
nization and diapedesis during chemotaxis as well as granule
secretion in granulocytes and myeloid cells. In comparison
to these non-transcriptional responses, 5-HT regulates cell
proliferation and cytokine production at the transcriptional
level in leukocytes.

The human serotonergic system is complex and com-
prised of many elements. It includes 18 genes, including
5HTRs and one SERT, several of which have multiple iso-
forms (creating at least 10 additional proteins). Furthermore,
the receptor signaling-transduction system that regulates 5-
HT responses involves a large number of genes [251, 252]
providing several points of regulation depending on cellular
phenotype. In conclusion, cells of the immune system express
transduction machinery that does not necessarily overlap
with that in the CNS. This allows for differential responses
to the same 5-HT ligand within the immune and nervous
systems.

The information presented here is based on existing
reports, but wemust consider thatmany early studies of 5-HT
receptors used primarily pharmacologic approaches and the
results are sometimes not supported by more recent genetic
approaches. For example, although early studies suggest role
of SERT in T cells, genetic studies suggest that T cells express
DAT (dopamine but also low affinity 5-HT transporter) [253,
254]. Although the effects of 5-HT on the immune system
requires further characterization, it is logical to anticipate
altered immune responses in patients with dysregulated sero-
tonergic systems. For these patients, experimental evidence
suggests that SSRI or 5HTRantagonist treatmentmay provide
beneficial immunomodulatory effects.
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The expression of the immunosuppressive molecules IL-10 and arginase 1 (ARG-1), and of FOXP3 and CD163, as markers of
regulatory T cells (Treg) and macrophages, respectively, was evaluated in bone marrow (BM) and peripheral blood (PB) samples
collected at diagnosis from patients with metastatic neuroblastoma (NB). IL-10 and ARG-1 plasma concentrations were measured
and the association of each parameter with patients’ outcome was tested. The percentages of immunosuppressive Treg and type-1
regulatory (Tr1) cells were also determined. In both BM and PB samples, IL-10 mRNA expression was higher in metastatic NB
patients than in controls. IL-10 plasma concentration was higher in patients with NB regardless of stage. Neither IL-10 expression
nor IL-10 plasma concentration significantly associated with patient survival. In PB samples from metastatic NB patients, ARG-1
and CD163 expression was higher than in controls but their expression did not associate with survival. Moreover, ARG-1 plasma
concentration was lower than in controls, and no association with patient outcome was found. Finally, in metastatic NB patients,
the percentage of circulating Treg was higher than in controls, whereas that of Tr1 cells was lower. In conclusion, although IL-10
concentration and Treg percentage were increased, their contribution to the natural history of metastatic NB appears uncertain.

1. Introduction

It is generally assumed that the efficacy of anticancer
immunotherapy is hampered by immune suppressive and
tolerogenic mechanisms, including soluble factors, produced
by both neoplastic and other tumor-instructed immune
suppressive cells [1].

Neuroblastoma (NB) is a pediatric neuroectodermal
solid tumor with a heterogeneous clinical behavior [2].
Children presenting with metastatic disease at diagnosis,
that is, stage 4 according to the International Neurob-
lastoma Staging System (INSS) [3] or stage M according
to the International Neuroblastoma Risk Group Staging
System (INRG-SS) [4], aged more than 18 months, have

poor survival rate despite intensive multimodal therapy. In
these patients, immunotherapy with anti-disialoganglioside
GD2 (GD2) antibody, with or without IL-2 or granu-
locyte macrophage-colony stimulating factor (GM-CSF),
is administered in a minimal residual disease condition
after myeloablative therapy, in ongoing high-risk proto-
cols of the Children Oncology Group (COG) [5] and
the International Society of Pediatric Oncology-European
Neuroblastoma (SIOPEN) [6]. It is of note that, in spite
of low/absent Human Leucocyte Antigen (HLA) class I
expression by NB cells [7], resting NK cells have limited
efficacy against neuroblasts, because the latter cells express
an inhibitory ligand [8] and may release immunosuppressive
soluble factors [9–13]. Nonetheless, the combination of
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anti-GD2 mAb with IL-2 or GM-CSF can activate NK-cell
or granulocyte mediated antibody dependent cell-mediated
cytotoxicity (ADCC) against NB cells and lead to improved
survival [14].

In human NB, information on the presence and activity
of specific subsets of immune suppressive cells and soluble
factors is limited [15]. A gene expression study performed
on primary tumors [16] suggested a role for arginase (ARG)-
1+ myeloid-derived suppressor cells in the prognosis of
metastatic NB patients. Recently, the same authors [17]
demonstrated that tumors fromhigh-riskNBpatients present
greater infiltration with CD163+M2-type tumor associated
macrophages (TAM). In addition, Song et al. showed that
NKT cell-mediated killing of TAMs associated with a better
outcome [18].

Immune suppressive CD4+CD25+FOXP3+ regulatory T
cells (Treg) are increased in several types of tumors, where
they may play a relevant tolerogenic role [19]. However, no
increase in their number was found in a small cohort of
localized and metastatic NB patients [20].

A potential immunosuppressive role of T regulatory type
1 (Tr1) cells has never been investigated in NB patients. Tr1
cells have been firstly identified in mice as CD4+ T cells
secreting high amounts of IL-10 [21]. Subsequently, Tr1 cells
have also been characterized in humans [22–24] and are now
identified as CD4+CD45R0+CD49b+LAG-3+ T cells [25].

The immunosuppressive cytokine IL-10 is produced by
both Treg and Tr1 cells and by cells of the innate immunity,
such as NK cells and macrophages [26]. Gowda et al. have
shown that, in patients with localized NB, plasma IL-10
concentration was higher than in patients with metastatic
disease and suggested that high IL-10 levels may reflect the
activation of an effective innate immunity [20].

Our working hypothesis is that, in patients with
metastatic NB, bone marrow- (BM-) infiltrating and
circulating tumor cells could contribute to the instruction of
different immune suppressive mechanisms in the periphery.
We thus evaluated the mRNA expression of IL-10, FOXP3,
as marker of Treg, and ARG-1 and CD163, as markers of
myeloid suppressor cells/macrophages in both BM and
peripheral blood (PB) samples collected at diagnosis from
metastatic NB patients. We also measured IL-10 and ARG-1
plasma levels and these markers of immune suppressive
mechanisms were tested for association with event-free and
overall survival (EFS and OS, resp.). Finally, we determined
the percentage of Treg and Tr1 cells in PB samples from
metastatic NB patients and age-matched controls.

2. Materials and Methods

2.1. Patients. Forty-one consecutive patients diagnosed in
Italy with stage 4 NB between November 2001 and December
2006, aged >18 months at onset, were included in the
molecular analysis if both BM and PB samples collected
at diagnosis were available. Disease staging [3] was made
at the referring oncology center and centrally reviewed at
the Gaslini Institute. The median age at diagnosis was 2.9
years (range: 1.5–9.7) and the median follow-up was 39.2

months (range: 10.4–97.4). Thirty % of the patients presented
MYCN amplification. As controls for molecular analysis,
20 BM samples and 20 PB samples from 40 healthy donors
were used after informed consent was given.

ELISA was performed on plasma samples collected at
diagnosis from a total of 102NB patients (50 stage 4 and
52 non-stage 4) admitted to the Gaslini Institute between
January 1994 and December 2010. As controls, 55 plasma
samples collected between January 2010 and December 2012
from children admitted to the Gaslini Institute for accidental
injuries were used.Themedian age at diagnosis of the stage 4
patients was 3.4 years (range: 1.6–9.6) and the median follow-
up was 20.3 months (range: 6.8–138.5). Twenty-six % of stage
4 patients and 29.1% of non-stage 4 patients presentedMYCN
amplification.

IL-10 determinationwas performedon all plasma samples
available, whereas ARG-1 was tested on a fraction of them,
since not enough plasma was available to perform both
assays; namely, 57 plasma samples from NB patients (49
stage 4 and 8 non-stage 4) and 30 from healthy age-matched
controls were analyzed. All samples were stored at −80∘C
until use.

Follow-up data at January 2014 were retrieved from the
ItalianNeuroblastomaRegistry (INBR) [27].The studieswere
approved by the institutions’ ethical committees and all anal-
yses were performed according to the Helsinki declaration.

2.2. RNA Extraction and RT-qPCR Analysis. Total RNA was
extracted from PB or BM samples as described in [28]. One
hundred ng of total RNA was reverse transcribed and then
amplified for each molecular marker in duplicate by qPCR,
using the following assays from Life Technology (Life Tech-
nologies Europe BV, Monza, Italy): IL-10: Hs00961622 m1,
FOXP3: Hs00203958 m1, CD163: Hs00174705 m1, ARG-1:
Hs00968979 m1, and primers and probe for𝛽2-microglobulin
(𝛽2M) [29]. The level of expression of each marker was
normalized to the expression of 𝛽2M, according to the delta
Ct method [30], and results were reported as 2−ΔCt.

To exclude DNA contamination, samples in the absence
of reverse transcriptase were analyzed in each qPCR assay,
and water was included as negative control.

2.3. ELISA. ARG-1 and IL-10 concentrations were measured
using Arginase I Human ELISA kit (Hycult Biotech, Milan,
Italy) and human high sensitivity IL-10 ELISA Kit (Diaclone
Gen-Probe, Besançon Cedex, France), respectively, following
manufacturers’ protocols.

2.4. Flow Cytometry. The percentage of Treg and Tr1 cells
was evaluated by flow cytometry on whole PB samples. Treg
were identified using Human Regulatory T Cell Cocktail
(BD Biosciences, Milan, Italy), containing anti-CD4 FITC,
anti-CD25 PE-Cy7, and anti-CD127Alexa Fluor 647 antibod-
ies, following manufacturer’s protocol. Tr1 were evaluated
using anti-CD4 PE-Cy7 (eBiosciences, San Diego, CA), anti-
CD45R0APC (eBiosciences), anti-CD49b PE (R&D Systems,
Space, Milan, Italy), and anti-LAG-3 FITC (R&D Systems)
antibodies. Sampleswere subjected to erythrocytes lysis using
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Figure 1: Expression of IL-10, FOXP3, ARG-1, and CD163mRNA in BM (a) and PB (b) samples from 41 high-risk NB patients (black circles)
and 20 healthy controls (empty circles). Data are expressed as 2−ΔCt values. Horizontal bars indicated medians. 𝑃 values are indicated where
differences are significant.

BD FACS lysis (BD Biosciences) and washed. Cells were
run on Gallios cytometer (Beckman Coulter, Cassina De’
Pecchi, MI, Italy) acquiring at least 104 events. Data were
analyzed using Kaluza software (Beckman Coulter). Treg
were identified as CD4+CD25highCD127low cells, whereas Tr1
were identified as CD4+CD45R0+CD49b+LAG-3+ cells [25].

2.5. Statistical Analysis. Gaussian distribution of data was
analyzed using Kolmogorov-Smirnov test. 𝑡-test or Mann-
Whitney test was used to compare values depending on
Gaussian distribution, while the Spearman 𝜌 coefficient was
used to assess correlation between variables. EFS and OS
analyses were performed according to the Kaplan-Meier
method and compared by the log-rank test. A 𝑃 value < 0.05
was considered statistically significant. Analyses were made
using the Prism software (GraphPad Software Inc., La Jolla,
CA).

3. Results

3.1. Expression of IL-10, FOXP3, ARG-1, and CD163 in BM and
PB Samples and Association with EFS and OS. Expression of
IL-10, FOXP3, ARG-1, and CD163 mRNAs was analyzed by
RT-qPCR in BM and PB samples collected at diagnosis from
41 children with metastatic NB and from 20 healthy donors.
As shown in Figure 1(a), the expression of IL-10mRNA in BM
samples was significantly higher in NB patients (2−ΔCt: 1.28×
10−3±1.32×10−3) than in controls (2−ΔCt: 0.41×10−3±0.26×
10−3; 𝑃 = 0.002), whereas the expression of FOXP3, ARG-1,
and CD163mRNAs was similar between the two groups.

In PB samples, metastatic NB patients showed higher
expression of IL-10 (2−ΔCt: 2.89 × 10−3 ± 4.66 × 10−3 versus
0.41 × 10−3 ± 0.56 × 10−3; 𝑃 < 0.0001), ARG-1 (2−ΔCt:
20.21 × 10−3 ± 24.32 × 10−3 versus 4.54 × 10−3 ± 6.54 × 10−3;
𝑃 < 0.0001), andCD163 (2−ΔCt: 45.2×10−3±62.2×10−3 versus

13.5×10−3±4.7×10−3;𝑃 = 0.02)mRNAs than healthy donors
(Figure 1(b)).

However, no association with EFS or OS was found
for any of the four markers analyzed, either in BM (Sup-
plemental Figures 1(a) and 1(b), resp., available online at
http://dx.doi.org/10.1155/2015/718975) or in PB samples (Sup-
plemental Figures 2(a) and 2(b), resp.).

3.2. Correlations between IL-10, FOXP3, ARG-1, and CD163
mRNA Expression in BM and PB Samples. We next analyzed
potential correlations in the mRNA expression levels of the
four markers in both BM and PB samples. In BM samples,
IL-10 expression positively correlated with FOXP3 (𝑟 = 0.43;
𝑃 = 0.0046, Figure 2(a)) and CD163 expression (𝑟 = 0.45;
𝑃 = 0.0028, Figure 2(b)). In PB samples, CD163 correlated
with ARG-1 (𝑟 = 0.51; 𝑃 = 0.0005, Figure 2(c)), whereas
IL-10 showed an inverse correlation with FOXP3 (𝑟 = −0.67;
𝑃 < 0.0001, Figure 2(d)). These data suggested that IL-10
production in BM may be ascribed to both CD163+ and
Treg cells, whereas in PB IL-10 was unlikely produced by
FOXP3+ cells. Conversely, in PB, CD163+ myeloid cells may
be responsible for ARG-1 production.

3.3. NB Patients Display an Increased Plasma Concentration of
IL-10 Irrespective of Disease Stage. Given the high expression
of IL-10mRNA in metastatic NB patients, we then measured
IL-10 plasma concentration. As shown in Figure 3(a), IL-
10 concentration was significantly higher in metastatic NB
patients (8.68 ± 4.45 pg/mL) than in age-matched controls
(0.41 ± 0.19 pg/mL, 𝑃 < 0.0001). However, when we
compared IL-10 plasma levels in metastatic and localized
NB patients, no significant difference was found (Figure 3(b),
stage 4: 12.18 ± 7.44 pg/mL; non-stage 4: 6.35 ± 3.5 pg/mL).
In addition, as observed for IL-10 mRNA expression, IL-10
plasma levels in metastatic NB patients did not associate with
either EFS (Figure 3(c)) or OS (Figure 3(d)).
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Figure 2: Correlations between IL-10 and FOXP3 (a) and IL-10 and CD163mRNA (b), in BM samples, and ARG-1 and CD163 (c) and FOXP3
and IL-10 (d) mRNA in PB samples from 41 high-risk NB patients. Data are expressed as 2−ΔCt values.

3.4. NB Patients Display Lower Plasma Concentration of
ARG-1 than Healthy Subjects. We next analyzed the plasma
concentration of soluble ARG-1 in PB samples. In contrast
with the mRNA expression, ARG-1 concentration was sig-
nificantly lower in NB patients (19.52 ± 4.58 pg/mL) than
in age-matched controls (44.89 ± 4.17 pg/mL, 𝑃 < 0.0001,
Figure 4(a)). However, ARG-1 concentration was signifi-
cantly higher in stage 4 (22.49 ± 5.41 pg/mL) than in non-
stage 4 (8.2 ± 5.1 pg/mL, 𝑃 = 0.01) NB patients (Figure 4(b)),
suggesting that ARG-1 release may be related to a more
advanced disease stage. However, no significant correlation
was found between ARG-1 plasma levels in metastatic NB
patients and their EFS (Figure 4(c)) or OS (Figure 4(d)).

3.5. Treg but Not Tr1 Cells Are Expanded in PB from NB
Patients. Since we detected increased IL-10 plasma levels in
NB patients, we asked whether two regulatory T cell popu-
lations able to secrete IL-10, namely, CD4+CD25highCD127low
Treg and CD4+CD45R0+CD49b+LAG-3+ Tr1 cells, were also
increased. As shown in Figure 5, the percentage of Treg was
significantly higher in metastatic NB patients (% of cells:

0.91 ± 0.39) than in age-matched controls (% of cells: 0.32 ±
0.06, 𝑃 = 0.02), whereas the percentage of Tr1 cells was
lower in NB patients (% of cells: 1.1 ± 0.19) than in controls
(2.32 ± 0.4, 𝑃 = 0.01).

4. Discussion

To the best of our knowledge, this is the first report where
both BM and PB samples from metastatic NB patients
were analyzed to evaluate the prognostic role of immune
suppressive soluble factors and cell subsets. In addition, this
is the first report on Tr-1 cells in NB.

Our study clearly shows that IL-10 mRNA expression
levels were significantly increased in both PB and BM
samples and plasma IL-10 concentration was also elevated.
However, no significant associationwith clinical outcomewas
found. In addition, similar IL-10 plasma levels were found in
children with metastatic and localized NB, whose prognosis
is completely different [4], confirming that increase in IL-
10 concentration is unrelated to stage and prognosis. These
findings are different in part from those reported by Gowda
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Figure 3: IL-10 plasma concentration in 102NB patients and 55 healthy children (a, b) and association between IL-10 plasma levels of stage
4 patients with EFS and OS (c, d). In (a), all NB patients and controls are shown. In (b), NB patients are stratified in stage 4 (𝑛∘ = 50) and
non-stage 4 (𝑛∘ = 52). Results are expressed as pg/mL.Horizontal bars indicatemeans.𝑃 values are indicated where differences are significant.
Kaplan-Meyer plot of EFS (c) andOS (d) obtained by stratifying the 50 stage 4NB patients according to IL-10 plasma levels above (dotted line)
or below (continuous line) median value. 𝑌-axes represent % of event-free or alive patients, respectively. 𝑋-axes represent time of survival
(months).

et al., showing higher IL-10 plasma concentration in the
low-risk group of a small cohort of NB patients [20]. This
discrepancy may be related to the study of larger cohorts of
patients, belonging to stage 4 and non-stage 4, in the present
report than in the previous one. Moreover, in our study,
only patients >18 months at diagnosis were included, thus
excluding the effect of age.

Our study also shows that the significant increase ofARG-
1 mRNA levels in PB did not correspond to elevated ARG-
1 plasma concentration. This finding may be related to the
fact that ARG-1 plasma levels depend on the amount released
by MDSC or by granulocytes, following their degranulation.
However, neither ARG-1 expression nor ARG-1 plasma con-
centration significantly associated with survival of metastatic
NB patients. Thus, our results do not support a relevant role
of IL-10 and ARG-1 in the natural history of metastatic NB.

The finding that IL-10 expression levels in BM signifi-
cantly correlated with both FOXP3 and CD163 expression
suggested that IL-10 can be produced not only by the
CD4+CD25highCD127low Treg cells, as already demonstrated
[31], but also by CD163+ macrophages. These data are in
accordance with previous reports showing a significant cor-
relation between CD163+ TAM and IL-10 release [32–34].
Surprisingly, in PB samples from metastatic NB patients, IL-
10 expression inversely correlatedwithFOXP3 expression and
no correlation was found with CD163 expression, making it
unlikely that Treg or macrophages could be responsible for
IL-10 production in PB.

In our study, the increased percentage of Treg found in
metastatic NB patients appeared to be compensated by a
decrease in the other regulatory T cell subsets able to secrete
IL-10 [35], the Tr1 cells.The increased percentage of Treg cells
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Figure 4: ARG-1 plasma concentration in 57NB patients and 30 healthy children (a, b), and association between ARG-1 plasma levels of
stage 4 patients with EFS and OS (c, d). In (a), all NB patients and controls are shown. In (b), NB patients are stratified in stage 4 (𝑛∘ = 49)
and non-stage 4 (𝑛∘ = 8). Results are expressed as pg/mL. Horizontal bars indicated means. 𝑃 values are indicated where differences are
significant. Kaplan-Meyer plot of EFS (c) and OS (d) obtained by stratifying the 49 stage 4NB patients according to ARG-1 plasma levels
above (dotted line) or below (continuous line) median value.𝑌-axes represent % of event-free or alive patients, respectively.𝑋-axes represent
time of survival (months).

found in metastatic NB patients is in accordance with the
finding reported by Tilak et al. [36] in human NB and with
Treg involvement demonstrated in murine NB models [37–
40]. However, a direct relationship between the expansion
of Treg cells in the PB and the increased levels of IL-10 in
sera from NB patients could not be demonstrated. From our
findings, also Tr1 cells did not appear to be responsible for
the increased IL-10 plasma concentration. The present study
is the first reporting on circulating Tr1 cells in NB patients.
Thus, in view of the limited number of cases available for
Tr1 analysis, further studies on larger cohorts are needed to
confirm the reduction of Tr1 cells inmetastaticNB.Moreover,
this finding is in contrast with studies in head and neck
tumors, where increased Tr1 cells were reported [41, 42].

It is of note that, in addition to the cell populations studied
here, also NK, dendritic, and B cells can produce IL-10 [26].
Moreover, since IL-10R blockade prolonged survival in a
murine NB model [43], we cannot exclude that inhibition of
IL-10 levels may improve the clinical outcome of metastatic
NB patients. Finally, the inverse correlation between FOXP3
and IL-10 expression in PB could be related to the fact that
FOXP3 is not a Treg cell-specificmarker but is also associated
with T cell activation [44, 45].

Our study also showed that CD163 and ARG-1 mRNA
expressionwere significantly higher inmetastaticNBpatients
and significantly correlated with each other, suggesting that
ARG-1 was expressed by myeloid cells. In different human
tumors, ARG-1 was found overexpressed [46–48] and
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responsible for immune suppression of antitumor responses
[49–51]. Surprisingly, ARG-1 protein plasma levels in
metastatic NB patients >18 months at diagnosis were lower
than in healthy children. This contradictory finding may
possibly relate to increased ARG-1 gene expression in MDSC
and/or granulocytes, in the presence of reduced ARG-1
protein release. Indeed, ARG-1 is released by granulocytes
during their degranulation in response to different stimuli.
This finding may also be explained as a mechanism
developed by NB cells to avoid arginine depletion caused by
ARG-1 activity. Indeed, in tumors auxotrophic for arginine,
tumor cell growth is hampered by arginine starvation. This
mechanism was demonstrated in other human tumors,
including melanoma [52–54], that share the same neural
crest origin as NB. However, ARG-1 plasma concentration,
as well as ARG-1 mRNA expression, did not significantly
associate with survival, in patients with metastatic NB older
than 18 months. In view of the opposite behavior of ARG-1
mRNA and protein, further studies are needed to exclude a
possible role in metastatic NB.

5. Conclusions

Our data exclude a prognostic role of IL-10 and ARG-1
in metastatic NB and show that in human NB circulating
Tr1 cells are decreased, whereas Treg cells are significantly
increased. These data suggest the existence of a complex
network of immune regulatory interactions involving IL-
10 and Treg cells, whose role in immune escape of NB
should be further addressed. Combining agents targeting
Treg inhibitory functions with immune enhancing agents
may represent an interesting approach for therapeutic inter-
ventions.
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Tuberculosis (TB) is a major health problem requiring an appropriate cell immune response (IR) to be controlled. Since regulatory
T cells (Tregs) are relevant in IR regulation, we analyzed Tregs variations throughout the course of TB treatment and its relationship
with changes in immune-endocrine mediators dealing with disease immunopathology. The cohort was composed of 41 adult
patients, 20 of them completing treatment and follow-up. Patients were bled at diagnosis (T0) and at 2 (T2), 4 (T4), 6 (T6), and 9
months following treatment initiation. Twenty-four age- and sex-matched healthy controls (HCo) were also included. Tregs (flow
cytometry) from TB patients were increased at T0 (versus HCo 𝑃 < 0.05), showing even higher values at T2 (versus T0 𝑃 < 0.01)
and T4 (versus T0 𝑃 < 0.001). While IL-6, IFN-𝛾, TGF-𝛽 (ELISA), and Cortisol (electrochemiluminescence, EQ) were augmented,
DHEA-S (EQ) levels were diminished at T0 with respect to HCo, with cytokines and Cortisol returning to normal values at T9.
Tregs correlated positively with IFN-𝛾 (𝑅 = 0.868, 𝑃 < 0.05) at T2 and negatively at T4 (𝑅 = −0.795, 𝑃 < 0.05). Lowered levels of
proinflammatory cytokines together with an increased frequency of Tregs of patients undergoing specific treatment might reflect
a downmodulatory effect of these cells on the accompanying inflammation.

1. Introduction

According the World Health Organization one third of the
world population is infected withMycobacterium tuberculosis
(Mtb), and the majority of affected people are found in
developing countries. The situation becomes even more
problematical because of the increased susceptibility of HIV
infected persons to develop the disease and the emergence of
strains resistant to the antimicrobial therapy [1].

Most people infected with Mtb have a clinically latent
infection and 10% of them further progress to active TB dur-
ing their lifetime. Bacterial, host, and environmental factors
influence the development of active TB [1, 2]. Commonly,
the host immune response (IR) controls Mtb replication,

collaborating with the establishment of latent infection,
which ultimately depends on a fine balance between the
pathogen persistence and the specific IR [3]. T cell-mediated
immunity is the main response against TB, mainly through
interferon-gamma (IFN-𝛾) production by antigen specific T
cells. However an exacerbated effector IR and the ensuing
excessive secretion of inflammatory mediators turn out to be
detrimental damaging host tissues through immunopatho-
logical processes. It follows that a properly balanced IR is
essential to successfully cope with this pathogen [4].

Regulatory T cells which tend to modulate the anti-
infectious host immunity are currently viewed as one of the
suitable mechanisms for Th-1-dependent immune response
suppression. Among these T cell subpopulations, those
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expressing intracellular transcription factor FoxP3 seem to
display the most functional activity in terms of immuno-
suppression. FoxP3-positive regulatory T cells (Tregs) can be
either natural, in the course of antigen-dependent thymic
differentiation, or induced in the periphery during adaptive
immune responses [5]. Tregs represent 5–10% of circulating
CD4+ cells but in humans only the subset expressing higher
levels of CD25 (𝛼 chain of IL-2R) exhibits a strong suppressive
capacity [6]. The main mechanisms of suppression by Treg
cells include inhibition of IFN-𝛾 production by T cells
through the production of IL-10 and transforming growth
factor beta (TGF-𝛽), as well as by cell to cell contact [7].While
evidence indicates that Tregs are involved in the immune
response against Mtb, there is no consensus regarding the
precise role of Treg in TB.

Some studies reported Treg cell expansion in the blood,
lung, or other tissues of patients with active TB [8, 9],
suggesting that these cells may suppress T cell immunity and
hence contribute to disease development [6, 10]. In contrast,
other studies reported no increase of Treg in TB patients [11,
12]. A recent work carried out in nonhuman primates raised
the view of increased Treg as representing a counterbalancing
anti-inflammatory response instead of an immunosuppressor
effect [7]. Collectively, it may be assumed that Tregs are
likely to have a differential role on infection outcomes
depending on the proper balance between protective immune
mechanisms and those involved with tissue damage.

In parallel, other extrinsic mechanisms may also con-
tribute to reduce inflammation during immunologically
based diseases, partly because of the neuroimmunoendocrine
communication, in particular the hypothalamus-pituitary-
adrenal (HPA) axis, that attempts to maintain immune
homeostasis. As key molecules of the HPA axis, endoge-
nous adrenal steroids (Cortisol, Dehydroepiandrosterone
(DHEA)) contribute to modulate the immune response to
infectious agents and other insults. In turn, the HPA axis
is modulated by cytokines like IFN-𝛾 and IL-6, which are
produced during the immune response. Within this setting,
we have observed that patients with pulmonary TB have
imbalanced immune-endocrine responses with increased
plasma concentrations of proinflammatory cytokines and
Cortisol, in presence of decreased DHEA levels associated
with disease severity [13, 14].

In expanding the knowledge about the participation of
Treg in TB, the analysis of this T cell population throughout
the course of TB treatment and its eventual relationship with
changes in immune-endocrine mediators involved in disease
immunopathology is informative. According to this we have
proceeded to characterize this T cell population at different
time points following treatment initiation along with the
assessment of cytokines and hormones critically to contain
an infectious threat.

2. Materials and Methods

2.1. Subjects. Between January 2010 and January 2014, adults
who were diagnosed with lung TB based on clinical and
radiological findings and identification of TB bacilli in

sputum were enrolled and followed for up to nine months in
a prospective cohort study of Mtb infection and treatment.
This observational cohort included forty-one patients, with
neither HIV coinfection nor multidrug resistant TB. Patients
had mild (𝑛 = 7), moderate (𝑛 = 16), or advanced
(𝑛 = 18) disease according to the radiological findings, as
previously described [13]. Antituberculosis therapy consisted
of six months of rifampicin and isoniazid, initially supple-
mented by two months of pyrazinamide and ethambutol.
Of the 41 recruited patients, blood samples at all time
points were available in 20 of them (mild = 1, moderate =
12, and severe = 7). Twenty-four matched healthy subjects
(HCo), living in the same area and without antecedents of
contactwithTBpatients, were included as controls. Exclusion
criteria for all participants included pathologies affecting the
hypothalamus-pituitary-thyroid- or gonadal-axis, or direct
compromise of the adrenal gland, pregnancy, contraceptive
drugs, age under 18, or systemic or localized pathologies
requiring treatment with corticosteroids or immunosuppres-
sants. All subjects were BCG vaccinated and providedwritten
consent to participate in the study.The studywas approved by
the Ethical Committee of the Facultad de Ciencias Médicas,
Universidad Nacional de Rosario and Centenario Hospital of
Rosario.

2.2. Sample Collection. Blood samples were obtained from
TB patients at the time of diagnosis (before initiation of the
treatment, T0) and 2, 4, and 6 months (T2, T4, and T6) after
starting the specific antituberculosis treatment. An additional
sample was obtained three months after the end of treatment
completion (T9). All samples were obtained between 8:00
and 9:00 a.m. with and without EDTA and then centrifuged.
Aprotinin (100U/mL; Aprotinin from bovine lung, Sigma-
Aldrich, St. Louis,MO,USA)was added to the plasma shortly
after collection and the samples were preserved at −20∘C.
Serum samples were immediately processed for hormone
quantification.One blood samplewas obtained from age- and
sex-matched HCo and processed in the same way.

2.3. Sample Preparation. Twenty milliliters of blood was
obtained using EDTA as anticoagulant, and the PBMC were
obtained by Ficoll-Hypaque density gradient centrifugation
(Biowittaker, Walkersville, MD). PBMC were washed twice
in PBS and counted by trypan blue staining in a Neubauer
chamber. Viability was always of 95%.

2.4. Flow Cytometry. For surface marker analyses, a sample
of 50 𝜇L of well-mixed EDTA anticoagulated whole blood
was incubated for 30min at room temperature with 20𝜇L
of BD Tritest CD4 FITC/CD8 PE/CD3 PerCP Reagent (BD
Biosciences, San Jose, CA, USA) according to manufacturer
instructions. Following incubation, red blood cells were lysed
withNaHCO

3
/ClNH

4
solution. Cells were washed twice with

PBS and preserved for cytometric analysis.
Another sample of 1 × 106 PBMC was incubated for

30min with anti-CD4-FITC and anti-CD25-PEcy5.5 (BD
Biosciences, San Jose, CA, USA) and for intracellular staining
of FoxP3, the cells in the tubes were resuspended in Fix/Perm



Journal of Immunology Research 3

buffer (eBioscience, San Diego, CA, USA) and left at 4∘C
for 30min. Subsequently, these cells were washed with cold
PBS and with permeabilization buffer (eBioscience, San
Diego, CA, USA) and then 20 𝜇L anti-human FoxP3-PE (BD
Biosciences, San Jose, CA,USA) was added and the cells were
incubated at 4∘C for 30min. Stained cells were analyzed with
a FACSAria II flow cytometer (BD Biosciences, San Jose,
CA, USA). The percentage of positive cells and the mean
fluorescence intensity (arbitrary units) for a specific marker
were calculated using FACSDiva software (BD Biosciences,
San Jose, CA, USA). For purpose analysis 30000 events were
recorded.

2.5. Evaluation of Immunological Mediators and Hormones.
Levels of TGF-𝛽, IFN-𝛾, and IL-6 were measured in plasma
using commercially available high-sensitivity ELISA kits
according to the instructions of the manufacturer. Detec-
tion limits were 0.07 pg/mL for IL-6 (R&D Systems, Inc.
Minneapolis, USA), 125 pg/mL for TGF-𝛽, and 4.7 pg/mL
for IFN-𝛾 (both from BD Bioscience, San Jose, CA, USA).
Cortisol and DHEA-sulphated (DHEA-S) serum concen-
trations were assessed by electrochemiluminescence (Cobas
e411, Roche, Germany).

2.6. Statistical Analysis. Comparisons between groups (TB
versus HCo) were performed by nonparametric methods,
(Kruskall-Wallis analysis of variance and Mann-Whitney 𝑈
test). Correlations between variables were assessed by Spear-
man’s rank test. Data were considered statistically significant
when𝑃 < 0.05.The analyseswere performedusingGraphPad
Prism 4 Software.

3. Results

3.1. CD4+CD25+FoxP3+ T Cells Are Increased in the Blood of
Patients with TB. Table 1 shows some general characteristics
of study groups. All patients showed a decreased Body
Mass Index (BMI) (𝑃 < 0.001). There were no differences
with respect to age, sex distribution, BCG-vaccination, and
peripheral CD8+ T cells frequency. However, we found that
TB patients presented a significant diminution inCD4+T cell
levels (𝑃 < 0.05).Thenwe investigatedwhether active TBwas
associated with a CD4+CD25+FoxP3+ Treg expansion by
assessing their frequency in PBMC of TB patients at the time
of diagnosis by flow cytometry (Figure 1(a)). Results depicted
in Figure 1(b) indicate that the frequency of Treg cells within
the total CD4+ population was significantly increased in TB
patients compared with HCo (𝑃 < 0.05). We next analyzed
the percentage of Treg cells in TB patients according to their
severity. As seen in Figure 1(c), moderate TB patients differed
from HCo.

3.2. Treg Frequency during Antituberculosis Therapy. In ear-
lier studies, we have evaluated immune and endocrine
parameters during TB treatment, showing that certain
cytokines were augmented at the time of diagnosis (IL-
1𝛽, IL-6, and IFN-𝛾) and even 2 months after treatment
initiation (IFN-𝛾) [15]. In relation to peripheral T cells, we

Table 1: Characteristics of study groups.

HCo (𝑛 = 24) TB (𝑛 = 41) 𝑃 value
Age (years)∗ 50.5 (25.8–57.3) 45.0 (21.5–54.8) ns
Sex (F/M) 1/23 4/37 ns
BCG (%) 95% 80% ns
BMI (Kg/m2)∗ 27.4 (25.1–30.8) 19.9 (18.3–23.8) 𝑃 < 0.001
%CD4+∗ 51.4 (43.0–55.1) 39.4 (32.6–52.6) 𝑃 < 0.05
%CD8+∗ 33.0 (24.6–35.8) 25.2 (21.8–33.4) ns
∗Results are shown as median values (25–75 percentiles). HCo: healthy
controls.

found a decrease in the percentages of CD3+ CD4+ cells
at the time of diagnosis that attained normal values upon
starting specific treatment (data not shown). When assessing
the frequency of Tregs throughout specific treatment, these
cell populations remained significantly increased during that
period compared to values in HCo, reaching their highest
relative levels at T4 (HCo versus T4 𝑃 < 0.01, Figure 2).

3.3. Correlations between Treg Frequency and Cytokine and
Hormone Levels. TGF-𝛽, IFN-𝛾, and IL-6 plasma levels
were assessed at the beginning and at different time points
during anti-TB treatment. Table 2 shows median values and
interquartile range for each cytokine at the study time points.
The three cytokines were increased at the time of diagnosis
with respect HCo, returning to normal values once patients
initiated specific treatment. Pairwise correlations between
cytokines and Treg frequency revealed that IFN-𝛾 levels
were positively associated with % Treg at month two under
treatment (𝑅 = 0.868, 𝑃 < 0.05, 𝑛 = 8). Notably, this
correlation became negative when patients underwent four
months of specific treatment (𝑅 = −0.798, 𝑃 < 0.05,
𝑛 = 9; see Supplementary Material available online at
http://dx.doi.org/10.1155/2015/985302). In a further step TB
patients were categorized according to their IFN-𝛾 levels at
T4. In this way patients with values below the median value
had significantly higher levels of Treg cells when compared
with cases whose plasma IFN-𝛾 is situated above the median
concentration (𝑃 = 0.027).

With regard to adrenal hormones, serum Cortisol was
increased at the time of diagnosis (𝑃 < 0.01) and at T2
(𝑃 < 0.01), reaching values comparable toHCo at T4.DHEA-
S levels which were found decreased at T0 (versus HCo 𝑃 <
0.05) remained so during the whole treatment period but
were augmented at T9 reaching values similar to those seen in
HCo. Unlike this DHEA-S levels which were found strongly
decreased at diagnosis started to increase earlier following
treatment initiation (data not shown). Both adrenal steroids
showed a negative correlation with the frequency of Treg
cells, DHEA-S at the time of diagnosis (𝑅 = −0.51, 𝑃 < 0.04,
𝑛 = 13), and Cortisol at T4 (𝑅 = −0.504, 𝑃 < 0.05, 𝑛 = 12; see
Supplementary Material).

4. Discussion

The involvement of Treg cells in the control of immune
responses to self-antigens and in immune homeostasis is well



4 Journal of Immunology Research

250

200

150

100

50

SS
C-

A

250

200

150

100

50

25020015010050

SS
C-

A

FSC-A

990o-CD4/CD25/FoxP3 990o-CD4/CD25/FoxP3

102

103

104

105

102

103

104

105

102

103

104

105

102 103 104 105

102 103 104 105102 103 104 105

102 103 104 105

CD4 FITC-A

990o-CD4/CD25/FoxP3

CD
4

FI
TC

-A

CD
4

FI
TC

-A

FoxP3 PE-A

FoxP3 PE-A

990o-isotype control

IgG PE-A

990o-CD4/CD25/FoxP3

CD
25

PE
-C

y5
-A

(I) (II)

(III) (IV)

(V)

×103

×103×103

(a)

Figure 1: Continued.



Journal of Immunology Research 5

HCo versus TB P < 0.05

∗
Tr

eg
 (%

)

5

4

3

2

1

0

HCo TB

(b)

∗

Tr
eg

 (%
) 4

6

2

0

HCo versus moderate P < 0.05

HCo Mild Moderate Severe

(c)

Figure 1: CD4+CD25+FoxP3+ T cells (Tregs) frequency in TB patients. (a) Plot of cytometric analysis from a representative sample: (I) FSC
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Figure 2: Frequency of CD4+CD25+FoxP3+ T cells (Tregs) within
the total CD4+population of TBpatients throughout treatment. Box
plots show median values, 25–75 percentiles of data in each group
with maximum and minimum values. HCo: healthy controls. T0:
time of diagnosis; T2, T4, T6: 2, 4, and 6 months after starting the
specific anti-TB treatment; T9: 3 months after the end treatment
completion. ∗HCo versus T0 and T6 𝑃 < 0.05; HCo versus T2 and
T4 𝑃 < 0.01. #T0 versus T2 𝑃 < 0.05; T0 versus T4 𝑃 < 0.01; T4
versus T9 𝑃 < 0.05.

established. Also there is increasing evidence for a role of Treg
in the regulation of immunity to infection [16]. It is believed
that Treg downmodulate the IR after pathogen eradication
to avoid exacerbated pathology. Although this mechanism
benefits the host during acute infections, it may be worrying
in the chronic setting, notably when pathogen persistence
is sustained in spite of an active IR [10]. During chronic
infections, a complex interplay is established between the IR
to the infectious agent and the ability of the microorganism
to evade this protective IR. In TB, a predominantTh1 cellular
response is necessary to effectively eradicate the mycobac-
terium. However if this response exacerbates, certain regu-
latory mechanisms would be activated to downmodulate it

with the aimof safeguarding the affected organ, at the expense
of some interference with pathogen clearance. One of these
regulatory mechanisms involves Treg [5]. CD4+CD25 high T
cells have been reported to be present at elevated levels in TB
and to be able to depress T-cell-mediated IFN-𝛾 production
in these patients [4, 8, 9, 17]. Here, we show that TB patients
have an increased frequency of CD4+CD25+FoxP3 Treg in
comparison with the group of healthy donors. Furthermore,
the frequency remained augmented at two and four months
of treatment commencement, reaching values comparable to
those seen HCo once the treatment was completed. Tregs
are known to display a diverse range of Treg-mediated
immunological effects, in terms of antimicrobial and tissue-
damage protection. In this case, the increased presence of
Treg cells seems to be more compatible with an attempt
to downmodulate immunological damage, considering our
former [14, 18] and present demonstrationswherein advanced
TB coexisted with increased levels of circulating proinflam-
matory cytokines.

The role of Tregs in TB is not well understood; and it
is unclear whether their expansion is a cause or a disease
consequence. As stated, they are probably expanded as an
adaptive host response to limit the inflammatory reaction and
tissue damage induced. Tregs expansion duringMtb infection
upon recognition of particular bacterial antigens seems to
be achieved by the presence of IL-10 and TGF-𝛽, which are
known to be highly produced in patients with active TB
[14, 17, 19, 20]. Some studies reported a higher suppressive
capacity of Tregs on IFN-𝛾 producing cells with respect to
those producing IL-17, which allowed the persistence of the
latter ones in inflamed tissues and thus the perpetuation
or recrudescence of inflammation [6, 21, 22]. Our results
about a significant positive correlation between Tregs and
IFN-𝛾 plasma levels at two months of treatment suggest that
increased Tregs are not downmodulating inflammation, at
this stage. However at T4 when the clinical improvement was
quite evident, this correlation turned out to be negative. It
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follows that month 4 might represent the best time when
a proper balance between Treg functioning and clinical
response is established.

The negative correlations between adrenal steroids and
the frequency of Treg cells are also worth discussing. Glu-
cocorticoids are potent anti-inflammatory and immunosup-
pressive agents, playing a role in the feedback inhibition of
immune/inflammatory responses to maintain homeostasis.
Xiang andMarshall Jr. demonstrated that after 24 h of culture
of PBMC with dexamethasone (10−8M) FoxP3 mRNA was
significantly decreased, suggesting a rapid sensitivity of Treg
to corticosteroids [23]. In the same sense, DHEA was also
found to inhibit FoxP3 expression in HIV-coinfected TB
patients [24]. In line with these in vitro findings, in our
patients the frequency of Treg cells was inversely correlated
with the amount of adrenal steroids implicating an extra loop
of influence on this T cell population which is beyond the
intrinsic immunological components.

Ribeiro-Rodrigues et al. showed that frequencies of Treg
were increased in PBMC of patients with active tuberculosis
and did not decline at the end of 6 months of curative
antibiotic therapy. At this time point, Treg still preserved
their capacity to suppress IFN-𝛾 production [25]. Chen et
al. evaluated Treg frequencies in pulmonary tuberculosis
patients after 2 years of chemotherapy and found a direct
correlation between the decreased levels of Treg toward
normality in patients successfully recovered, as seen in our
case. This group also found that Tregs from tuberculosis
patients not only suppress IFN-𝛾 production but also inhibit
IL-10 production by CD4+ T cells [26].

To conclude, the persistent increase of Tregs until 4
months of specific treatment in presence of diminished
amounts of proinflammatory cytokines alongwith the inverse
association between both immune parameters, lend some
support to the view of a damage-protective function of Tregs
in TB. Further functional studies are now being planned to
assess the validity of the assumption of Tregs as counterbal-
ancing the excessive inflammatory response encompassing
this disease.
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The benefits of garlic to health have been proclaimed for centuries; however, only recently have Allium sativum and its derivatives
been proposed as promising candidates for maintaining the homeostasis of the immune system. The complex biochemistry of
garlic makes it possible for variations in processing to yield different preparations with differences in final composition and
compound proportion. In this review, we assess the most recent experimental results, which indicate that garlic appears to enhance
the functioning of the immune system by stimulating certain cell types, such as macrophages, lymphocytes, natural killer (NK)
cells, dendritic cells, and eosinophils, by mechanisms including modulation of cytokine secretion, immunoglobulin production,
phagocytosis, and macrophage activation. Finally, because immune dysfunction plays an important role in the development and
progress of several diseases, we critically examined immunoregulation by garlic extracts and compounds isolated, which can
contribute to the treatment and prevention of pathologies such as obesity, metabolic syndrome, cardiovascular disorders, gastric
ulcer, and even cancer. We concluded that A. sativum modulates cytokine secretion and that such modulation may provide a
mechanism of action for many of their therapeutic effects.

1. Introduction

Plants of the genus Allium are known for their produc-
tion of organosulfur compounds, which possess interesting
biological and pharmacological properties. Among these,
garlic (Allium sativum) is one of the most widely used
ones. When extracted and isolated, these compounds exhibit

a broad spectrum of beneficial effects against microbial
infections as well as cardioprotective, anticancerigenic, and
anti-inflammatory activity [1–5].

Preparations of garlic are mainly liquid (aqueous, oil,
or solvent extracts) or solid (dried garlic powder and fresh
cataplasm). These extractions can be based on water formu-
lations, oils, or by using solvents as alcohols [6]. Composition
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Table 1: Biological effects of different types of garlic preparations and extracts.

Preparations/extract Effects References
Dehydrated garlic powder/slices/crushed Diminish serum cholesterol [8]

Aqueous extracts

Antibacterial [9, 10]
Antiparasitic [11]
Modify immune response [12]
Lipid metabolism [13]
Cardiovascular-protective effects [14, 15]

Oil extracts
Antibacterial [16–19]
Acaricidal [20]
Modify Immune response [21, 22]

Chloroform extract Inhibiting ROS formation and attenuating the activities of adhesion molecules [23]

Hexane extract Cytotoxic [24]
Modify immune response [25]

AGE
Antioxidant [26, 27]
ROS scavenger and anti-inflammatory [28]
Inhibits development of preneoplastic lesions [29]

of the extracts depends on the source of the garlic strain, age,
storage conditions, and type of processing, and the effects of
the extracts are influenced by themethod of consumption [7].
Biological effects of different garlic preparations and extracts
are summarized in Table 1.

The wide variety of effects that has been reported of garlic
preparations and extracts with beneficial and useful proper-
ties may be due to their numerous compounds (organosulfur
and others) contained in different concentrations, which is
being a challenge to separate and identify compounds with
potential beneficial properties on the human immune and
cardiovascular systems [7]. A comprehensive classification of
the different compound derived from garlic, as well as their
biological effects reported, is actually in preparation and will
be published elsewhere (Rodrigo-Arreola et al., in prepara-
tion). The presence and potency of garlic compounds vary
with respect to mode of garlic preparation and extraction.
Additionally, the proportion of these compounds is poorly
controlled with the methods used to generate different garlic
preparations, the main problem being reproducibility and
validation of the real effects observed.

2. Main Organosulfur Compounds Purified
from Garlic Preparations

The presence of garlic compounds varies with respect to
mode of garlic preparation and extraction as follows: (1)
fresh bulbs main compounds are S-allyl-L-cysteine sulfoxide
(alliin) and 𝛾-glutamyl cysteine derivatives; (2) in steam
distilled oils, sulfide family compounds are the main com-
pounds; (3) powder from crushed and dried garlic contains
alliin and diallyl disulfide (DADS); (4) macerates (ground
garlic) are enriched extractions with sulfide family com-
pounds, dithiines, and (E–Z)-ajoene compounds, and (5)
AGE (soaked, sliced, aged garlic extract in ethanol solution)
contains S-allyl-L-cysteine (SAC) and S-allyl mercaptocys-
teine (SAMC) [40].

Garlic compounds can be divided in several groups or
families of compounds. Among these families, we find 𝛾-
glutamyl cysteine derivatives, the primary precursor com-
ponents of the alliin and allyl methyl cysteine (methiin)
compound families [6, 41], that produce, by enzymatic action
of alliinase (alliin lyase, EC: 4.4.1.4), the diallyl thiosulfinate
(Allicin) and allyl methyl thiosulfinate (AM) compound
families [41, 42], which are precursors of several organosulfur
compound families (i.e., the ajoene and dithiin families)
[8]. Additionally, garlic preparations contain nonorgan sul-
fured compounds, such as tetrahydro-beta-carbolines [43,
44], fructans, and glucose-linked 𝛽-D-fructofuranosyl [45],
identified in AGE preparations [25].

3. Immunomodulatory Properties of
Allium sativum

Immunomodulation is one of the main targets for synthetic
drugs and chemicals. However, its high cost, anticipated
toxicity, and adverse event effects render it undesirable for
the patients. In contrast, the use of herbal plants as health
promoters is gaining increasing attention in both consumers
and scientific circles. In the literature, several plants have been
listed that exhibit immunomodulatory actions, like mod-
ulation of cytokine secretion; phagocytosis promotion and
macrophage activation; immunoglobulin production; aller-
gic reactions and lymphocyte proliferation [46]. Recently,
garlic has been suggested as a promising candidate for
maintaining the homeostasis of the immune system. Several
studies have been carried out in animal models to examine
the effect of different garlic components and formulations on
immunomodulatory activities (summarized in Table 2).

3.1. Modulation of Cytokine Secretion by Garlic Deriva-
tives. Herbal medicines with immunomodulatory activity
alter the immune function through the dynamic regulation
of molecules such as cytokines and chemokines. Altering
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cytokine expression and targeting their receptors may offer
therapeutic potential. Current pharmacological strategies
include cytokine antagonist, agonist, inhibition, and stim-
ulation models. However, in light of the adverse events
experiencedwith cytokine-targeted therapy, it could be useful
to consider the use of phytotherapy in the modulation of
cytokine expression [47]. Recently, Quintero-Fabián et al.
examined the effects of alliin in lipopolysaccharide- (LPS-)
stimulated 3T3-L1 adipocytes. Incubation of cells for 24 h
with 100 𝜇mol/L alliin prior to LPS (100 ng/mL) stimulation
for 1 h prevented an increase in the expression of proin-
flammatory genes IL-6, MCP-1, and Egr-1 and in the protein
levels of IL-6 and MCP-1. Interestingly, the phosphorylation
of ERK1/2, which is involved in LPS-induced inflammation
in adipocytes, decreased following alliin treatment. Further-
more, gene expression profile by microarray evidences an
upregulation of genes involved in immune response and
downregulation of genes related with cancer [30]. Indeed
SAC, caffeic acid (CA), uracil, diallyl trisulfide (DATS, as
known as Allitridin), diallyl sulfide (DAS), and other garlic-
derived compounds can inhibit transcription factor NF-𝜅B,
a master regulator, inhibiting the transcription of several
cytokine genes involved in proinflammatory responses, such
as TNF-𝛼, interleukin-1beta (IL-1𝛽), IL-6, MCP-1, and IL-
12(p70) [25, 48–50].

3.2. Phagocytosis Promotion andMacrophage Activation. The
Th1 cytokine pattern is essential for controlling parasite load
during the early phase of malaria infection. Feng et al.
found that allicin administered to Balb/c mice postinfected
with Plasmodium yoelii reduced parasitemia and prolonged
survival due to the enhancement of proinflammatory media-
tors such as interferon-gamma (IFN-𝛾); additionally, allicin
treatment stimulated the expansion of CD4+ T cells and
macrophages [34]. The antimicrobial activity of allicin was
demonstrated by modulation of the cytokines activating
macrophages that controlled the parasitic infection.

3.3. Immunoglobulin Production. Modulation by means of a
Th2 profile aids in the generation of an efficient humoral
immune response. Washiya et al. investigated, in a mouse
model, the effects of an oil-macerated garlic extract that
contained Z-ajoene. The authors found that fecal IgA levels
increased after 3 weeks of treatment and concluded that
ajoene may have exerted an influence on B-cell stimulation
or interleukin secretion [36]. Hanieh et al. proved that
dietary Allium sativum and Allium cepa at low doses in white
Leghorn chickens, following immunization with Newcastle
Disease Virus (NDV), Sheep red blood cells (SRBC), and
Brucella abortus (BA), enhanced anti-NDV, anti-SRBC, and
anti-BA antibody production. The authors concluded that
enhanced T cell proliferation with dietary garlic might has
directly/indirectly enhanced B-cell proliferation and differ-
entiation [35]. However, opposite results have been reported
with garlic in the induction of antibody secretion. Jafari
et al. reported that supplementing broilers with garlic do
not have any beneficial effects on antibody production [51].
Therefore, more studies with garlic and its derivatives are

necessary in order to clarify the mechanism implicated in
immunoglobulin production.

3.4. Antiallergic and Allergic Properties of Garlic. An allergic
reaction involves the secretion of immunoglobin E (IgE) and
inflammatory mediators by immune cells. Kyo et al. found
that AGE possesses antiallergic properties. In a rat basophil
cell line, RBL-2H3, these authors induced histamine release
with monoclonal antibodies, and after AGE administration,
this significantly inhibited the antigen-specific histamine
release. In addition, in a mouse model, orally administered
(o.a.) AGE significantly decreased the index of immunoglob-
ulin IgE-mediated skin reaction [37]. Zare et al. investigated
the effect of intraperitoneal (i.p.) injections of AGE on an
established allergic-airway inflammation murine model and
observed that AGE treatment caused a significant decrease
in the hallmark criteria of allergic-airway inflammation [38].
On the other hand, dietary garlic lectins have been shown to
release histamine from mast cells and basophils as a result
of their interaction with cell-surface IgE molecules [52].
Recently, Clement et al. isolated three immunomodulatory
proteins (QR-1, QR-2, and QR-3) from raw garlic. In humans,
skin prick test (SPT) using QR-1 and QR-2 on atopic and
nonatopic subjects revealed that ∼26% (in the case of QR-2)
of atopic subjects demonstrated a positive reaction, compared
with negative reactions in the case of nonatopic (normal)
subjects. QR-2 induced histamine release from leukocytes to
a much greater degree in the case of atopics compared with
nonatopics [39]. Results noted the propensity of garlic lectins
to nonspecifically activate mast cells and basophils in atopics
as a result of the higher density of IgE in these patients.

3.5. Immunostimulatory Activities of Garlic. Fructooligosac-
charides (FOS) are fructans that are naturally present in
garlic. Chandrashekar et al. isolated fructans present in AGE:
high molecular weight (>3.5 kDa; HF) and low molecular
weight (<3 kDa; LF), whichwere assessed in an immunostim-
ulatory mouse model. Both HF and LF displayed mitogenic
activity and activation of macrophages including phagocy-
tosis. These activities were comparable with those of known
polysaccharide immunomodulators, such as zymosan and
mannan [45]. Additionally, similar results have been obtained
with immunoproteins QR-1, QR-2, and QR-3, present in gar-
lic and identified as lectins or agglutinins [39] were previously
described as ASA II and ASA I [53], and their mitogenic
and comitogenic properties were confirmed as comparable
with potent mitogenic lectins ConA and PHA. On the other
hand, it is well known that fructans selectively stimulate some
beneficial bacteria in colon, modulating different immune
responses [54, 55].

Despite increasing evidence, the different components
in garlic responsible for effective immune stimulation or
inhibition are not known conclusively, and it is likely that
several components are responsible for its immunopharma-
cological mechanisms. Therefore, further research on garlic
fructans may cast light on the underlying mechanisms of
immunomodulation and should aid in identifying potential
uses of garlic fructans in various therapeutic applications
[45].
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4. Effects of Garlic Compounds/Extracts on
Cells of the Immune System

Different studies have shown that garlic compounds are able
to perform antiapoptotic [56], antiparasitic [11], proapop-
totic, anticancerigenic [57], and immunomodulatory [58, 59]
effects on different cells.

It was observed in a murine macrophages cell line
infected with Leishmania that AGE induced IL-12 production
[11] and, in addition, INF-𝛾 and inducible nitric oxide syn-
thase (iNOS)were overexpressed [12]. However, in peripheral
blood monocytes, AGE upregulated IL-10 and decreased IL-
12 production [60], which might cause downregulation of
proinflammatory cytokines TNF-𝛼, IL-6, INF-𝛾, and IL-2 by
T cells and it acts as negative feedback in the signaling proin-
flammatory response [60–62]. Additionally, DADS decrease
NO production, proinflammatory cytokines, and protein
expression in a mouse leukaemic monocyte/macrophage
cell line [63]. Therefore, garlic compounds could act as
immunomodulatory agents on the macrophages response.

Other studies conducted in mice have been shown that
DATS can enhance the antiviral immune response to murine
cytomegalovirus (MCMV) [64], by blocking Treg in vivo
in chronic MCMV infection [65]. Additionally, the protein
fraction of fresh garlic stimulates the peripheral blood T-
lymphocyte proliferation and increases CD8+ subpopulation
in treated animals, causing an increase in delayed-type
hypersensitivity responses, promoting an efficient cellular
response [66]. However, these studies did not assess the
cytokine profile, which could provide more information
about the immunomodulatory role of different garlic protein
subfractions.

It has been documented that garlic or its compounds
induce a variety of immunomodulatory activities in leukocyte
cytokine production. In Th1 cells, inflammatory cytokine
production is reduced significantly in the presence of garlic
extract and/or its compounds, revealing a potential thera-
peutic use in inflammatory conditions such as inflammatory
bowel disease (IBD) [60] andmalaria [34]. However, it is also
known that garlic oil shifts the Th1-Th2 balance toward the
Th2 type [21].

Furthermore, garlic derivatives exert both stimulatory [1]
and inhibitory effects on whole blood cultures of monocytes
and lymphocyte proliferation and LPS-induced TNF-𝛼 gen-
eration through IL-10 production, which controls proinflam-
matory cytokines [60]. Moreover, other compounds, such
as allicin, exert negative effects on human T-cell migration
through fibronectin by downregulating actin reorganization
[67]. Even more so, protein fraction 4, isolated from AGE,
enhances the cytotoxic activity of human peripheral blood
lymphocytes (HPBL) in synergy with IL-2 and independently
from INF-𝛾 or TNF-𝛼 [68].

Finally, the 𝛾𝛿-T population, as a unique type of T cell that
recognizes and responds to pathogen-associated molecular
patterns (PAMP), increases its proliferation by AGE supple-
mentation in healthy humans [69]. Taken together, these data
strongly suggest that garlic compounds and its derivatives
are involved in the cellular immune response, acting as

immunoregulators; however, more studies are needed to
clarify its use in immunotherapy.

Proteins isolated from garlic modulate NK cell line activ-
ity in the mesenteric lymph node of mouse [70], while AGE
modulates the number and the activity of NK cells in patients
with various advanced cancers [71] and also increases NK
activities against different cancerous cell lines [72]. Moreover,
in healthy subjects, AGE increases the NK cell population
[69]. Therefore, garlic acts as a proliferation inductor for this
cell type.

Mature dendritic cells (DC) can activate näıve lympho-
cytes and play a critical role in the induction of primary
immune response [73]. Allicin treatment could promote the
maturation of DC by increasing the expression of costimu-
latory molecules such as CD40, yielding an enhancement of
the proinflammatory immune response in a rodent malaria
model [34]. However, it was not possible to establish whether
the 14 kDa protein isolated from AGE induced mouse DC in
vitromaturation by an increase in the expression of the CD40
molecule inDC [74]. Consequently, future studies are needed
to determine the effect of garlic on DC.

Garlic allergens have been reported as causing hypersen-
sitivity reactions in both patients and animal models [75–77],
such as dermatitis [78], rhinoconjunctivitis, asthma [79–81],
urticaria [82], and anaphylaxis [83] after ingestion of garlic.
This can be due to cross-reactivity in patients with oral allergy
[82]. Recently, it was demonstrated that a 56-kDa protein
of alliin lyase is the major IgE-binding protein in patients
allergic to garlic. Alliin lyase contains a carbohydrate with
free terminal 𝛼-D-glucopyranoside or 𝛼-mannopyranoside
residues, thought to bind human IgE in subjects with allergy
and to lead to cross-reactivity [77]. Additionally, three protein
components from raw garlic displayed hemagglutination and
mannose-binding activities; one of these induces histamine
release from human leukocytes [39]; likewise, garlic lectins
are able to evoke immunogenicity [39, 84]. However, the
molecular basis of the interaction between food allergens and
the immune system is not clear.

5. Role of Garlic Compounds in
Inflammatory Disorders

Numerous research works have shown the immunomod-
ulatory and immunotherapeutic potentials of AGE as a
whole, including free radical-mediated anti-inflammatory,
anticancer, and antiangiogenic effects, as well as improving
hyperglycemia and dyslipidemia, cardiovascular diseases,
infectious diseases, autoimmune diseases, and allergy, which
have been shown in both animalmodels and cell lines [28, 85–
87]. It is known that the aqueous garlic extract exerts antioxi-
dant action by scavenging reactive oxygen species (ROS) and
enhancing cellular antioxidant enzymes such as superoxide
dismutase, catalase, and glutathione peroxidase. In addition,
garlic represents an important source of antioxidants due to
phytochemicals such as DAS and SAMC [28, 88].

5.1. Metabolic Syndrome. Themetabolic syndrome is a cluster
of abnormalities including hypertension, insulin resistance,
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hyperlipidemia, glucose intolerance, and abdominal obesity.
This syndrome frequently precedes type 2 diabetes and
atherosclerosis [89]. The role of garlic has been studied in
some of these pathologies, and their effects on the immune
system components associated with the proinflammatory
state of metabolic syndrome include modulation of oxidative
stress (OS), proapoptotic signal pathways, inflammatory
mediators, and cellular activities.

5.1.1. Cardiovascular Disorders. Cardiovascular diseases
(CVD) continue to accelerate globally and remain the largest
cause of deaths worldwide. CVD include diseases of the
heart, vascular diseases of the brain, and diseases of blood
vessels [90]. Plasma markers of inflammation have also
been evaluated as potential tools for prediction of the risk
of coronary events. Among these are markers of systemic
inflammation, such as high-sensitivity C-reactive protein
(CRP), and acute-phase protein [91], serum amyloid A,
cytokines such as IL-6, and adhesion molecules such as
soluble intercellular adhesion molecule type 1 (ICAM-1)
[92, 93] and vascular cell adhesion molecule-1 (VCAM-1)
[94]. The participation of ROS and the activity of endothelial
nitric oxide synthase (eNOS) in vascular alterations [95, 96]
have been reported.

Several studies in vitro, have confirmed the cardio-
protective effects of garlic on primary cultured cardiac
myocytes, fibroblasts, and endothelial cells, by reducing the
production of ROS and blocking ROS-dependent extracellu-
lar signal-regulated kinase (ERK)1/2, JNK1/2, AKT, NF-𝜅B,
and SMADS signaling [25, 97, 98]. However, garlic powder
exerts no detectable effects on CRP, TNF-𝛼, ICAM-1, lipid
concentrations, and risk markers for inflammatory processes
associated with subjects with atherosclerosis and CVD [99];
additionally, AGE does not change plasma cholesterol level or
ICAM-1 expression in a rabbit model of atherosclerosis [100].
However, studies do not reflect the entire population-at-risk
for atherosclerosis and cardiovascular diseases because these
studies underwent adverse events in disease course (e.g.,
significant numbers of subjects withdrew from the study). In
contrast, recent data showed that long-term administration
of aqueous garlic was capable of attenuating VCAM-1 expres-
sion in fructose-fed rats.Therefore, garlic compounds reduce
vascular inflammation [25, 94].

Atherosclerosis is recognized as a complex disease char-
acterized by an excessive inflammatory, fibrofatty, and pro-
liferative response to damage in the vascular endothelium
and involving several cell types, particularly smooth muscle
cells, monocyte-derived macrophages, T-lymphocytes, and
platelets [101, 102]. Clinical reports have revealed the potential
benefits of garlic as a modulator of multiple cardiovascular
features through lowering low-density lipoproteins (LDL)
and blood pressure [103–106], reducing platelet aggregation
and adhesion, preventing LDL oxidation, and reducing the
progression of atherosclerosis [100, 107–109]. However, it is
known that some garlic compounds, such as DADS and
allyl mercaptan, did not inhibit the transcriptional activity of
factor NF-𝜅B employing human umbilical endothelial cells,
suggesting that they play a pivotal role in atherogenesis by
regulating the expression of proinflammatory genes and of

NF-𝜅B-regulated genes, suggesting that NF-𝜅B is not the
major target of DADS and allyl mercaptan. Accordingly,
there are differential effects among different organosulfur
compounds of garlic [110]; thus, more research is needed to
discriminate the beneficial effects accurately and to ascribe
these to specific garlic compounds.

5.1.2. Obesity. Obesity is associated with low-grade chronic
inflammation characterized by abnormal cytokine produc-
tion, increased acute-phase reactants, and other mediators
in response to excess nutrients in metabolic cells [111].
Activation of a network of inflammatory signaling pathways
in the cell eventually causes the activation of specialized
immune cells and leads to an unresolved inflammatory
response within the tissue [112]. Thus, macrophage [113],
mast-cell [114], and NK-cell [115] infiltration is present in
obese adipose tissue, which participates in the inflammatory
changes in obesity and contributes to insulin resistance [113].

Garlic 1,2-vinyldithiin reduces the secretion of IL-6 and
MCP-1, -2 in human preadipocytes treated with macrophage
factors. Bothmolecules are associatedwith inflammation and
the metabolic complications of obesity [116]. Recently, our
group demonstrated that alliin prevents the increase of genes
and proteins related with the proinflammatory state induced
by LPS in 3T3-L1 adipocytes, through the toll-like receptor-4
(TLR-4) pathway and possibly, by regulating ERK1/2 activity
[30].

5.1.3. Ulcerogastric Pathologies. In gastric pathophysiology, T
and B cells are clearly involved. OS causes damage to lipids,
proteins, and DNA [28, 117]. In this respect, garlic has been
studied as a gastroprotective agent. AGE capsules have been
capable of resolving indomethacin-induced OS in gastric
tissue through a reduction of TNF-𝛼 and malondialdehyde
levels and reduction of myeloperoxidase activity, as well
as increasing total glutathione, superoxide dismutase, and
catalase activities in animal model [28]. Additionally, garlic
oil administered to rats prior to ethanol administration
induced a decrease in ulcer index and lipid peroxidation
and ameliorated the decrease in antioxidant enzyme levels
caused by ethanol [118]. Therefore, garlic can be considered
an excellent preventive and protective agent to reduce gastric
pathologies.

The anti-inflammatory effect of the garlic extract by
IL-10 deregulation and the reduction of IL-12 production
in Inflammatory bowel disease (IBD) prevents IL-12 from
binding to its receptor on T and NK cells, causing inhibition
of the production of IFN-𝛾 [60].

5.1.4. Cancer. Numerous health benefits have been ascribed
to organosulfur compounds, including its immunomodu-
latory properties in cancer [9, 119–121]. A report in the
literature noted an association between garlic consumption
and decreased incidence of distal colon cancer in women in a
cohort study [120]. It has been proposed that allicin presents
antitumor activity in situ [122]. More specifically, cultured
Ehrlich ascites carcinoma (EAC) cells treated with tamoxifen
and supplemented with allicin resulted in cytotoxic dam-
age markers and a decrease in TNF-𝛼 levels [121]. Hence,
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a beneficial role of allicin is suggested as an adjuvant to
tamoxifen treatment in cancer.

Recent work also showed that SAC and DATS cause
inhibition of PI3K/Akt, JNK apoptotic pathways in human
ovarian, and T24 human bladder cancer cells [57, 123].
Even more allicin induces apoptosis through JNK path-
way activation and mitochondrial Bax translocation in cells
human ovarian cell line SKOV3 [124]. Other studies have
demonstrated the role of protein fractions from garlic bulbs
in tumor growth and intratumor-infiltrated T lymphocytes
in mice transplanted with mammary tumor cells [66], as
well as a significant decrease in the size of mouse mammary
tumor [70] and complete suppression of growth of Human
erythroleukemia cell line HEL in a dose-dependent manner
[125]. Recently, our group evidenced that alliin treatment
of 3T3-cell-derived adipocytes is capable of downregulating
several cancer-related genes [30]. Thus, garlic compounds
could significantly affect the tumor development, thorough,
at least, their antiproliferative action.

Other groups have shown that fraction 4 of AGE, com-
bined with IL-2 administration, could be employed in tumor
immunotherapy, because these increase the cytotoxicity of T-
cell lineage [68], and it has been proposed that the sulfhydryl-
group hydrophobic portion of proteins, as well as estrogen
receptors with cysteine residues in hormone-binding, could
be target of inhibition from organosulfur compounds of
garlic, (e.g., allyl sulfides). This may be of greater benefit in
the prevention of hormone-responsive carcinogenesis [125].
Thus, while total sulfur may be comparable, marked differ-
ences in specific organosulfur components likely exist among
the preparations studied [126], which strongly suggest that
the antitumor effect of allyl sulfur compounds may be related
with both their anti-inflammatory and their immunostimu-
latory properties.

6. Concluding Remarks

Garlic is one of the most employed seasonings for cooking.
In addition to its use as a food additive, garlic has been long
used in traditional medicine with protective and curative
purposes. At present, the trend toward the use of natural
remedies with fewer side effects has given rise to garlic con-
sumption as an alternative therapy for diseases such as cardio-
vascular diseases, cancer, and microbial infections. Different
dietary garlic formulations, such as powder (tablets), garlic
oil (capsules), and aged garlic extracts (tablets, capsules, and
liquids), have been incorporated into the globally increased
market of garlic bioactive compounds. However, the variety
of manufacturing processes of garlic comprises important
issues when choosing a garlic supplement, due to that these
processes can markedly influence the composition of the
garlic product and thus its biological effects.

Garlic as an herbal medicine or its different bioactive
molecules and formulations have been extensively probed
in in vitro/in vivo animal models to examine its anti-
inflammatory and immunomodulatory properties. One of
the main mechanisms observed is through modulation of
cytokine profiles and, on the other hand, direct stimulation of
immune cells. Although there is sufficient scientific evidence

on the beneficial effects of garlic as therapy under different
pathological conditions in animal models, human clinical
studies are scarce and methodologically weak, with short
duration and a reduced number of patients. Therefore, it
is mandatory to establish general criteria to finally probe
the variety of nutritional and health-promoting properties of
garlic.

Conflict of Interests

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

Authors’ Contribution

Rodrigo Arreola, Saray Quintero-Fabián, Roćıo Ivette López-
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Multiple sclerosis (MS) is an inflammatory/autoimmune disease of the central nervous system (CNS) mainly mediated by myelin
specific T cells. It is widely believed that environmental factors, including fungal infections, contribute to disease induction or
evolution. Even thoughCandida infection amongMS patients has been described, the participation of this fungus in this pathology
is not clear. The purpose of this work was to evaluate the effect of a Candida albicans infection on experimental autoimmune
encephalomyelitis (EAE) that is a widely accepted model to study MS. Female C57BL/6 mice were infected with C. albicans and 3
days later, animalswere submitted to EAE induction by immunizationwithmyelin oligodendrocyte glycoprotein. Previous infection
increased the clinical score and also the body weight loss. EAE aggravation was associated with expansion of peripheral CD4+ T
cells and production of high levels of TNF-𝛼, IFN-𝛾 IL-6, and IL-17 by spleen and CNS cells. In addition to yeast and hyphae,
fungus specific T cells were found in the CNS. These findings suggest that C. albicans infection before EAE induction aggravates
EAE, and possibly MS, mainly by CNS dissemination and local induction of encephalitogenic cytokines. Peripheral production of
encephalitogenic cytokines could also contribute to disease aggravation.

1. Introduction

Multiple sclerosis (MS) is an inflammatory/autoimmune and
demyelinating disease of the central nervous system (CNS). It
is considered one of themost commonneurological disorders
and causes of disability in young adults [1]. The estimated
number of people with MS has increased from 2.1 million
in 2008 to 2.3 million in 2013 [2]. Animal models, partic-
ularly experimental autoimmune encephalomyelitis (EAE),
have been essential to decipher the pathophysiology of MS
[3–6]. MS and EAE are characterized by an autoimmune
response against CNS proteins, mediated mainly by T cells,
that culminates in inflammatory infiltrate, gliosis, damage of
myelin sheath, and neuronal death [7–9].

This disease is thought to be triggered by a complex inter-
action between genetic and environmental factors. Expres-
sive data confirm that genetic variation is an important
determinant for MS risk. Population, family, and molecular
studies strongly support a polygenic model of inheritance,
driven primarily by allelic variants relatively common in the
general population. The major histocompatibility complex is
believed to be the strongest MS susceptibility locus genome-
wide and was identified in all studied populations [10]. It
has also long been recognized that infections may serve
as environmental triggers for this disease. A large number
of pathogens, including worldwide distributed fungi, have
been proposed to be associated with MS [11]. As most of
the systemic fungal pathogens have been associated with
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dissemination to the CNS [12], they could contribute to local
tissue destruction by their presence or, alternatively, by the
induction of a local immune response.

Candida spp. is one of these pathogens that could con-
tribute to MS development. C. albicans is a pleomorphic fun-
gus that colonizes the majority of healthy human individuals.
This fungus can behave as a normal component of the micro-
biota and also as an opportunistic pathogen that causes super-
ficial mucosal infections as well as disseminated disease
[13, 14]. As the fourth most common cause of nosocomial
infections, C. albicans is commonly isolated from immuno-
compromised individuals, including those with HIV, those
immunosuppressed due to cancer treatment, and premature
babies [15]. A possible association between MS and Can-
dida spp. has been suggested by serological evidences. A
significantly higher level of Candida specific antibodies was
detected in MS patients than in normal control individuals
[16]. In addition, Candida spp. antigens were also demon-
strated in the cerebrospinal fluid of some MS patients [17].

The possible contribution of Candida spp. to MS patho-
genesis was initially attributed to cross-reactivity with human
tissues, including brain structures [18]. More recently, it
was proposed that Candida, sequestered in nonneuronal
tissues, could release toxins that would destroy astrocytes
and oligodendrocytes generating myelin debris that would
then trigger a pathogenic immune response in the CNS [19].
Furthermore, the presence of yeast and hyphae in the brain
recruits inflammatory cells and elicits expansion of microglia
cells [20]. Considering that the possible contribution of C.
albicans toMSneeds to be investigated and that elucidation of
this could affect the treatment of this disease, we evaluated the
possible deleterious effect of a previous C. albicans infection
on EAE development.

2. Methods

2.1. Animals. Female C57BL/6 mice 9–11 weeks old were
purchased from University of São Paulo (USP) (Ribeirão
Preto, SP, Brazil). The animals received sterilized food and
water ad libitum and were manipulated in accordance with
the local Ethics Committee for Animal Experimentation
(CEEA), São Paulo State University (UNESP) (Botucatu, SP,
Brazil; protocol number 351).

2.2. EAE Induction. MOG35–55 peptide (MEVGWYRSPF-
SRVVHLYRNGK) was synthesized by Genemed Synthesis
Inc. (San Antonio, Texas, USA). Mice were immunized
subcutaneously with 100 𝜇g ofMOG35–55 peptide emulsified
in 25 𝜇L of Complete Freund’s Adjuvant (CFA) containing
4mg/mL of Mycobacterium tuberculosis. Mice also received
2 intraperitoneal doses, 0 and 48 hours after immunization,
of 200 ng of Bordetella pertussis toxin (Sigma-Aldrich Cor-
poration, St. Louis, MO, USA). EAE clinical assessment was
daily performed according to the following criteria: 0, no
symptoms; 1, limp tail; 2, hind legs weakness; 3, partially
paralyzed hind legs; 4, complete hind leg paralysis; and
5, complete paralysis/death. The % of weight loss and the
maximum clinical score were calculated considering the
highest body weight loss and the highest clinical score that

each animal reached during the experiment, independently
of the period, and the result was expressed as the mean per
experimental group.

2.3. Fungi. C. albicans strain FCF 14 (Genbank Accession
EF591020) was originally obtained from themycology collec-
tion of the Faculdade de Odontologia de São José dos Cam-
pos,UNESP, andmaintained in ourmycological collection on
Sabouraud-dextrose agar (Difco Laboratories, Detroit, MI,
USA). For mice infection, C. albicans was cultured on solid
media during 24 hours at 37∘C.The fungal concentration was
adjusted to 5.0 × 107/mL viable yeast cells in sterile saline
solution (SSS). Fungus suspension was then inoculated into
the lateral tail vein (0.1mL/animal).

2.4. Fungal Load Determination. Samples from spleen, kid-
ney, liver, brain, and spinal cord were weighted and mac-
erated in 1.0mL of SSS. Afterwards, 0.1mL from each tis-
sue homogenate was spread over culture plates containing
Sabouraud-dextrose agar using a Drigalski T loop. The
procedures were performed in duplicate.The plates were then
sealed and incubated at 37∘C for 3 days.Thenumber of colony
forming units (CFU) was normalized per gram of tissue.

2.5. CNS-Mononuclear Cells Isolation. Fourteen days after
EAE induction, mice were anesthetized with ketamine/xyla-
zine and perfused with 10mL of SSS. Brain and spinal cord
were collected, macerated, and digested with 2.5mg/mL of
collagenase D (Roche Applied Science, Indianapolis, IN,
USA) in 4mL of RPMI (Sigma) at 37∘C for 45min. Then,
suspensions were washed in RPMI and centrifuged at 450×g
at 4∘C for 15min. Cells were resuspended in Percoll (Sigma)
37% and gently laid over Percoll 70% in tubes of 15mL. The
tubes were centrifuged at 950×g for 20min with centrifuge
breaks turned off. After centrifugation the ring containing
mononuclear cells was collected, washed in RPMI, and
centrifuged at 450×g for 10min. Cells were then resuspended
in complete RPMImedium (RPMI supplementedwith 10%of
fetal bovine serum), counted, and analyzed.

2.6. Cell Culture Conditions and Cytokine Quantification.
Spleen and CNS-isolated cells were collected and adjusted to
5× 106 cells/mL and 2× 105 cells/mL, respectively, in complete
RPMI medium. Spleen and CNS-isolated cells were plated
and stimulated with MOG (20𝜇g/mL and 50 𝜇g/mL, resp.)
and with C. albicans (5 yeasts/1 cell). Cytokine levels were
evaluated 48 h later by enzyme-linked immunosorbent assay
(ELISA) in culture supernatants using IFN-𝛾 BD OptEIA
Sets (Becton, Dickinson and Company, BD, Franklin, San
Diego, CA,USA) and IL-2, IL-4, IL-6, IL-10, IL-17, andTNF-𝛼
Duosets (R&D Systems, Minneapolis, MN, USA). The assays
were performed according to themanufacturer’s instructions.

2.7. FACS Analysis. Spleen cells were collected; the red blood
cells were lysed with buffer containing NH

4
Cl, and adjusted

to 106 cells/tube. CNS-extracted cells were plated at 5 × 105
cells/well and stimulated with MOG (125𝜇g/mL) and with
C. albicans (5 yeasts/1 cell). After incubation at 37∘C for
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Figure 1: Dissemination of C. albicans to the central nervous system. C57BL/6 mice were infected with C. albicans and fungal load was
evaluated 3, 7, 14, 21, and 30 days after in the brain (a) and in the spinal cord (b).The results are expressed asmean± SEM (𝑛 = 5-6mice/group)
of the CFU (log 10) per gram of tissue. ANOVA, Tukey’s test, 𝑃 < 0.05. Different letters indicate statistical difference among the experimental
time points. Periodic acid-Schiff revealed yeasts and hyphae in brain (c) and yeast in cervical spinal cord (d) sections.

48 h, cells were collected and stained. Spleen and CNS-
extracted cells were blocked with rat serum 1% for 20min
to prevent nonspecific binding via Fc receptor. After Fc
blocking, cells were stained with 0.2 𝜇g of PerCP-conjugated
anti-mouse CD3 and 0.25 𝜇g of FITC-conjugated anti-mouse
CD4 for 20min at 4∘C. Intracellular FoxP3 transcription
factor analysis was performed only in spleen samples by
using CD3-PercP, CD4-FITC plus 0.13𝜇g of APC-conjugated
anti-mouse CD25 and 0.2𝜇g of PE-conjugated anti-mouse
FoxP3 and staining set (eBiosciences, San Diego, CA, USA)
according to manufacturer’s instructions. After staining, the
cells were washed, resuspended in FACS buffer, and fixed
in paraformaldehyde 1%. Analysis was performed using a
FACSCanto II (BD) from Bioscience Institute (Botucatu, SP,
Brazil) and the data were analyzed with FlowJo software
(TreeStar, Ashland, OR, USA).

2.8. Histopathology of the CNS. After euthanasia, brain and
lumbar spinal cord samples were removed and fixed in
10% neutral buffered formalin. Paraffin slides with 4𝜇m
were stained with hematoxylin and eosin (H&E) to evaluate
the inflammatory process. A semiquantitative analysis of
CNS inflammation was performed according to the fol-
lowing criteria: (0) inflammatory infiltration absent; (+/++)
mild/moderate inflammatory infiltration; (+++) intense

inflammatory infiltration. Sections were also stained with
periodic acid-Schiff to visualize fungal structures.

2.9. Statistical Analysis. Results were expressed as mean ±
standard deviation or with median and interquartile (25–
75%) ranges. To test for the normality of data, results were
analyzed by Shapiro-Wilk’s test. Comparisons between two
samples were made by 𝑡-test and more than three samples
were made by one way ANOVA followed by Tukey’s test
for parametric variables and by Kruskal-Wallis followed by
Dunn’s test for nonparametric variables. Fisher’s test was
performed to estimate the frequency of C. albicans-positive
tissues and to compare the semiquantitative analysis of CNS
tissue inflammation.The data were analyzed using SigmaPlot
statistical package for Windows version 2.0 (1995, Jandel
Corporation, CA, USA) and values of 𝑃 < 0.05 were con-
sidered statistically significant.

3. Results

3.1. Candida albicans Infection Disseminates to the CNS. We
initially tested the characteristics of the C. albicans infection
in C57BL/6 mice as this is one of the strains that are suscepti-
ble to EAE induction. Experimental infectionwithC. albicans
in C57BL/6 mice determined a disseminated infection that
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Figure 2: Kinetics of cytokine production by spleen cells frommice infected with C. albicans. C57BL/6 mice were inoculated with C. albicans
and the spontaneous production of cytokines by spleen cells was evaluated 3, 7, 14, 21, and 30 days after fungal inoculation. The results are
expressed as median, 25–75% (box), and minimum-maximum (error bars) of 5-6 mice/group. Mann-Whitney test, ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01
indicate statistical difference between each experimental time point and the control group (uninfected).

also reached the CNS. As observed in Table 1, the viable
fungi were recovered from all evaluated organs, including
the brain and the spinal cord. After 30 days all organs,
except the spleen, exhibited fungal clearance. The kinetics
of fungal load, during 30 days, is showed in Figures 1(a)
and 1(b) for brain and spinal cord, respectively, and indicates
that the fungus load is more accentuated in the first week of
infection.The presence of yeasts and hyphae in the brain and
yeast in the spinal cord is illustrated in Figures 1(c) and 1(d),
respectively.

3.2. Production of Potentially Encephalitogenic Cytokines dur-
ing C. albicans Infection. As many of the most encephalito-
genic cytokines are also involved in the defense against C.
albicans and other fungi, we tested their production during
the time periods when the fungus was being detected. Spleen
cell cultures from infected mice produced elevated levels of
TNF-𝛼, IL-6, IFN-𝛾, and IL-17 (Figure 2). Cytokine levels
were especially elevated in the 3rd day after infection.

Table 1: Frequency of C. albicans-positive tissues.

Period Tissue
Spleen Kidney Liver Brain Spinal cord

3 days 6/6 6/6 5/6 5/6 5/6
7 days 5/5 5/5 3/5 5/5 3/5
14 days 4/6 2/6 0/6 4/6 1/6
21 days 4/6 1/6 0/6 2/6 1/6
30 days 2/5 0/6 0/6 0/6 0/5
𝑃 value 0.0606 0.0022 0.0152 0.0152 0.0152
Data were expressed as number ofC. albicans-positive animals/total number
of animals per group.

3.3. Infection with C. albicans Aggravates EAE Development.
To test the possible deleterious role of C. albicans on EAE
development, EAE was induced in mice that had been
infected three days before with the fungus. Mice previously
infected, denominated EAE+Ca group, developed a more
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Figure 3: Effect of C. albicans on EAE development. C57BL/6 mice were infected with C. albicans 3 days before EAE induction. Disease
development was followed during 21 days. Clinical scores (a) were checked every day and are expressed as mean; maximum clinical score (b)
and % of body weight loss (c) were calculated as described in Methods section. The results (a and b) are expressed as mean ± SD (𝑛 = 6–8
mice/group). Unpaired 𝑡 test, ∗𝑃 < 0.05 indicates difference between EAE and EAE+Ca groups.

severe form of encephalomyelitis. As shown in Figure 3(a),
these animals already showed paralysis signs at the 9th day
after EAE induction whereas the EAE control group pre-
sented paralysis only 2 days later. This higher disease severity
was detected during the whole acute disease phase. The
average maximum clinical score, as depicted in Figure 3(b),
confirmed this worst clinical evolution. Weight loss was
also more accentuated in this experimental group as can be
observed in Figure 3(c).

3.4. Peripheral Immunological Alterations during EAE Aggra-
vation by C. albicans Infection. To evaluate if peripheral
immunological parameters could explain this detrimental
fungal effect on EAE, we tested the % of CD3+CD4+ and
CD3+CD4+CD25+ FoxP3+ T-cell subsets. The cytokine pro-
duction by spleen cells restimulated with MOG or with
heat-killed C. albicans yeasts was also determined. Normal
mice and mice only infected were also analyzed. A higher
percentage of CD3+CD4+ T cells were found in EAE+Ca and
EAE groups in comparison to normal and infected groups. In
addition, the % of this T-cell subset was significantly higher
in the group that was previously infected with the fungus

(EAE+Ca) in comparison to the EAE group (Figure 4(a)).
The % of the FoxP3+ T cells was significantly higher in
the EAE, but not in the Ca and EAE+Ca groups, in com-
parison to the control group, as illustrated in Figure 4(b).
Concerning cytokines induced by MOG, the EAE+Ca group
presented a significant production of TNF-𝛼 (Figure 4(d)),
IL-6 (Figure 4(e)), and IL-17 (Figure 4(f)) in comparison to
all other experimental groups. IL-2 (Figure 4(h)) and IL-4
(Figure 4(i)) were similarly elevated in EAE and EAE+Ca
groups. These two groups also produced low and similar
amounts of IL-10 (Figure 4(c)). Comparison of EAE+Ca and
EAE cytokine production induced by heat-killed C. albicans
clearly showed that IL-10, IL-6, IL-17, IFN-𝛾, IL-2, and IL-4
were significantly higher in the previously infected group.

3.5. Local Immunological Alterations during EAE Aggravation
by C. albicans Infection. H&E staining clearly indicated a
strong and similar inflammatory process in the brain and
spinal cord of both EAE and EAE+Ca animals, as shown
in Figure 5. This analogous inflammatory process was con-
firmed by a semiquantitative analysis done in both brain
and spinal cord samples (data not shown). As expected,
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Figure 4: Continued.
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Figure 4: Modulation of MOG-induced cytokine production by previous infection with C. albicans. C57BL/6 mice were infected with C.
albicans and 3 days later they were submitted to EAE induction. Fourteen days after EAE induction, some immunological parameters were
evaluated in the spleen.The percentage of CD3+CD4+ (a) and CD3+CD4+CD25+FoxP3+ (b) was performed by cytometric analysis in 100.000
acquired events. IL-10 (c), TNF-𝛼 (d), IL-6 (e), IL-17 (f), IFN-𝛾 (g), IL-2 (h), and IL-4 (i) levels weremeasured in spleen cell cultures stimulated
with MOG or heat-killed C. albicans. The results are expressed as mean ± SD (𝑛 = 6–8 mice/group). ANOVA, Tukey’s test, and 𝑃 < 0.05.
Different letters indicate statistical difference among the groups (a and b) or among the groups under the same in vitro stimulation (c, d, e, f,
g, h, and i).

no inflammatory infiltrates were present in normal mice
(Figures 5(a) and 5(d)). The amount of total leukocytes
eluted from the CNS from both experimental groups was
also similar as depicted in Figure 5(g). The percentage of
CD3+CD4+ T cells was always higher in the EAE+Ca group,
independently of their previous stimulation with MOG or
heat-killed C. albicans yeasts (Figure 5(h)). Cells eluted from
the CNS of both groups respond in a similar way to in
vitro stimulation with MOG, that is, they produced similar
amounts of TNF-𝛼, IL-17, IFN-𝛾, IL-2, and IL-10 (Figure 6).
However, cells eluted from mice previously infected with
C. albicans (EAE+Ca group) produced much more TNF-𝛼,
IL-6, IL-17, IFN-𝛾, and IL-10 in response toC. albicans in vitro
restimulation (Figure 6).

4. Discussion

Multiple sclerosis (MS) is one of the world’s most common
neurological disorders [2]. The disease develops as a result
of interactions between the environment and the immune
system in genetically susceptible individuals and it has long
been recognized that infections may serve as environmental
triggers for MS [11]. Even though viral agents have been
more usually suspected as aggravating or triggering agents
of this disease, fungi, especially their toxins, were recently
incriminated as relevant underlying causes of MS and thus
may offer an approach towards a more effective adjunct
treatment [19]. C. albicans is the most common fungal
pathogen of humans and its spreading to the brain has been
described during acute infections [21, 22]. Interestingly, fifty
percent of patients with disseminated candidiasis underwent
CNS fungal invasion [23]. Even though C. albicans is usually
more prevalent in immunocompromised individuals, it has

also been reported to cause meningoencephalitis in healthy
individuals [24]. Considering these aspects and the fact that
a possible relationship betweenCandida spp. andMS patients
[16, 17, 19]was recently described,we evaluated the effect of an
experimental infection with this fungus on the development
of EAE, which is a largely accepted model to study the
pathophysiological mechanisms of MS [25].

We initially evaluated the characteristics of C. albicans
infection in C57BL/6 mice, which is one of the strains that
develop encephalomyelitis upon immunization with antigens
from the CNS [26]. This strain developed a widespread
infection characterized by involvement of the majority of the
organs, including the brain and the spinal cord. This diffuse
infection was, however, very well controlled by the immune
system since almost no fungi were recovered after 30 days
of infection. This dissemination of C. albicans to the brain
was already demonstrated not only in C57BL/6 mice [20] but
also in other mouse strains as BALB/c [27] and Swiss [28].
However, this is the first report that indicates spreading of this
fungus to the spinal cord portion of the CNS in mice.

As expected, the infectious process triggered by
C. albicans induced an elevated production of inflammatory
cytokines as TNF-𝛼, IL-6, IFN-𝛾, and mainly IL-17. This
proinflammatory environment was more pronounced by the
3rd day of infection. As these cytokines have been clearly
associated with MS and EAE due to their encephalitogenic
properties [29–32], we choose this period of infection
to induce EAE. This choice was also based on the fact
that the fungus had already reached the CNS at this early
time. C57BL/6 mice were then infected with C. albicans by
intravenous route and 3 days later they were submitted to
EAE induction. A very clear deleterious effect was observed
in EAE development. The animals became sick earlier and,
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Figure 5: Previous infection with C. albicans increases the amount of CD4+ T cells in the CNS. C57BL/6 mice were infected with C. albicans
and 3 days later theywere submitted to EAE induction. Fourteen days after EAE induction, inflammation and%ofCD4+ T cells were evaluated
in the CNS. Inflammatory infiltrates detected by H&E staining are shown in brain samples from EAE (b) and from EAE+Ca (c) groups and
in spinal cord samples from EAE (e) and from EAE+Ca (f) groups. A brain and spinal cord samples from a normal mouse is shown in (a) and
(d), respectively. Total leukocyte number (g) and percentage of CD3+CD4+ T-cell subset (h) (analysis performed in 50.000 acquired events).
The results are expressed as mean ± SD (𝑛 = 6-7 mice/group). Unpaired 𝑡 test, ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 indicate difference between EAE
and EAE+Ca groups under the same in vitro stimulation.

in addition, developed a more severe disease. Higher severity
was characterized by both a higher body weight loss and
a more accentuated degree of paralysis. To the best of our
knowledge, this is the first demonstration that a previous
experimental infection with C. albicans triggered EAE
exacerbation. These findings are relevant because a direct
contribution of C. albicans to this neurological disease has
not been deeply investigated. However, a series of indirect
and epidemiological findings supports this possibility. For

example, Purzycki and Shain [19] proposed that certain path-
ogenic fungi could release toxins that, by destroying CNS
astrocytes and oligodendrocytes, would degrade myelin
triggering the onset of MS and its associated symptoms. By
using immunofluorescence analysis, Benito-León et al. [16]
suggested a serological evidence of a link between Candida
infection and MS condition. By comparing the amount of
anti-Candida antibodies in the sera of normal subjects and
MS patients, these authors suggested that infections with
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Figure 6: Candida specific T cells contribute to elevated production of encephalitogenic cytokines in the CNS. CNS eluted cells were
restimulated with MOG or heat-killed C. albicans and TNF-𝛼 (a), IL-6 (b), IL-17 (c), IFN-𝛾 (d), IL-2 (e), and IL-10 (f) levels were measured
by ELISA. The results are expressed as median, 25–75% (box), and minimum-maximum (error bars) of 6 to 7 mice/group. Mann-Whitney
test, ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 indicate statistical difference between EAE and EAE+Ca groups under the same in vitro stimulation.

Candida spp. could be associated with increased odds
of MS [16]. In addition to specific antibodies, fungal
macromolecules such as proteins, polysaccharides, and
DNA were also detected in blood samples from MS patients
[33]. Besides these serologic evidences, antibodies against

Candida spp. [33] and fungal DNA [17] were also detected in
the cerebrospinal fluid of MS patients.

To unravel, at least partially, the immunological mech-
anism involved in this effect, some peripheral immuno-
logical parameters were compared among EAE, EAE+Ca,
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C. albicans infected (Ca), and normal (CTL) experimental
groups. Even though T regulatory (Treg) mediated responses
remain poorly understood inCandida infection, data indicate
increased proportion of this subset during candidiasis [34,
35]. As FoxP3+ T cells are mostly responsible for EAE
recovery in C57BL/6 mice [36, 37], we initially hypothesized
that Treg expansion could theoretically downregulate EAE
development.This assumptionwas based on the fact that Treg
cells induced during infectious diseases can regulate EAE in
an apparently nonspecificmanner [38]. To test this possibility
we evaluated the effect of the C. albicans infection on the
percentage of this T-cell subset. The expected increase in the
percentage of FoxP3+ T cells was found in the spleen of the
EAE group. However, the proportion of this T-cell subset was
not modified in Ca and in EAE+Ca groups. This finding can
be attributed, at least partially, to the complex relationship,
including cell plasticity, between Treg and Th17 responses
during C. albicans infection [35]. In addition to Treg cells we
also evaluated the percentage of CD4+ T cells and cytokine
production. Previous fungal infection increased CD4+ T-cell
subset in spleen of EAE-mice (EAE+Ca group) and clearly
upmodulated the production of many encephalitogenic
cytokines by spleen cells stimulated withMOG or heat-killed
C. albicans. Even though the effect of EAE on fungal load was
not the focus of this investigation, fungi recovery was usually
significantly lower in the infected animals that had also EAE
(not shown).This finding suggests that the immune response
againstMOG, ormaybe the presence of theCFA, is increasing
fungicidal activity of the immune system. The higher pro-
duction of encephalitogenic cytokines by both stimuli, MOG
and C. albicans, was interpreted as a possible cause of EAE
increased severity as cytokines can easily cross the blood-
brain barrier and directly affect CNS functions [39, 40].

As the histopathology analysis from brain and spinal
cord sections suggested similar degrees of inflammation, we
compared the amounts of leukocytes and CD3+CD4+ T cells
eluted from the CNS. Confirming the H&E analysis, this
comparison revealed the presence of similar numbers of total
cells in EAE and EAE+Ca groups, demonstrating therefore
that the higher disease severity was not due to a higher degree
of inflammatory infiltration. Nevertheless, the immunophe-
notyping analysis showed a higher proportion of CD3+CD4+
T-cell population in the EAE+Ca group. Culture of the cells
eluted from the CNS showed, as expected, that they pro-
duced proinflammatory cytokines in the presence of MOG.
Interestingly, they also produced significant amounts of
proinflammatory cytokineswhen stimulatedwithC. albicans.

Together, these results are suggesting that both peripheral
and local fungus effects are contributing to a more severe
disease development. The translation of these findings to
human patients certainly requires much more investigation
in this area. However, we believe that these findings addmore
evidence thatC. albicans is one of the fungi that can affect this
type of neurological pathology.
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