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Inflammation is a normal physiological defense against
pathogen infection and tissue damage and quickly ends
under normal circumstances. However, in many chronic
conditions, the inflammatory response continues and leads
to significant tissue and organ damage. Recently, increasing
evidences have shown that the abnormal inflammatory
response is closely associated with many chronic diseases,
especially in autoimmune diseases, including rheumatoid
arthritis (RA), inflammatory bowel disease (IBD), systemic
lupus erythematosus (SLE), gout, and diabetes [1–3].
Although the importance of inflammatory dysregulation in
chronic illnesses has been reported in recent studies, the
pathogenesis of inflammation dysfunction in the autoim-
mune diseases remains elusive. Knowledge of the mecha-
nism of inflammation regulation will lead to significant
clinical benefits for the treatment of autoimmune disease.
This special issue showcases a number of original research
articles and review papers on the topic of inflammatory reg-
ulation in autoimmune diseases.

T cell-mediated inflammatory responses have long been
recognized to play an essential role in the development of auto-
immune diseases, including Th1, Th2, and Th17 cell
responses. Recent compelling evidence has shown that abnor-
mal T cell immune response, including Th1, Th2, and Th17
cell responses, was actually having a crucial role in the inflam-
mation of autoimmune diseases [4]. Recent studies showed
that vasoactive intestinal peptide (VIP) modulates the patho-
genic activity of diverse cell subpopulations involved in RA,
including lymphocytes, fibroblast-like synoviocytes (FLS), and
macrophages [5]. In this special issue, R. Villanueva-Romero

et al. summarized the anti-inflammatory and immunomodu-
latory actions of VIP on T cell function in RA. The costim-
ulatory molecule dyad interaction between T cells and APCs
has been linked to the development of abnormal immune
response [6]. Therefore, inhibition of costimulatory molecule
interaction has been suggested to result in impaired T cell
activation. Here, R. O’Dwyer et al. introduced a specific
anti-ICOSL new antigen receptor domain which significantly
alleviated the inflammation of joints and delayed and
reduced overall disease progression and severity in a mouse
model of RA by blocking the ICOS/ICOSL interaction and
inhibiting T cell proliferation. S. Lilliebladh et al. found that
the CCL20 concentrations and percentages of Th17 cells
were increased in anti-neutrophil cytoplasmic antibody-
(ANCA-) associated vasculitide (AAV) patients. Consistently,
Y. Sun et al. also reported that the level of IL-17, the impor-
tant cytokine of Th17, was also elevated in Sjögren’s syn-
drome patients. Numerous studies revealed that Tregs exert
a critical role in immune tolerance and play a protective role
in the autoimmune diseases [7]. Here, J. Sun et al. stably
induced human CD8+ regulatory T cells (hCD8+ Tregs) by
TGF-β1 and rapamycin (RAPA). Importantly, these hCD8+
Tregs could significantly alleviate the severity of
collagen-induced arthritis. In addition to TGF-β1 and RAPA,
J. Zhu et al. reported that cytokine IL-33 can also protect
mice against DSS-induced chronic colitis by increasing regu-
latory T cell responses and inhibiting Th17 cell response. S.
Zhang et al. meta-analyzed the proportions of Tregs present
during the development of SLE. Besides, M. Morelli reported
that the JAK inhibitor tofacitinib impaired the inflammatory
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effects of IFN-γ and IL-22 produced by Th1 and Th22 in the
pathogenesis of psoriasis.

In addition to T cell, many other immune cells were also
implicated in the development of autoimmune diseases. B
cells are best known for their capacity to produce antibodies,
which often play a deleterious role in the development of
autoimmune diseases. B cell depletion is expected to alter B
cell-mediated antibody production and cytokine secretion
[8]. B. Yamout et al. demonstrated that rituximab was well
tolerated and effective in reducing the relapse rate and dis-
ability progression in relapsing-remitting and progressive
MS patients. Regulatory B cells (Bregs) were increasingly
gaining attention for restraining inflammation through
suppressing the differentiation of Th1 and Th17 immune
responses in the development of autoimmune diseases
[9, 10]. J. Zhu et al. here also demonstrated that IL-33
expanded Bregs in the DSS-induced colitis animal model.
The innate immune cells monocytes/macrophages were con-
sidered as the important regulator in hepatic inflammation.
H. Li et al. demonstrated that M1 macrophages promoted
hepatic progenitor cell (HPC) self-renewing phenotype
which was closely associated with Notch signaling activation.
Toll-like receptor (TLR), a critical molecule of the innate
immune system, plays a critical role in the development of
autoimmune diseases. R. Shamilov and B. Aneskievich
reviewed the regulation of TNIP1 on TLR signaling in auto-
immune diseases. J. Sun et al. demonstrated that human
amnion mesenchymal cells (hAMC) could attenuate the
inflammation and promote the remyelination in EAE mice,
which might be a promising cell source for the therapy of MS.

Epigenetic mechanism has been implicated in the devel-
opment and progression of many autoimmune diseases
[11]. In this special issue, X. Wang et al. showed that meth-
ylation variabilities among the same cytokines can greatly
impact the perpetuation of the inflammatory process or sig-
nal pathway of autoimmune diseases, and differentiating
the cytokine methylation status will contribute to under-
standing of the mechanisms of the diseases. Y. Li et al.
reported that the activity of HDAC3 was reduced in
peripheral blood mononuclear cells of patients with RA,
while the acetylation of histone H3 was increased. J. G. Fer-
nandes et al. analyzed the miRNA and gene expression pro-
files in peritoneal cells of AIRmax and AIRmin lines, and
some miRNAs were significantly highly expressed in the
pristine-induced arthritis-susceptible animals. Furthermore,
many immune-mediated diseases showed gender and age
difference. Y. Cao et al. reported that different genes in
the Ifi200 family play different roles in sex difference in
autoimmune diseases, and Y. Huang summarizes the rela-
tionship between inflammatory aging and premature ovar-
ian insufficiency.

Collectively, all research and review articles in this special
issue covers many important aspects in the area of inflamma-
tory regulation in autoimmune diseases, whichwould provide
some new ideas for diagnosis and treatment in these diseases.
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Objective. To investigate the potential therapeutic effect in a rheumatoid arthritis model of stable human CD8+ regulatory T cells
(hCD8+Tregs) induced by TGF-β1 and rapamycin (RAPA) in vitro. Methods. Human CD8+T cells were isolated from human
peripheral blood mononuclear cells and induced/expanded with TGF-β1 and RAPA along with anti-CD3/28 beads and IL-2
in vitro and harvested as hCD8+Tregs. The phenotypes, suppressive characteristics, and stability of the hCD8+Tregs in an
inflammatory microenvironment were examined in vitro. Human CD8+Tregs were transfused into an acollagen-induced
arthritis (CIA) mouse model, and their therapeutic effects and related mechanisms were investigated. Results. Human
CD8+Tregs induced by TGF-β1/RAPA showed high expression of Foxp3 and CD103, exhibited vigorous suppression ability,
and were stable in inflammatory microenvironments. In CIA mice, the clinical scores, levels of anti-collagen IgG antibody, and
cartilage destruction were significantly reduced after adoptive transfusion with hCD8+Tregs. Moreover, hCD8+Treg treatment
significantly reduced the number of Th17 cells, increased the number of CD4+IFN-γ+T cells, and produced self
CD4+Foxp3+Tregs in vivo. In an in vitro cell coculture assay, hCD8+Tregs significantly inhibited mouse CD4+ effector T cell
proliferation, induced mouse CD4+Foxp3+Treg and CD4+IFN-γ+Th1 cell production, reduced Th17 cell development, and
downregulated CD80/86 expression on mature DCs (mDCs). Conclusion. TGF-β1/RAPA can induce hCD8+Tregs with stable
suppressive characteristics, which could significantly alleviate the severity of CIA based on their stable suppressive ability in an
inflammatory microenvironment and further influence the function of other downstream cell subtypes. Human CD8+Tregs
might be a therapeutic strategy for rheumatoid arthritis.

1. Introduction

Rheumatoid arthritis (RA) is a common autoimmune disor-
der disease characterized by persistent synovitis, systemic
inflammation, and autoantibodies; RA develops slowly but
causes a poor quality of life for patients [1]. As a
well-established model of human RA, collagen-induced
arthritis (CIA) in mice shares many key features with RA in
humans, such as synovitis, erosion of both bone and carti-
lage, and MHC II molecular-linked susceptibility [2, 3], and

is commonly used to study the cause of RA and/or develop
new therapies. Previous studies have shown that regulatory
T cells (Tregs) in autoimmune disease (AID) patients are
deficient or dysfunctional [4] and that transfusing Tregs has
an efficient therapeutic function in AID models [5, 6]. There-
fore, Tregs have been considered promising candidates as
cellular therapy for RA.

Tregs are potent suppressors of T cell responses in vitro
and in vivo [7] and play an essential role in immune regula-
tion and autoimmune disease prevention. However, the
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number of natural CD4+Foxp3+Tregs (nTregs) is very low,
which severely restricts their clinical application. Moreover,
the suppression function of natural CD4+Tregs is very unsta-
ble, especially in inflammatory conditions, in which the cells
show attenuation of Foxp3 expression, conversion into Th17
cells, and failure to affect established diseases [8, 9]. There-
fore, it is desirable to find an approach that can expand stable
Tregs for cellular therapy.

Fortunately, recent reports have indicated that there are
CD4+Treg subtypes and CD8+Treg subtypes in the “Treg
family” [10]. As a new Treg subtype, CD8+Tregs also express
a high level of Foxp3, a commonly known key marker of
Tregs, and play an important role in the maintenance of
self-tolerance, independent of CD4+T cells [11], inducing
the conversion of CD4+Foxp3+Tregs to Th17 [12]. Thus,
CD8+Tregs appear to be a better therapeutic cell candidate
for AID treatment.

Several approaches for the induction of antigen-specific
CD8+Tregs in vitro have been reported [13]. However,
no reliable protocol for the ex vivo induction of human poly-
clonal CD8+Foxp3+Tregs is currently available. TGF-β1 was
reported to induce Foxp3+Tregs from CD4+CD25−T cells
[14], and TGF-β1 plus low-dose rapamycin (RAPA) syner-
gize to upregulate Foxp3 expression and suppress human
T cell responses [15]. Therefore, in this study, TGF-β1
plus RAPA was used to induce and adequately expand
hCD8+Foxp3+Tregs from hCD8+T cells in vitro, and the
characteristics and stability of these induced hCD8+-

Foxp3+Tregs were identified. Furthermore, the therapeutic
function of hCD8+Foxp3+Tregs in CIA mice after adoptive
transfusion was confirmed, and the related mechanism of
hCD8+Foxp3+Treg treatment was revealed.

2. Materials and Methods

2.1. The Induction and Expansion of CD8+Tregs. This study
was approved by the Ethics Committee of Shanghai Blood
Center (Permit Number: SBC-IRB-2013-07). All human
donors were enrolled in the study after providing written
informed consent. Human CD8+T cells were derived from
peripheral blood mononuclear cells (PBMCs) collected from
healthy blood donors (Shanghai Blood Center, Shanghai,
China) and sorted using a human CD8+T cell isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). Briefly, 1 ×
105/mL hCD8+T cells were induced with TGF-β1 (50ng/mL,
PeproTech) and RAPA (100nM, LC Laboratories) plus anti--
CD3/CD28-coated expansion beads (cells beads = 1 4,
Invitrogen) and IL-2 (1600 IU/mL, PeproTech) in 1% human
AB serum (from healthy blood donors, Shanghai Blood Cen-
ter, China) in RPMI 1640. Cells were cultured in 96-well
round plates and harvested after 9 days.

2.2. Flow Cytometry Analysis. Human CD8+Tregs were
stained with anti-human CD28, CD103, and PD-1-PE (BD
Pharmingen). For intracellular staining, cells were fixed,
permeabilized, and stained with anti-human Foxp3, IL-2,
IL-10, IL-17, and IFN-γ-PE (BD Pharmingen) after stimula-
tion by phorbol-myristate-acetate (PMA, 25 ng/mL, Sigma),
ionomycin (ION, 1μg/mL, Sigma), and monensin (MON,

2μg/mL, Sigma) for 4 hours. The expression of surface or
intracellular markers was measured by FACS.

2.3. Measurement of Cytokines by Cytometric Bead Array
(CBA). Human CD8+Tregs (1 × 106 cells/mL) were washed
twice and stimulated with PMA (25ng/mL) and ION
(1μg/mL) in 1% human AB serum RPMI 1640 for 24 hours.
The same culture medium as that used for the control
was used. Following activation, supernatants were har-
vested for the CBA assay (BD Pharmingen) to examine
the secretion of TGF-β1, IL-17A, and IFN-γ according to
the manufacturer’s protocol.

2.4. In Vitro Treg Stability in Inflammation. Human CD8+-

Tregs (5 × 105 cells/mL) were activated with anti-CD3/CD28
expansion beads (cells beads = 1 1) with the following
inflammatory mixtures: inflammatory mixture-A (Infla-A)
contained IL-2 (10 IU/mL), IL-1β (10 ng/mL), IL-6
(4 ng/mL), and TGF-β1 (5 ng/mL), and inflammatory
mixture-B (Infla-B) contained IL-2 (10 IU/mL), IL-21
(25 ng/mL), IL-23 (25 ng/mL), and TGF-β1 (5 ng/mL). All
inflammatory factors were purchased from PeproTech.
Human CD8+Tregs were cultured with IL-2 (10 IU/mL) as
the control. Supernatants were harvested and evaluated by
CBA after 6 days. Meanwhile, the expression levels of Foxp3,
IL-2, IL-17A, and IFN-γ were determined on days 3, 6, and 9
by FACS after hCD8+Tregs were cultured with Infla-A or -B.

2.5. The Stability of hCD8+Tregs In Vitro after Removing
Induction Factors or Decreasing Expansion Factors. Human
CD8+Tregs were washed twice to remove the induction fac-
tors (TGF-β1 and RAPA), cultured in normal expansion
conditions (IL-2, 1600 IU/mL; anti-CD3/CD28 expansion
beads, cells beads = 1 4), 1/2 normal expansion conditions
(IL-2, 800 IU/mL; cells beads = 1 2), or 1/10 normal expan-
sion conditions (IL-2, 160 IU/mL; cells beads = 1 0 4).
Cells cultured with a conventional dose of TGF-β1/RAPA in
expansion conditions were considered controls. Foxp3
expression was determined on days 3, 6, and 9 by FACS to
reflect Treg stability.

2.6. Collagen-Induced Arthritis (CIA) Model. The animal
study was approved by the Institutional Animal Care and
Use Committee of Shanghai Blood Center (Permit Number:
SBC-IRB-2016-02). All animal studies involving mice were
conducted in strict accordance with the recommendations
in the guidelines of the Institutional Animal Care and Use
Committee of the Chinese Association for Laboratory Animal
Sciences. Mice were maintained in specific pathogen-free
conditions and received standard laboratory food and water.
All surgeries were performed under diethyl ether anesthesia,
and the mice were sacrificed using carbon dioxide, which
minimizes animal suffering. Six to eight-week-old male
DBA1/J mice were purchased from SLACAS (Shanghai,
China). CIA mice were immunized twice on days 0 and 21
with bovine type II collagen (CII, Chondrex) [16]. After 28
days, the onset of CIA was confirmed and examined every
two days using the scoring system, as previously described
[17]. An arthritis score (range, 0-16) was assigned to each
mouse by summing the scores of each paw.
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2.7. Adoptive Transfusion of hCD8+Tregs.On day 28 after the
first CII immunization, CIA mice were stochastically divided
into 3 groups, which were transfused intravenously with 4
× 106 hCD8+Tregs, 4 × 106 PBMCs, and PBS only and
termed the hCD8+Treg group, the PBMC group, and the
control group, respectively. Mice were examined every two
days for the next 4 weeks.

2.8. CD8+Treg Survival in CIA Mice. On day 28 after the first
CII immunization, 4 × 106 hCD8+Tregs labeled with CFSE
were transfused intravenously into CIA mice. After 3 days
of transfusion, the mice were sacrificed, and the feet, spleen,
lymph node, and blood cells were collected, labeled with PE
anti-human CD8 and APC anti-human Foxp3 antibodies,
and then evaluated by FACS. CFSE+CD8+ cells were consid-
ered survival hCD8+Tregs in CIAmice, and the percentage of
Foxp3 expression was also examined to indicate hCD8+Treg
stability after transfusion in vivo.

2.9. Histology Evaluation of CIA.Mice were sacrificed on day
56 after the first CII immunization; the paws were collected,
and the joint tissues were fixed in 4% paraformaldehyde, dec-
alcified in the EDTA, and embedded in paraffin. The sections
were then dewaxed using xylene and dehydrated through
an alcohol gradient. Endogenous peroxidase activity was
quenched with methanol/3% H2O2. Sections were stained
in a routine manner with H&E and Safranin O-Fast Green.

2.10. Anti-bovine CII IgG Detection in Serum. Mice were
sacrificed individually on day 56 after the first CII immu-
nization, and the serum was maintained at −70°C until
use. The content of the anti-bovine CII IgG antibody
was tested by ELISA (Chondrex) according to the manu-
facturer’s instructions.

2.11. Detection of Cell Subsets in Mouse Spleen and mRNA
Expression in Mouse Paws. Mice were sacrificed 72 hours
after hCD8+Treg transfusion, and splenocytes were isolated
and stimulated with PMA (25 ng/mL), ION (1μg/mL), and
MON (2μg/mL) in RPMI 1640 supplemented with 10% fetal
bovine serum (Invitrogen) for 4 hours. Cells were labeled
with FITC anti-mouse CD4 (mCD4), and intracellular cyto-
kines were stained with PE anti-mouse Foxp3, IL-17A, and
IFN-γ. The percentages of Foxp3+, IL-17A+, and IFN-γ+ cells
in mCD4+T cells were detected by FACS.

For mRNA detection, the mice were sacrificed 72 hours
after transfusion, and the paws were collected. The tissues
were ground in liquid nitrogen, and mRNAwas subsequently
extracted, transcribed to cDNA, and evaluated by q-PCR.

2.12. Suppression Assay. Mouse CD4+CD25−T (mCD4+-

CD25−) cells were isolated from splenocytes, labeled with
CFSE, and stimulated with anti-mouse CD3/CD28 expan-
sion beads (cells beads = 1 1), mouse IL-2 (40 IU/mL),
and bovine CII (100 ng/mL). Human CD8+Tregs were then
added at different doses (hCD8+Tregs :mCD4+CD25− effec-
tor T cells = 1 1, 1 : 2, 1 : 4, and 1 : 16). After 3 days of cocul-
ture, cells were detected by FACS, and the CFSE dilution
was analyzed to calculate the inhibition ability. CD8+Treg
inhibition ability was evaluated using human allogeneic and

autogeneic assays. Human CD4+CD25−T cells were purified
from the same donor with CD8+Treg (autogeneic) or not
(allogeneic), labeled with CFSE, stimulated with anti-human
CD3/CD28 expansion beads (cells beads = 1 1) and
human IL-2 (40 IU/mL), cocultured at different ratios
(hCD8+Tregs : hCD4+CD25− effector T cells = 1 1, 1 : 4,
1 : 16, or 1 : 64), and evaluated by FACS after 3 days.

2.13. Influence on mCD4+CD25− Cell Differentiation and
Apoptosis. Purified mCD4+CD25−T cells were cocultured
with hCD8+Tregs, as described above, at a ratio of 1 : 1 for 4
days. Mouse CD4+CD25−T cells were selected by staining
with FITC-anti-mouse CD4. Foxp3+, IFN-γ+, and IL-17A+

cells in mCD4+CD25−T cells were evaluated to determine
mCD4+CD25−T cell differentiation. The mCD4+CD25−T
cells were stained with Annexin V and propidium iodide
(PI) to measure apoptosis.

2.14. Influence of CD80/CD86 Expression on DCs. Mouse
DCs (mDCs) derived from bone marrow were cultured in
medium containing GM-CSF (20ng/mL, PeproTech) and
IL-4 (1 ng/mL, PeproTech). On day 6, DCs were loaded with
CII (10μg/mL, Chondrex), matured with LPS (100 ng/mL,
Sigma) for 16 hours, and subsequently cocultured with or
without 5 × 104 hCD8+Tregs (at the ratio of Tregs mDCs =
5 1) for 24 hours. In the same manner, mCD4+CD25−T
cells cocultured with mDCs were used as controls. APC
anti-mouse CD11c was used for staining to select DCs, and
CD80/CD86 expression in mDCs was analyzed.

2.15. Statistical Analysis. The data are presented as the mean
± standard error of the mean (SEM). All statistical analyses
were performed using GraphPad software version 6.0 for
Windows. The intergroup analysis was performed using Stu-
dent’s t-test. P values below 0.05 were considered significant.

3. Results

3.1. Human CD8+CD103+Foxp3+Treg Cells Can Be Induced
by TGF-β1/RAPA with Suppressive Characteristics In Vitro.
The clinical application of Tregs requires a large amount of
highly suppressive and stable Tregs. The characteristics of
hCD8+Tregs are still not clear, although some studies have
noted this new type of Tregs. Therefore, in this study, the
phenotypes and suppression ability of ex vivo polyclonal
induced/expanded hCD8+Tregs were analyzed.

As shown in Figure 1(a), hCD8+Tregs were induced by
TGF-β1 and RAPA from hCD8+T cells and expanded
in vitro; the cells expressed high levels of Foxp3, CD25, and
CD103 (Figure 1(b)). Meanwhile, these hCD8+Tregs had sta-
ble activity, and the apoptosis percentage was only 6 40 ±
1 05% (not shown). Compared with expanded hCD8+T
cells as controls, the induced hCD8+Tregs expressed
lower levels of IFN-γ and IL-2 and increased IL-10. In
particular, the secretion of TGF-β1 was significantly
upregulated (Figure 1(c)). Moreover, the hCD8+Tregs were
IL-17A-negative, and there was no IL-17A secretion in the
culture supernatant.

To investigate the stable and potent regulatory function
of induced hCD8+Tregs, the cells were cocultured with
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Figure 1: Phenotypes, cytokines, and suppressive ability of induced/expanded human CD8+Tregs in vitro. (a) The induction and expansion
of human CD8+Tregs. A total of 1 × 105 CD8+T cells derived from human PBMCs were sorted and induced with TGF-β1 and RAPA plus
anti-CD3/CD28 expansion beads and IL-2 for 9 days. hCD8+ T cells were derived from the same CD8+ T cells using expansion beads and
IL-2, but without TGF-β1 or RAPA. Expended CD8+ T and CD8+Treg cells were collected and counted with a hemocytometer under a
microscope, and cell numbers and expansion folds were calculated. (b) Phenotypes of induced human CD8+Tregs analyzed by FACS.
Human CD8+Tregs and T cells were collected and stained with anti-human CD28, CD103, and PD-1-PE. Foxp3 was also measured after
the cells were fixed, permeabilized, and stained with anti-human Foxp3-PE. (c) Cytokine expression in induced human CD8+Tregs. On
day 9, human CD8+Tregs were harvested, washed twice with PBS, and stimulated with PMA, ION, and MON for 4 hours; then,
intracellular cytokines, such as IL-2, IL-10, IL-17, and IFN-γ, were evaluated by FACS. Meanwhile, human CD8+Tregs and T cells
were treated with the above method, but without MON stimulation, for 24 hours, and TGF-β1 secretion in the supernatant was
evaluated by ELISA. (d) Inhibition of human CD8+Tregs on autologous and allogeneic human CD4+CD25− effector T cells. Briefly,
5 × 104 human CD4+CD25− effector T cells (Teffs) labeled with CFSE were stimulated with anti-human CD3/CD28 expansion beads
and IL-2 and cocultured with human CD8+ T cells or human CD8+Tregs for 3 days (CD8+Treg CD4+Teff = 1 1, 1 : 4, 1 : 16, and
1 : 64). For autogenic inhibition, purified CD4+CD25− effector T cells and expanded CD8+T and CD8+Tregs were derived from the
same donor, while CD4+CD25− effector T cells were purified from different donors with CD8+ T and CD8+Treg cells in allogeneic
inhibition assay. CFSE dilutions were investigated to reflect CD4+Teff proliferation. Inhibition ability was calculated by (control Teff
proliferation−Teff with Treg proliferation)/(control Teff proliferation)× 100%. Each mean represents at least 3 individual samples; the
bars indicate the mean ± SEM; ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001.
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CFSE-labeled autogenetic or allogeneic human CD4+CD25−

(hCD4+CD25−) effector T cells at different ratios in vitro.
The data showed that hCD8+ Tregs had potent suppressive
activity on both autogenetic and allogeneic effects of T cell
proliferation, and there was no significant difference between
autogenetic and allogeneic T cells (Figure 1(d)). Therefore,
Treg suppressive functions were maintained, whether
autogenetic or not, and this finding is the basis for the wide
application of Tregs in cell therapy.

3.2. Human CD8+CD103+Foxp3+Tregs Show Stable
Suppressive Characteristics without Induction Factors or in
an Inflammatory Microenvironment In Vitro. Many studies
have shown that natural CD4+ regulatory T cells (nTregs)
are unstable and convert into Th17 cells when they encounter
inflammation, which is harmful for use in clinical therapy
[8, 9]. Thus, whether induced hCD8+Foxp3+Tregs can
maintain their suppressive characteristics in the microenvi-
ronment without induction factors or within inflammatory
factors in vitro was investigated. Our research found that
after hCD8+Tregs were induced by TGF-β1/RAPA for 9
days, the Foxp3 expression of these hCD8+Tregs was still
maintained without induction factors after subsequent cul-
ture and even exhibited a reduced need for stimulation
beads and IL-2 (Figures 2(a) and S1). More importantly,
the results showed that compared with the control Tregs
under normal conditions, the levels of Foxp3, IL-2, and
IFN-γ expression on hCD8+Foxp3+Tregs in two different
inflammatory conditions (imitated with different inflam-
matory cytokine mixtures) on days 3, 6, and 9 were not
significantly different (Figures 2(b) and S2). Additionally,
hCD8+Foxp3+Tregs did not completely express IL-17A in
the above two inflammation conditions. Meanwhile,
compared with hCD4+Tregs, IL-17A and IFN-γ secretion
in the culture supernatant of hCD8+Tregs stimulated by
different inflammatory cytokines on day 6 was lower
(Figure 2(c)).

3.3. After Adoptive Transfusion, Human CD8+Tregs Can
Survive and Are Stable in CIA Mice. As described above,
human CD8+Tregs were stable when they encountered dif-
ferent inflammatory factors in vitro. However, it was still nec-
essary to investigate the stability of human CD8+Tregs and
their survival under complex inflammatory conditions, simi-
lar to CIA onset in mice. Thus, the survival of hCD8+Tregs
and their Foxp3 expression in different tissues were tested
in established CIA mice after hCD8+Tregs were transfused
into mice for 72 hours. The FACS results indicated that
hCD8+Tregs were present in the feet (27 40 ± 2 03%), spleen
(1 90 ± 0 05%), lymph node (0 50 ± 0 04%), and blood
(4.55± 1.03%) of CIA mice, as shown in Figures 3(a)
and 3(b). The percentage of Foxp3+ cells in the surviving
hCD8+Tregs remained for at least 72 hours in vivo,
revealing that hCD8+Tregs are stable after transfusion in
CIA mice.

3.4. Human CD8+Tregs Induced by TGF-β1/RAPA Display
Effective Anti-arthritic Activities in CIAMice. The CIAmodel
of arthritis is a well-established method for evaluating

therapeutic interventions in autoimmune arthritis. Briefly,
4 × 106 hCD8+Tregs or PBMC were transferred into CIA
mice on day 28 after the first CII immunization, and then
the arthritic index and histopathology were examined. Dur-
ing the 4-week observation period, compared with mice that
were injected with commensurable PBMCs or the untreated
control CIA mice, mice infused with 4 × 106 hCD8+Tregs
had lower arthritis scores. On day 51, the scores of hCD8+-

Treg-treated mice were stably controlled at 6 50 ± 0 48,
while those of both the PBMC-treated and untreated groups
increased remarkably to approximately 11.50, with no signif-
icant difference between them. Thus, the statistical analysis
showed that hCD8+Tregs had significant suppressive ability
in CIA mice (Figure 4(a)). Meanwhile, the levels of
CII-specific IgG antibodies in the serum from different treat-
ment groups on day 56 were also investigated, and hCD8+-

Treg treatment significantly reduced CII-specific IgG
antibody secretion, as shown in Figure 4(b).

Because lymphocyte T cell infiltration and cartilage
erosion reflect the damage caused by disease, histological dif-
ferences in normal DBA1/J, control CIA mice, and hCD8+-

Treg-treated CIA mice were assessed on day 56 after the
first CII immunization (Figure 4(c)). Examination of patho-
logical specimens revealed that compared with those of con-
trol CIA mice, the joints of mice treated with hCD8+Tregs
showed a remarkable decrease in the destruction of cartilage
and infiltration of inflammatory cells.

3.5. Human CD8+Tregs Can Influence Splenic CD4+T
Subtypes and the Expression of Various Cytokine mRNAs in
the Feet of CIA Mice. Mouse CD8+Treg transfusion can
induce conventional CD4+Foxp3+T cells and concurrently
suppress effector T cell expansion to alleviate disease severity
in EAE and skin allograft mouse models [13, 18]. Therefore,
further investigation of the potential therapeutic functional
mechanisms of hCD8+Tregs on CIA mice was conducted.
In established CIA mice, the CD4+T cell subtype in mouse
spleens after hCD8+Treg treatment for 3 days was evaluated
by FACS. Human CD8+Treg therapy significantly induced
the generation of mouse self-CD4+Foxp3+Tregs and CD4+-

IFN-γ+T cells in the spleen (Figure 5(a)). Additionally, after
transfusion for 3 days, the mRNA expression of IL-17,
TNF-α, receptor activator for nuclear factor-κB ligand
(RANKL), matrix metalloproteinase-1 (MMP1), and
MMP9 in the feet of hCD8+Treg-treated and untreated CIA
mice was determined by real-time PCR. Furthermore,
hCD8+Treg treatment obviously reduced the mRNA expres-
sion of IL-17A, RANKL, and MMP1, while TNF-α and
MMP9 showed no significant change (Figure 5(b)).

3.6. Human CD8+Tregs Can Suppress mCD4+CD25−T Cell
Proliferation, Influence mCD4+CD25− T Cell Differentiation,
and Reduce CD80/86 Expression on mDCs. To further dem-
onstrate the influence of hCD8+Tregs on mouse CD4+-

CD25−effector T cells from CIA mice (as CIA-Teffs in
Figure 6(a)), hCD8+Tregs were cocultured with CIA-Teffs
for 3 days in vitro. CIA-Teffs underwent proliferation after
stimulation by anti-mouse CD3/CD28 expansion beads,
but this proliferation was suppressed by the presence of
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Figure 2: Stability of human CD8+Tregs without induction factors or in an inflammatory microenvironment in vitro. (a) Foxp3 expression
when induction factors were removed in vitro. Compared with normal induction/expansion conditions, the level of Foxp3 expression in
induced human CD8+Tregs when induction factors (TGF-β1 and RAPA) were removed or induction factors were removed with only 1/2
or 1/10 of normal expansion factors. (b) Stability of induced human CD8+Treg cells in two different inflammatory conditions in vitro.
Two inflammatory microenvironments were modeled with different inflammatory cytokine mixtures (Infla-A: IL-2 10 IU/mL, IL-1β
10 ng/mL, IL-6 4 ng/mL, and TGF-β1 5 ng/mL; Infla-B: IL-2 10 IU/mL, IL-21 25 ng/mL, IL-23 25 ng/mL, and TGF-β1 5 ng/mL). Then,
CD8+Tregs were cultured in these two different inflammatory microenvironments, and IL-2, Foxp3, and IFN-γ expression of human
CD8+Tregs was evaluated on days 3, 6, and 9 by FACS. (c) Compared with human natural CD4+Tregs, IFN-γ and IL-17A secretion in the
supernatant on day 6 was investigated by CBA. Human natural CD4+CD25+Treg cells were purified from PBMCs and expanded with
anti-CD3CD8/CD28 beads plus RAPA in vitro. After 9 days of expansion, CD4 Treg cells were harvested and washed. Expended
CD8+Tregs and CD4+Tregs were cultured in the above two inflammation conditions (Infla-A and Infla-B) for 6 days. The supernatant
was collected, and IL-17A and IFN-γ secretion was evaluated with CBA. Each mean represents at least 3 individual samples; the bars
indicate the mean ± SEM; ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001.
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hCD8+Tregs. These data showed that hCD8+Tregs exhibited
potent suppressive activity against CIA-Teff proliferation
and induced apoptosis (Figures 6(a) and 6(b)).

Moreover, hCD8+Tregs also affected the differentiation
of mCD4+CD25−T cells. As shown in Figure 6(c), hCD8+-

Tregs induced the production of mouse self-CD4+Foxp3+-

Tregs and CD4+IFN-γ+Th1 cells and inhibited the
development of Th17 cells in an in vitro cell coculture assay,
revealing that the disease process was controlled through
these pathways.

Additionally, as antigen-presenting cells, DCs play an
important role in the immune response. In an in vitro
coculture assay, hCD8+Tregs could downregulate CD80 and
CD86 expression in mature DCs from CIA mice, whether
mCD4+CD25− effector T cells were present (Figure 6(d)).

4. Discussion

Recently, several studies have revealed that CD4+Tregs play a
critical role in cell therapy in AID models [2, 3]. However,
these studies have also indicated that nTregs have plasticity
when they encounter inflammatory factors and lose their
suppression function to modify established disease [8, 9].
Fortunately, recent reports have indicated that there are
CD4+Treg subtypes and CD8+Treg subtypes in the Treg fam-
ily [10]. Unlike CD4+Tregs, the characteristics and function
of CD8+Tregs remain unclear. Several subsets with different
markers, such as CD8+Fopx3+, CD8+CD28−, or CD8+-

CD103+ T cells, are generally considered to be suppressive
CD8+T cells or CD8+Tregs, all of which have been shown
to control immune responses in preclinical and clinical
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Figure 3: Survival and stability of induced human CD8+Tregs transfused into CIA mice. Briefly, 4 × 106 human CD8+Tregs labeled with
CFSE were transfused into established CIA mice on day 28 by i.v. After 72 hours of adoptive infusion, the mice were sacrificed, and the
cells in their blood (BD), spleen cells (SC), lymph nodes (LN), and paws (foot, FT, minced, and digested) were harvested and labeled using
PE-conjugated anti-human CD8. The cells were subsequently fixed, permeabilized, and labeled with anti-human APC-Foxp3 and
evaluated by FACS. CD8+CFSE+ cells were considered surviving CD8+Tregs, and the percentage of Foxp3-positive cells in CFSE+CD8+

surviving cells was investigated to evaluate the stability of CD8+ Tregs in CIA. (a) Survival of human CD8+Tregs after transfusion into
CIA mice for 72 hours. Representative flow data showed surviving human CD8+CFSE+Treg (above) and Foxp3 expression in surviving
CD8+Tregs (below). (b) Quantitative analysis of surviving human CD8+Tregs in vivo after transfusion for 72 hours. (c) Quantitative
analysis of Foxp3 expression in surviving human CD8+Tregs in vivo after transfusion for 72 hours. Each mean represents data from 5
mice in each group; the bars indicate the mean ± SEM; ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001.
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models [12, 13]. However, the exact properties of the CD8+

suppressor/regulatory T cells, as well as their suppressive
function and related mechanism in allogeneic transplanta-
tion, remain elusive.

Recently, some studies have provided several approaches
for the induction of antigen-specific CD8+Tregs with sup-
pressive functions [13, 19], but there is currently no reliable
protocol for the ex vivo induction and large-scale expansion
of human polyclonal CD8+CD103+Foxp3+Tregs to investi-
gate their suppression ability in immune disorders. Addi-
tionally, several studies have shown that TGF-β1 and
RAPA can induce CD4+T cells into CD4+Foxp3+Tregs.
In this study, we successfully established an effective method
to induce/expand human CD8+Tregs using TGF-β1 plus

RAPA in vitro. These novel induced hCD8+Tregs expressed
a stable and high level of Foxp3, CD103, and PD-1, showed
no secretion of IL-17A even in an inflammatory microen-
vironment, and survived in vivo. In addition, the induced
CD8+Tregs possessed potent regulatory activity in vitro
and in vivo. Human CD8+Tregs reduced disease severity
in the CIA model, induced mouse self-CD4+Foxp3+Tregs
and CD4+IFN-γ+ cells, reduced mouse Th17 cells, and
influenced mouse mRNA expression in CIA paws. TGF-β1
and RAPA could induce CD8+T cells to stably express
Treg characteristics.

Suppression ability is the most important functional
character of Tregs, which makes it a unique subtype distinct
from other T cells. In our research, we found that
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Figure 4: Therapeutic functions of human CD8-Tregs on collagen-induced arthritis in mice. Briefly, human 4 × 106 CD8+Tregs were
adoptively transferred into established CIA mice on day 28 after the first immunization. Mice were scored for clinical signs of arthritis in
the limb joints by macroscopic examination three times a week. Limb joint arthritis was assessed by an established scoring system. A
series of arthritic indices were examined. (a) Clinical scores. Arthritic scores analyzed from day 21 in each group (untreated CIA mice,
PBMC-treated mice, and CD8+Treg-treated mice) during the observation period are shown. Each group had at least 6 individual
mice; ∗ compared with CIA mice and the PBMC group by unpaired t-tests. (b) Anti-bovine CII IgG detection in serum. Sera were
collected on day 56 to measure the content of anti-CII-specific IgG antibody by ELISA. Each mean represents at least 3 individual
samples; the bars indicate the mean ± SEM; ∗P < 0 05 and ∗∗P < 0 01. (c) Histology evaluation. Hind paws were collected on day 56.
Images of the affected paws were captured, and tissues were stained with Safranin O-fast green (upper, showing cartilage erosion) and
H&E (lower, showing synovial joint inflammation) (magnification, 200x). The arrows indicate representative areas of cartilage erosion
(upper) and synovial joint inflammation (lower); statistics results were calculated from 3 individual mice.
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hCD8+Tregs induced by TGF-β1/RAPA had potent suppres-
sive activity on both autogenetic and allogeneic effects of
T cell proliferation. More startling, these induced hCD8+-

Tregs could also inhibit the proliferation of mouse CD4+

effector T cells. Meanwhile, in the cell survival assay, we
found that hCD8+Treg adoptive transfusion into CIA mice
was not cleared immediately and instead remained for some
days to play an effective suppressive function during the
disease process. These exciting findings suggest that
hCD8+Tregs would be a stable suppressive functional candi-
date for cellular therapy, which would provide substantial
possibilities for autogenetic or allogeneic clinical therapy.

In some mouse models, it was reported that CD8+Treg
transfusion could alleviate disease severity and improve
mouse self-immune system remodeling. Some studies

showed that CD8+Treg transfusion induced conventional
CD4+Foxp3+T cells to alleviate disease severity in EAE and
skin allograft models [18]; others also indicated that
antigen-specific CD8+Treg cell could induce CD4+Treg cell
generation/migration into the lymph node [13]. In our find-
ings, hCD8+Treg therapy significantly induced mouse
self-mCD4+Foxp3+Tregs and mCD4+IFN-γ+T cells in the
spleen. However, studies on the role of endogenous IFN-γ
yielded conflicting results. Mice lacking functional IFN-γ
were found to develop more severe CIA [20], and IFN-γ
can reduce the number of available osteoclast precursors
[21] and inhibit the IL-1β-mediated production of MMP1
and MMP3 to limit cartilage degradation [22]. Further-
more, IL-17 differentiation is suppressed by IFN-γ [23].
Our results obviously showed that hCD8+Treg treatment
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Figure 5: The mechanisms of human CD8+Treg-controlled CIA mice in vivo. (a) The influence of human CD8+ Tregs on splenic CD4+ T cell
subtypes in CIAmice. Splenic cells were isolated, and the CD4+ T cell subtypes were determined after 72 hours of transfer. The levels of Foxp3,
IL-17A, and IFN-γ in mouse CD4+T cells were evaluated by FACS. The right graph shows the representative FACS data, and the left graph
indicates the statistical results. (b) mRNA expression of cytokines and related factors in CIA mouse feet. CIA mice were sacrificed 72 hours
after human CD8+Treg transfusion; then, their paws were minced and digested, and the cells were collected. Subsequently, mRNA was
measured by real-time PCR. The results are expressed as the mean ± SEM of at least three independent experiments; ∗P < 0 05, ∗∗P < 0 01,
and ∗∗∗P < 0 001, compared with the control group by unpaired t-tests.
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Figure 6: The therapeutic function of human CD8+Tregs on CD4+CD25− effector T cells and mature DCs of CIA mice in an in vitro cell
coculture assay. (a) Suppression ability of human CD8+Tregs on CD4+CD25− effector T cells of CIA mice. Mouse CD4+CD25−T cells
were purified from splenic cells from CIA mice on day 35 after the first immunization. CFSE-labeled mCD4+CD25− effector T cells (Teffs)
were cocultured with or without hCD8+Tregs at different ratios (Treg Teff = 1 1, 1 : 2, 1 : 4, and 1 : 16) under the stimulation of
anti-mouse CD3/CD28 expansion beads (mCD4+T bead = 1 1) and CII (100 ng/mL) for 3 days. A CFSE dilution was investigated to
reflect mCD4 proliferation. hCD8+Treg inhibitory ability was calculated as (control Teff proliferation−Teff with Treg
proliferation)/(control Teff proliferation)× 100%. (b) Associated apoptosis/death induction of CD8+Tregs on CD4+CD25− effector T cells
of CIA mice. Mouse CD4+CD25− effector T cells were cocultured with or without CD8+Treg cells for 72 hours. Annexin V-FITC and
propidium iodide (PI) were used to label the cells, which were evaluated by FACS. The Annexin V+PI+ cells were considered to
indicate apoptotic/dead cells. Cells from 3 individual mice were tested, and a representative graph is shown on the left. (c) The
influence of human CD8+Tregs on CD4+CD25− T cell differentiation in mice. At the ratio of Treg : Teff of 1 : 1, mouse CD4+CD25− T cells
were selected, and the levels of Foxp3, IL-17A, and IFN-γ were evaluated to investigate the influence of human CD8+Tregs on CIA mouse
CD4+CD25− T cell differentiation. (d) CD80 and CD86 expression in mature mouse DCs. DCs from CIA mouse bone marrow were
sorted, matured using LPS (100 ng/mL), and cocultured with or without human CD8+Tregs for 24 hours. Then, CD80 and CD86
expression in mDCs was evaluated. The results are expressed as mean ± SEM of at least three independent experiments; ∗P < 0 05,
∗∗P < 0 01, and ∗∗∗P ≤ 0 001, compared with the control group by unpaired t-tests.
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could significantly reduce the mRNA expression of IL-17A,
RANKL, andMMP1 in CIAmouse feet. As reported in a pre-
vious study, downregulated IL-17A promoted inflammation
by enhancing the production of RANKL to control damage
to the synovium [24].

In summary, we have identified and characterized a novel
stable subset of polyclonal human CD8+Tregs that were
induced and expanded by TGF-β1 and RAPA. These induced
hCD8+Tregs expressed CD103 and Foxp3, did not secrete
IL-17A, were stable in inflammatory conditions, had potent
suppressive ability, and could alleviate collagen-induced
arthritis. The induction and amplification of polyclonal
human CD8+CD103+Foxp3+ cells might be a therapeutic
strategy to help control autoimmune diseases.
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The normal function of ovaries, along with the secretion of sex hormones, is among the most important endocrine factors that
maintain the female sexual characteristics and promote follicular development and ovulation. Premature ovarian insufficiency
(POI) is a common cause in the etiology of female infertility. It is defined as the loss of ovarian function before the age of 40.
The characteristics of POI are menstrual disorders, including amenorrhea and delayed menstruation, accompanied by a raised
gonadotrophin level and decreased estradiol level. Inflammatory aging is a new concept in the research field of aging. It refers to
a chronic and low-degree proinflammatory state which occurs with increasing age. Inflammatory aging is closely associated with
multiple diseases, as excessive inflammation can induce the inflammatory lesions in certain organs of the body. In recent years,
studies have shown that inflammatory aging plays a significant role in the pathogenesis of POI. This paper begins with the
pathogenesis of inflammatory aging and summarizes the relationship between inflammatory aging and premature ovarian
insufficiency in a comprehensive way, as well as discussing the new diagnostic and therapeutic methods of POI.

1. Introduction

Due to environmental pollution, huge living and working
pressures, and other factors, female infertility and premature
ovarian insufficiency (POI) have become global issues receiv-
ing great attention. POI is a disease defined as the cessation of
ovarian function with decreased estrogen levels and elevated
gonadotropin levels before the age of 40 [1]. Previous studies
have shown that the incidence of POI in women before the
age of 40 is approximately 1%, and its incidence in women
before 30 is 1‰. Moreover, approximately 10% to 28% of
women experienced primary amenorrhea and approximately
4% to 18% of women exhibited secondary amenorrhea [2, 3].
In recent years, studies have shown that inflammatory aging
is closely related to POI. Additionally, ovarian biopsy from
patients with POI have shown lymphocytic infiltration and
other ovarian immune responses [4–8]. Therefore, the role
inflammation plays in ovarian function degeneration, as well
as the therapeutic methods to delay ovarian aging and

improve ovarian function, are currently heavily researched
topics in the field of reproduction. The paper will discuss
the mechanism of inflammatory aging and its relationship
with POI.

2. Mechanisms of Inflamm-Aging

The natural aging of the body is a long and complex biolog-
ical process, which results from the interaction of intrinsic
and extrinsic factors during the body’s degeneration period.
Aging is characterized by the degeneration of structures; the
imbalance of the internal environment; the decline of func-
tion; and the loss of adaptability, resilience, and resistance
[9]. With the rapid development of science, the study of aging
is coming into a new research stage; however, the definite
mechanism of aging has not been thoroughly elucidated to
date. In recent years, an increasing number of studies have
found that inflammation is associated with the occurrence
of aging; as in the process of aging, the tissues and organs
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of the body are accompanied by a chronic, progressive proin-
flammatory state [10–12]. Inflamm-aging [13] was a term
first coined by Franceschi et al. in 2000. At present, the mech-
anism of inflammatory aging can be illustrated with the
hypothesis presented in Figure 1.

2.1. Oxidative Stress and Inflammation. Oxidative stress
refers to an imbalance between oxidation and antioxidation
in vivo, which tends to be oxidative and leads to neutrophil
inflammatory infiltration. Oxidative stress is caused by exces-
sive reactive oxygen species (including oxygen free radicals)
and plays an important role in the inflammatory aging of
the body caused by chronic inflammation [14, 15]. In the
1990s, Sohal andWeindruch [16] noted the defects of the free
radical theory and proposed the concept of oxidative stress
based on the close relationship between oxidative stress and
aging. Ottaviani and Franceschi [17] investigated a series of
different species, ranging from invertebrates to humans,
and found that immune-stress-inflammation formed a
defense network of the body, confirming that stress was one
of the causes of inflammatory aging. In addition, antioxi-
dants have been successfully applied to reduce oxidative
stress damage and improve the longevity of individuals
which also confirm the hypothesis of oxidative stress inflam-
mation [18, 19].

2.2. Proinflammatory Cytokines and Aging. Excessive expres-
sion of the inflammatory factors will cause a high proinflam-
matory state in the body, which is an important element in
inflammatory aging. A large number of studies have shown
that the serum levels of inflammatory factors, such as IL-6,
IL-8, TNF-α, and PGE2, are significantly higher in aging
organs [20–22]. Salvioli et al. [23] examined normal individ-
uals of all ages and patients with diseases related to aging
(such as Alzheimer’s disease and Type 2 diabetes) and deter-
mined that elevated levels of proinflammatory cytokines play
an important role in aging.

2.3. DNA Damage. The DNA repair mechanism of the nor-
mal body can repair damaged DNA, but with increasing
age, DNA damage continues to accumulate, eventually lead-
ing to cell death. Bonafe et al.’s study proved that the inflam-
matory aging of the body is due to DNA damage; with stem
cells and stromal fibroblasts differentiating, the overexpres-
sion of proinflammatory cytokines is triggered, which disin-
tegrates the multishell cytokine network [24].

2.4. Autophagy. Professor Christian de Duve proposed the
concept of autophagy in the 1960s, and accumulated evi-
dence suggests that autophagy is prevalent in eukaryotic cells
and plays a vital role in maintaining cell homeostasis and
delaying aging [18, 25, 26]. Salminen et al. [27] found that
in the course of aging, the autophagic cleansing capacity
declines gradually and dysfunctional protein and mitochon-
dria accumulate, leading to an increased level of reactive oxy-
gen species (ROS) and oxidative stress. ROS activates
NOD-like receptor 3 (NLRP3) and causes a series of inflam-
matory reactions, such as the increased secretion levels of
IL-1β and IL-18. In turn, these cytokines also accelerate the

aging process through inflammation caused by inhibiting
autophagy [28].

2.5. Glycation. Saccharification is one of the endogenous
aging mechanisms. Advanced glycosylation end products
(AGEs) are the end products of nonenzymatic glycosylation
that accumulate in the body with increasing age [29]. The
glycosylation aging theory accepted by many scholars argues
that glycosylation will cause the crosslinking damage of pro-
teins, which can convert proteins with normal structures
into abnormal aging ones. Studies have shown that the
AGE receptor RAGE (receptor for end products of advanced
glycation) regulates inflammation, apoptosis, autophagy,
senescence, and other important cellular processes by com-
bining and transducing various inflammatory gametes, such
as AGEs, S100 calmodulin, and high mobility group box-1
protein (HMGB.1) [30, 31]. Nakashima et al. [32] noted that
when comparing the number of glycosylated protein and
membrane protein on the erythrocyte membrane which
were labelled with fluorescent substances, the fluorescence
degree of erythrocytes from older individuals were signifi-
cantly higher than those from younger individuals. Nonen-
zymatic glycosylation products can also accelerate body
aging by a range of changes, such as the enhancement of
lipid peroxidation.

3. Inflammatory Aging and Premature Ovarian
Insufficiency (POI)

According to the new guidelines of the European Society of
Human Reproduction and Embryology, POI is defined as
the loss of ovarian activity in a woman before the age of
40 with elevated gonadotrophin and decreased estrogen
[3, 33, 34]. The diagnosis of POI requires simultaneous
abnormal menstruation and biochemical abnormalities: oli-
gomenorrhea/amenorrhea for at least 4 months and an ele-
vated FSH level > 25 IU/L on two occasions (4 weeks apart)
[35]. The patients include women younger than 40 years
(which includes Turner Syndrome patients) and women
older than 40 years, but older patients must be affected before
the age of 40 [1, 36]. The main clinical manifestation is amen-
orrhea, which is also accompanied by hot flashes, sweating,
loss of libido, and other menopausal symptoms. Severe cases
can even lead to infertility, greatly affecting the female repro-
ductive function [37].The etiology and pathogenesis of POI
are very complex. A mass of exogenous factors are involved,
such as surgery, drugs, and the environment, as well as
endogenous factors, such as chromosomal linkage defects
[38, 39], autoimmune reactions [40, 41], psychological stress
[42], genetic predisposition [1, 43], and congenital enzyme
deficiencies. With plenty of domestic and foreign research
confirming that TNF-α and IL-6 may play a role in ovarian
function [44, 45], it follows that inflammatory factors may
be a vital cause of POI. Thus, this review will discuss the
relationship between inflammatory aging and POI from
the following perspectives.

3.1. Inflammatory Cytokines and Anti-Inflammatory Factors
Cause Ovarian Change. In recent years, the role that

2 Journal of Immunology Research



inflammatory aging plays in ovarian disease has raised great
concern, in which follicular rupture is considered as an
inflammatory response, and IL-1 and TNF-α are the major
cytokines involved in this process.

It has been reported that the abnormal performance of
xanthogranulomatous inflammation in the female genital
tract is a POI [46]. This suggests that inflammatory aging
may be one of the causes of POI. Th1 cell- (a type of T
helper cells) mediated immune response is often associated
with the inflammatory response. The targeting action of
inhibin-alpha on the experimental autoimmune ovarian
inflammation is initiated by CD4 (+) Th1 T cells, by stimu-
lating B cells to produce inhibin-alpha neutralizing Abs,
which directly mediates POI and transfers the disease to
the naive receptor [47].

Many molecules involved in the immune response and
inflammatory response are regulated by nuclear factor-κ gene
binding (NF-κB), which includes TNF-α, IL-1β, IL-2, IL-6,
and colony stimulating factor. In addition, zinc finger protein
A20 (tumor necrosis factor alpha-induced protein 3), heme
oxygenase (HO-1), and many other anti-inflammatory fac-
tors are also regulated by NF-κB. NF-κB is a transcription
factor that can turn on the genes related to the inflammation
and immune responses. Furthermore, this factor can be acti-
vated when the proinflammatory cytokines are present. In
this process, there are expressions of inflammatory markers,
such as IL-6 and IL-8, and the level of anti-inflammatory fac-
tor IL-10 mRNA decreased [48]. Scientists detected NF-κB
activity in the mouse brain with aging progression, which

indicated that the protein has little activity in the hypothala-
mus of young mice, and with mouse aging, the protein
becomes increasingly active.

Thus, elevated levels of inflammatory cytokines and
decreased levels of anti-inflammatory cytokines play a critical
role in POI (Figure 2).

3.2. Changes of Inflammatory Factors in Ovarian Senescence
and Reversal. Naz et al. [44] detected the levels of inflamma-
tory factors in patients with POI and normal women using
ELISA, and they found that the value of TNF-α in patients
with POI was lower than that in normal women. Consistent
with this result, Wang et al. [49] demonstrated that the level
of antizona pellucid antibodies (AzpAb) in POI patients was
significantly higher than that in normal controls, and the
TNF-α and IL-2 levels decreased significantly, whereas INF-γ
increased significantly. The levels of TNF-α and IL-2 in the
serum of the POI group were significantly lower than those
of the normal group, probably as TNF-α was secreted by
lymphocytes and granulocytes, while POI patients experi-
ence a decreased serum level of the associated inflammatory
factors, due to ovarian tissue atrophy and granulocyte
reduction. After Sundaresan et al. [50] studied birds, they
found that the expression levels of cytokines (IL-1β, IL-6,
IL-10, and TGF-β2) and chemokines are elevated in POI,
which confirmed the relationship between POI and inflam-
matory aging.

Accordingly, the level of inflammatory factors should
decrease after repairing the damaged ovarian function.

Hypothesis
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Figure 1: The mechanisms of inflamm-aging. In the process of aging, with the activation of inflammatory factors, the body appears to be in a
chronic, progressively elevated proinflammatory state called inflammatory aging. ROS in the body is increased due to several factors. It causes
oxidative stress and a series of inflammatory reactions activated by NLPR3 and NF-κB. It is now summarized as follows: oxidative stress
inflammation, cytokines, DNA damage, autophagy, and nonenzymatic glycation.
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Recently, studies have shown that synovial mesenchymal
stem cells (SMSCs) may play a role in restoring the damaged
ovary in the ovarian follicular microenvironment [51]. When
SMSCs were used for the treatment of mice, RT-PCR results
showed that the expression level of proinflammatory cyto-
kines, such as TNF-α, TGF-β, IL-8, IL-6, IL-1, and IFNγ, is
significantly lower than that of the untreated control group
of ovaries. When POI occurs, the expression level of certain
inflammatory factors increases, while when the damaged
ovarian function is repaired, the level of inflammatory factors
decreases accordingly, which is sufficient to show that
inflammatory aging and POI are closely related.

3.3. The Cure of Premature Ovarian Insufficiency by the
Treatment of Chronic Inflammation. It is evident that inflam-
matory aging plays an important part in the pathogenesis of
POI, which suggests that we can prevent ovarian insuffi-
ciency through anti-inflammation. Said et al. [48] found that
resveratrol restores ovarian function by increasing serum
levels of the anti-Miller hormone (AMH) and reducing ovar-
ian inflammation, mainly through upregulating the expres-
sion of peroxisome proliferator-activated receptors and
SIRT1 (sirtuin-1) to inhibit NF-κB-induced inflammatory
cytokines. These findings indicate the expression of inflam-
matory factors such as IL-6 and IL-8. Professor Cai’s research
team injected mice with GnRH, a hormone produced by the
hypothalamus, and mice showed a reduction in signs of
aging, which indicated that the inflammatory protein nuclear
factor (NF-κB) and the upstream activator IKK-β (IκB
kinase) inhibited GnRH expression [52]. The antiaging
mechanism of GnRH is the hormonal stimulation of the
entire cerebral nerve, thereby causing cascading benefits to
the entire body. This mechanism may be a new way to regu-
late aging signals: using anti-inflammatory compounds to
treat the brain, which may be able to slow down ovarian
aging-related degradation.

He et al. [53] studied the effects and mechanisms of gin-
senoside Rg1 acting on the POI induced by D-galactose
(D-gal) and found that Rg1 can enhance anti-inflammation
and antioxidation. It also reduces the expression of senes-
cence signaling pathway protein, which can reduce damage
to the ovary and improve the fertility of POI mice. This study
suggests that controlling the development of inflammatory
aging may be one of the methods to cure POI. Currently,
many inflammatory markers have been identified, such as
the plasma tumor necrosis factor, interleukin family, and
plasma inflammatory protein which can be used to monitor
the ovarian function and cure POI.

However, since there are many other reasons for the
occurrence of POI, the pathogenesis is unclear. What
anti-inflammatory treatment or other therapeutic methods
can make a more remarkable effect? How efficacious is
anti-inflammatory treatment on individuals with genetic
susceptibility to POI? Can POI be prevented by anti-
inflammatory treatment? All these questions have to be
answered by further studies.

4. Conclusions

POI not only leads to the decline (or even loss) of the
female reproductive endocrine function but may also affect
women’s psychological conditions and the function of
other organs. Achievements have been made by experts
in the area of inflammation and reproduction, which have
improved our understanding of the etiology and patho-
genesis of POI, as well as provided useful information
for protecting ovarian function, delaying aging, and
improving female fertility. However, the regulatory mech-
anisms of inflammation-mediated aging are still unclear,
and further research is needed to address several issues,
especially the mechanisms underlying some antiaging sub-
stances, like GnRH.

Anti-inflammatory factor

A20 IL-4 HO-1

IL-10 IL-13

Premature ovarian insufficiency

Homeostasis

Proinflammatory cytokine

TNF-�훼
IL-6

IL-2

IL-1
IL-8

Figure 2: Regulation of proinflammatory cytokines and anti-inflammatory cytokines on premature ovarian insufficiency. Proinflammatory
cytokines and anti-inflammatory cytokines maintain a dynamic balance in the normal body. Pathological inflammation in premature ovarian
insufficiency is caused by an imbalance of the inflammatory cytokine network.
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In summary, future research should focus on addressing
several problems: (1) How can the specific regulatory mech-
anism of inflammatory aging be determined? (2) How can
the regulation network and key nodes of POI caused by
inflammatory aging be determined? (3) How can inflamma-
tory aging be prevented from happening? How can the
therapeutic methods be made specific to treat chronic
inflammation and prevent ovarian premature aging? (4)
Can the genetic susceptibility of POI be treated by
anti-inflammatory treatment? (5) How effective are
anti-inflammatory agents in the prevention of POI? Are
there any adverse effects?

With the development of reproductive medicine, the
pathogenesis and mechanism of POI will be better under-
stood. Furthermore, the prevention of POI and restoration
of the female reproductive function will become hot topics
for researchers both domestic and foreign. In any event,
anti-inflammatory aging will become an important strategy
in the prevention and treatment of POI.
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The immunologic interaction between parenchyma cells and encircling inflammatory cells is thought to be the most important
mechanism of biliary damage and repair in primary sclerosing cholangitis (PSC). Monocytes/macrophages as master regulators
of hepatic inflammation have been demonstrated to contribute to PSC pathogenesis. Macrophages coordinate with liver
regeneration, and multiple phenotypes have been identified with diverse expressions of surface proteins and cytokine
productions. We analyzed the expression of Notch ligand Jagged1 in polarized macrophages and investigated the relevance of
Notch signalling activation in liver regeneration. M1 or M2 macrophages were generated from mouse bone marrow-derived
macrophages (BMDMs) by classical or alternative activation, respectively. Then, the expression levels of Jagged1 (Jag1) of each
phenotype were measured. The effects of polarized BMDMs on the expression of hepatic progenitor cell- (HPC-) specific
markers and hairy and enhancer of split-1 (HES1) in HPCs in coculture were also analyzed. Monocyte-macrophage and Notch
signalling-associated gene signatures were evaluated in the GEO database (access ID: GSE61260) by gene set enrichment
analysis (GSEA). M1 macrophages were found associated with elevated Jag1 expression, which increased the fraction of HPC
with self-renewing phenotypes (CD326+CD44+ or CD324+CD44+) and HES1 expression level in cocultured HPC. Blocking
Jagged1 by siRNA or antibody in the coculture system attenuates HPC self-renewing phenotypes as well as HES1 expression in
HPC. GSEA data show that macrophage activation and Notch signalling-associated gene signatures are enriched in PSC
patients. These findings suggest that M1 macrophages promote an HPC self-renewing phenotype which is associated with
Notch signalling activation within HPC. In the liver of PSC patients, the prevalence of activated macrophages, with M1
polarized accounting for the main part, is associated with increment of Notch signalling and enhancement of HPC self-renewal.

1. Introduction

Primary sclerosing cholangitis (PSC) is a life-long liver dis-
ease characterized by chronic cholangitis associated with
destruction of intra- and extrahepatic bile ducts. Dynamic
cholangiocyte damage eventually results in cholangiocyte
death, regeneration, and fibrosis-cirrhosis. Though the etiol-
ogy and pathogenic mechanisms currently warrant further
elucidation, the gene expression profiles of PSC are regarded
as sharing traits with both inflammatory bowel disease and

autoimmune diseases. Convincing human leukocyte antigen
(HLA) gene correlations, in association with gene signatures
representing T-cell function, supports the implication of
acquired immunity in PSC pathogenesis and categorizes
PSC as an autoimmune disease [1]. The immunologic inter-
action between hepatic parenchyma cells and encircling
inflammatory cells is thought to be the most important
mechanism underlying biliary damage and repair [2].

Progenitor/stem cells are cells with a capacity for self-
renewal and differentiation to regenerate adult tissues. In
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several organs, the lineages of stem cells, fate committed pro-
genitor cells, and terminal differentiated cells are well docu-
mented. The adult liver is known to have outstanding
regenerative capability, while in many chronic liver diseases,
e.g., chronic viral hepatitis, alcohol-related liver disease,
nonalcoholic fatty liver disease (NAFLD), and PSC/pri-
mary biliary cholangitis (PBC)/autoimmune hepatitis [3],
efficient regeneration from hepatocyte/cholangiocyte repli-
cation becomes impaired. In this setting, unique epithelium
populations known as hepatic progenitor cells (HPC) acti-
vate and expand. HPC has long been regarded to reside in
the Canals of Hering, which locates at the terminal
branches of the biliary tree, typically exhibiting intermediate
phenotypes between hepatocellular and biliary lineages as
characterized and sorted by morphology and cell surface
marker profiles (e.g., CD13, CD44, CD324, CD326, and
Dlk1), and they are thought to be committed bi-potential
progenitor cells [4].

It has been proposed that HPC may be differentially
activated in diverse inflammatory milieus. Thus, several
inflammatory cytokines, such as interleukin-6 (IL-6), tumour
necrosis factor-alpha (TNF-α), and interferon-gamma (IFN-
γ), have been identified to stimulate HPC expansion. In addi-
tion, several studies focusing on illuminating the molecular
frameworks for HPC regulation mechanisms have corrob-
orated a number of developmental associated signalling
pathways (e.g., Wnt, Notch, HGF-c-MET, EGF, and FGF),
playing crucial roles in regulating HPC self-renewal/prolifer-
ation and differentiation. Nevertheless, cellular events, espe-
cially signalling producing cells and subsequent cell-cell
communications, in these complex regulatory mechanisms
have not been well described [5].

Monocytes/macrophages are regarded as one of the
principal regulators of hepatic regional immunity, regener-
ation, and fibrosis and are also reported to contribute to
PSC pathogenesis [6]. Monocytes/macrophages are charac-
terized by high diversity in function, transcriptional profiles,
cell surface markers, and cytokine production [7]. The het-
erogeneous phenotype of macrophages attributes to discrete
subpopulations that differentiate in response to signals asso-
ciated with inflammatory milieus. The proinflammatory phe-
notype (M1) moderates the protection of microorganisms
and contributes to inflammation-induced damage. Differen-
tial regulation of Notch receptors and autonomous activa-
tion of Notch signalling in M1-polarized macrophage have
been reported and associated with cooperation between the
Toll-like receptor (TLR) and Notch signalling pathways
[8–10]. In the present study, we hypothesize that classical
activated macrophages present Notch ligand Jagged1 to
HPC in a cell-cell interaction manner, triggering Notch sig-
nalling in HPC and subsequently enhancing the HPC pheno-
type. Since several studies have highlighted several crucial
functions of liver macrophages, which are chiefly exerted by
macrophages derived from infiltrating monocytes, but not
by resident Kupffer cells in the set of chronic hepatitis [11],
in the current study, we applied a coculture assay using pri-
mary murine HPC and bone marrow-derived macrophages
(BMDMs) to investigate the signal interaction between the
two cell populations.

2. Materials and Methods

2.1. Mice. All experiments with mice were approved by the
Experimental Animal Facility of Tongji Medical College
and the Research Administration Office in Union Hospital
affiliated to Tongji Medical College, Huazhong University
of Science and Technology. Throughout the experiments,
mice were maintained in a temperature- and humidity-
controlled specific pathogen-free (SPF) environment. Wild-
type female pregnant C57BL/6 mice and wild-type C57BL/6
mice, 6–8 weeks of age, weighing 20–30 g were purchased
from HFK Bioscience (Beijing, China, SPF grade). EGFP
transgenic C57BL/6 mice (three 6-week-old male and three
6-week-old female) were obtained from HFK Bioscience for
maintenance and breeding.

2.2. Purification and Maintenance of Hepatic Progenitor
Cells. Cell suspensions from fetal livers of ED13.5 C57BL/6
mice were prepared as described previously [12]. Purification
of HPC from single-cell suspensions was carried out by uti-
lizing the MACS® cell sorting system (Miltenyi, Auburn,
CA) with the rat anti-mouse CD324, also known as E-cad-
herin, antibody (clone ECCD-1, Takara, Mountain View,
CA, or Calbiochem, San Diego, CA) and goat anti-rat IgG
microbeads. Purification was performed by the protocol rec-
ommended by the manufacturer in indirect labelling option.
The positive selection of CD324+ cells was plated in a 6-well
plate precoated with Matrigel® matrix (Corning, Corning,
NY). The purity of sorted cells was accessed by flow cytome-
try using PE-conjugated rat anti-mouse CD324 antibody
(clone 114420, R&D Systems, Minneapolis, MN).

For short-term cell culture or rapid expansion of cells,
the complete culture medium was the basal medium con-
taining 30mg/l L-proline (Sigma-Aldrich, St. Louis, MO),
10−7M dexamethasone (Sigma-Aldrich), 10mM nicotin-
amide (Sigma-Aldrich), 1mM ascorbic acid-2 phosphate
(Sigma-Aldrich), and 1x penicillin-streptomycin (Invitrogen,
Carlsbad, CA), supplemented with 5% FBS (Invitrogen),
20 ng/ml HGF (PeproTech, Rocky Hill, NJ), 20 ng/ml EGF
(PeproTech), and 1x ITS-X (Invitrogen). For long-term cell
maintenance or cell reprogram, the serum-free culture
medium was basal medium containing 30mg/l L-proline,
10−7M dexamethasone, 10mM nicotinamide, 1mM ascor-
bic acid-2 phosphate, 0.05% BSA (Sigma-Aldrich), and 1x
penicillin-streptomycin supplemented with 5mM Y-27632
(Selleck, Houston, TX), 2.5mM A-83-01 (Selleck), 15mM
CHIR99021 (Selleck), 10 ng/ml EGF, and 1x ITS-X. All plates
(Corning) were precoated with 0.5%Matrigel (growth factor-
reduced, Corning) dissolved in DMEM/F12 (Invitrogen)
medium overnight at 4°C. The medium was replaced every
2 days. For cell passage, TrypLE (Invitrogen) is used for dis-
sociating cells from surfaces.

2.3. In Vitro Induction of Bone Marrow-Derived
Macrophages. Wild-type female C57BL/6 mice or EGFP
transgenic C57BL/6 mice were used for induction of
BMDMs. Briefly, mouse bone marrow cells were rinsed from
cavitas of femurs and tibias with RPMI 1640 (Invitrogen).
Bone marrow progenitor cells were seeded in 10ml RPMI
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1640 containing 100U/ml M-CSF, 10% inactivated FBS, and
1x penicillin-streptomycin in 100mm polystyrene tissue cul-
ture dishes (Corning). After three days of stimulation, 5ml of
new prepared medium was added. At day seven, BMDMs
(>99% macrophages based on flow cytometry using parame-
ter F4/80) were collected for the experiments. BMDMs were
stimulated with lipopolysaccharide (LPS, 0.1μg/ml, Sigma-
Aldrich) and interferon- (IFN-) γ (20 ng/ml, PeproTech) or
with IL-4 (20 ng/ml, PeproTech) to induce polarization
towards M1 or M2 phenotypes, respectively.

2.4. Coculture Assay. After seeding and differentiating
BMDMs as described above, the starved hepatic progeni-
tor cells were seeded in the same wells at a ratio 1 : 1,
and the coculture system was maintained for 24 hours in
an incubator.

2.5. Flow Cytometry and Cell Sorting. For flow cytometry
analyses, after blockade with 10% normal goat serum
(Invitrogen) at 37°C for 30min, cells were incubated with
fluorescence-labelled antibodies (Table 1) according to
the manufacturer’s recommendation. Fluorescence-labelled
(Alexa Fluor 568) goat anti-rabbit secondary antibody was
used for indirect labelling. Then, cells were tested with FACS
LSR II (Becton-Dickinson, Franklin Lakes, NJ) applying
appropriate negative, isotype, or fluorescence minus one
(FMO) control. Data were analyzed using FlowJo software
(Tree Star). In detail, after excluding debris, doublets, and
dead cells by forward scattering and side scatter gating, pos-
itively labelled cell fractions were gated and calculated using
an appropriate control to set a marker such that 0.1% to 2%
cells fall to the right. To separate HPC from EGFP+ macro-
phages in a coculture system for further gene expression
assay, cell suspensions were sorted with FACS Aria II (Bec-
ton-Dickinson) applying parameter GFP.

2.6. RNA Interference, Plasmid Transfection, and Jagged1
Blockage In Vitro. We have designed vectors for RNA inter-
ference targeting mouse Jag1 (siJag1; targeting sequence 5-
CTGGTGGAGGCCTGGGATTCC-3; GenBank accession

number NM_013822.5). jetPRIME reagents (Polyplus-trans-
fection®, Illkirch-Graffenstaden, France) were used following
the manufacturer’s protocols. Before M1 polarization, mac-
rophages were transfected with siJag1 or a control vector.
CD339 (Jagged1) Functional Grade Monoclonal Antibody
(10μg/ml, clone HMJ1-29, Invitrogen) was used to block Jag-
ged1 in the coculture system as described [13].

2.7. RNA Extraction and Quantification. Cell total RNA was
extracted with TRIzol® Reagent (Invitrogen), and cDNA
was prepared using a RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Baltics, UAB). Quantitative
real-time polymerase chain reaction (qRT-PCR) analyses
were performed using a SYBR Green Real-Time PCR Master
Mix (Toyobo, Osaka, Japan) in a LightCycler® (Bio-Rad Lab-
oratories, Hercules, CA). Specific oligonucleotides were
synthetized according to the sequences shown in Table 2.

2.8. Protein Extraction and Western Blot Assay. Equal
amounts of protein from macrophages or HPC were ana-
lyzed by 10% SDS-PAGE and blotted using a specific anti-
body as described in Table 1. Protein expression was
quantified by means of optic density measured by ImageJ
software (http://imagej.nih.gov/ij/). Data were normalized
to β-actin.

2.9. Computational Analysis. The GSE61260 dataset, com-
prising 14 PSC and 38 healthy control liver tissues, was
downloaded from the NCBI GEO (https://www.ncbi.nlm
.nih.gov/geo/). The raw CEL files derived in the HuGene
1.1 ST gene array (Affymetrix, Santa Clara, CA) for
GSE61260 were normalized. To identify gene sets enriched
in either control or PSC patients, Gene Set Enrichment Anal-
ysis (GSEA) was applied as previously described [14].

2.10. Statistical Analyses. All statistical analyses were calcu-
lated by R software (http://www.r-project.org/). Mean values
were compared using Student’s t-test (two groups) or one-
way ANOVA (three or more groups), A p value <0.05 was
considered to be statistically significant. Results are repre-
sented by mean and standard deviation (SD). All qRT-PCR

Table 1: Antibodies used for fluorescence studies and Western blot analysis.

Antibodies Species Reference Antibody dilution

PE-conjugated anti-mouse F4/80 Rat mAb BD Biosciences Catalog No. 565410 1 : 100

APC-Cy7-conjugated anti- mouse CD11b Rat mAb BD Biosciences Catalog No. 557657 1 : 100

V450-conjugated anti-Mouse CD44 Rat mAb BD Biosciences Catalog No. 560451 1 : 100

PE/Cy7-conjugated anti-mouse/human CD324 (E-cadherin) Rat mAb BioLegend Catalog No. 147310 1 : 100

PE-conjugated anti-mouse CD324 (E-Cadherin) Rat mAb R&D Catalog No. FAB7481P 1 : 100

PE-conjugated anti-mouse CD339 (Jagged1) Hamster mAb BioLegend Catalog No. 130908 1 : 100

APC-conjugated anti-mouse CD326 (EpCAM) Rat mAb eBioscience Catalog No. 17-5791-80 1 : 100

APC-conjugated anti-mouse CD86 (B7-2) Rat mAb eBioscience Catalog No. 17-0862-82 1 : 100

FITC-conjugated anti-mouse CD206 (MMR) Rat mAb BioLegend Catalog No. 141703 1 : 100

Anti-mouse/human/rat Jagged1 Rabbit mAb Invitrogen Catalog No. MA5-15012 1 : 500

Anti-mouse/human/rat/bovine HES1 Rabbit pAb Invitrogen Catalog No. PA5-23283 1 : 500

Anti-mouse/human/rat/hamster β-actin Rabbit pAb Invitrogen Catalog No. PA1-46296 1 : 1000

Alexa Fluor 568-conjugated anti-rabbit IgG H&L Goat pAb Abcam Catalog No. ab175471 1 : 2000
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and flow cytometry data were collected from three indepen-
dent experiments. The Western blots shown are representa-
tive images from three independent experiments.

3. Results

3.1. Successful Induction of BMDM Polarization towards M1
or M2 Phenotypes In Vitro. To assess the effect of polarized
macrophages, BMDMs were either treated with LPS+ IFN-
γ to polarize towards the M1 phenotype or treated with IL-
4 to polarize towards the M2 phenotype; cells administrated
with the vehicle were regarded as M0 (nonpolarized) macro-
phages. Then, the mRNA expression of several M1 or M2
macrophage-specific genes was examined by qRT-PCR. As
shown in Figure 1(a), the mRNA expressions of il1β, il6,
nos2, tnfα, ccl3, and ccl4 were significantly increased in M1
macrophages compared with the expression in M0 or M2
macrophages. After M2 polarization, a significant increase
in the mRNA expression of arg1, mgl1, chil3, clec7a, and
retnlα can be found in M2 macrophages (Figure 1(a)).
Though cd163 mRNA expression was downregulated after
M2 polarization, cd163 mRNA expression in M2 macro-
phages was significantly higher than in M1 macrophages
(Figure 1(a)). By flow, M1 macrophages showing increased
frequencies of CD86, but not CD206, exhibit a reverse
phenotype of M2 macrophages, while M0 macrophages
exhibit an increase in neither CD86 or CD206 expression
(Figure 1(b)). These data indicate that we have successfully
induced the classical activated (M1) macrophages as well
as alternative activated (M2) macrophages in vitro.

3.2. M1 Macrophages Promote CD44+CD326+ Population of
HPC in a Coculture System.Macrophages derived from infil-
trating monocytes have many crucial functions in regulating

hepatic regional inflammation, which is very important for
HPC to get a promoted capacity of self-renewal or differenti-
ation. To evaluate the diverse functions of polarized macro-
phages influencing HPC biology, we designed an in vitro
coculture system containing HPC and polarized macro-
phages at the ratio of 1 : 1 for 24 hours. In the coculture assay,
M1 macrophages significantly increased the cell population
of CD44+CD326+ HPCs (Figures 2(a) and 2(b)). In contrast,
HPC cocultured with M0 or M2 macrophages did not show a
significant increase in the CD44+CD326+ population com-
pared with HPC alone (Figures 2(a) and 2(b)). Similar results
were obtained when identifying CD44+CD324+ population
in HPCs within the coculture system. These data indicated
that M1 macrophages can promote a self-renewing pheno-
type of HPC in our coculture system.

3.3. Elevation of Notch Ligand Jagged1 Expression in Classical
Activated (M1) BMDMs Is Associated with Activation of
Notch Signalling in HPC. Further, we investigate the mRNA
expression of Notch ligands in each polarized population
by qRT-PCR. Expression of Jag1 and DLL1 showed signifi-
cant elevation in M1 macrophages, in comparison with other
phenotypes of macrophages, while JAG2 and DLL4 expres-
sion levels were obviously decreased in M1 macrophages.
These data are consistent with the previous study [10]. Flow
cytometry and Western blot were applied to determine the
protein level of JAG1 expression in polarized macrophages.
We confirmed that M1 macrophage had an elevated level
of Notch ligand Jagged1 expression. However, we found
that Jag1 mRNA expression levels did not correspond to
levels of protein. As is well known, mRNA levels are often
not reflected in protein levels since gene expression is con-
trolled at multiple stages and various ways. We speculate that
there might be a feedback loop within M2 macrophages

Table 2: Primer sequences for quantitative real-time polymerase chain reaction.

Mouse gene Sense Antisense

Jag1 CCTGTCCATGCAGAACG AGGCGAAACTGAAAGGC

Jag2 CAGATCCGAGTACGCTGTG GGCTTCTTTGCATTCTTTGC

Dll1 GATACACACAGCAAACGTGACACC TCCATCTTACACCTCAGTCGCTA

Dll4 CGAATGCCCCCCCAACT GTTCGGCTTGGACCTCTGTTC

Hes1 CTCCCGGCATTCCAAGCTAG AGCGGGTCACCTCGTTCATG

Il1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

Il6 TGTGCAATGGCAATTCTGAT GGTACTCCAGAAGACCAGAGGA

Nos2 GCAGCTGGGCTGTACAAA AGCGTTTCGGGATCTGAAT

Tnfα TGCCTATGTCTCAGCCTCTTC GGTCTGGGCCATAGAACTGA

Ccl3 ATGAAGGTCTCCACCACTGC CCCAGGTCTCTTTGGAGTCA

Ccl4 CAAACCTAACCCCGAGCAACA GGTCTCATAGTAATCCATCACAAAGC

Arg1 GTGAAGAACCCACGGTCTGT CTGGTTGTCAGGGGAGTGTT

Retnlα TCCCAGTGAATACTGATGAGA CCACTCTGGATCTCCCAAGA

Mgl1 TCTCTGAAAGTGGATGTGGAGG GGAGGTGTAGGTGAAAGTCTCT

Clec7a TCAAACATCGTCTCACCG GTTGGGGAAGAATGCTG

Chil3 CATGAGCAAGACTTGCGTGAC GGTCCAAACTTCCATCCTCCA

Cd163 TGGGTGGGGAAAGCATAACT AAGTTGTCGTCACACACCGT

Gapdh TCTCCACACCTATGGTGCAA CAAGAAACAGGGGAGCTGAG
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controlling Jagged1 protein expression supported by findings
that Jag1 is a direct Notch target in specific cells. [15] To fur-
ther exclude the interference of possible flexible Jag1 expres-
sion within 24 hours of culture on coculture assay results, we
gated the expression of JAG1 inM1macrophages from EGFP
transgenic C57BL/6 mice, with or without coculture, with
HPC by flow cytometry. The result shows that JAG1 expres-
sion level stays stable during the 24-hour coculture period
with HPC (Figure 3(c)).

Noting that a high level of JAG1 expression inM1macro-
phages and JAG1 is closely associated with liver development
and regeneration, we hypothesized that M1 macrophages
might mediate the increase of HPC self-renewing phenotype
by activating the Notch signalling pathway in HPC. After 24
hours of coculture, HPCs for extracting mRNA and protein

were sorted from the cocultured cell mixture by parameter
EGFP-negative. qRT-PCR, flow cytometry, and WB were
employed to analyze the mRNA expression and protein level
of HES1 in HPC after coculturing with macrophages. As
shown, M1 macrophages exhibit the strongest HES1 expres-
sion levels in both mRNA and protein (Figures 3(d) and
3(e)). Hence, it is reasonable for us to conclude that M1 mac-
rophages regulate the expression of HES1 in HPC by activat-
ing Notch signalling.

3.4. Jagged1 Suppression in the Coculture System Attenuates
Self-Renewing Population as well as HES1 Expression in
HPC. To confirm that M1 macrophages regulate the cocul-
tured HPC phenotype through Jagged1-Notch interaction,
anti-Jagged1 mAb was added in coculture assays to block
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Figure 1: Induction of BMDM polarization towards M1 or M2 phenotype in vitro. (a) Quantitative analysis of M1 macrophage-associated
marker (Il1β, Il6, nos2, Tnfα, Ccl3, and Ccl4) and M2 macrophage-associated marker (Arg1, Mgl1, Chil3, Cd163, Clec7a, and Retnlα)
expression in M0, M1, and M2 macrophages. (b) Membranous expressions of CD86 and CD206 levels on M0, M1, and M2 macrophages
were determined by flow cytometry. The histogram is presented. ∗p < 0 05 vs M0 macrophages, #p < 0 05 vs M2 macrophages.
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the ligand. In the presence of blocking mAb against Jagged1,
the CD326+CD44+ or CD324+CD44+ population of HPC
was downregulated when cocultured with M1 (Figure 4(a)).
As an alternative strategy to manipulate Jagged1-initiated
Notch signalling, we further utilized siJag1 to knock down
the expression of Jag1 in M1 macrophages (Figure 4(b)).
As shown in Figure 4(b), M1 macrophages transfected
with the siJag1 plasmid shows a downregulated expression
of Jag1. Knockdown of Jag1 in M1 macrophages attenuates

CD44+CD326+ as well as CD44+CD324+ cell fractions
within cocultured HPC. In addition, the mRNA expression
and protein level of HES1 in M1 macrophages cocultured
HPC are both inhibited by blocking Jagged1 with mAb or
knocking down JAG1 in M1 macrophages (Figure 4(c)).
Collectively, our data suggest that M1 macrophages initiated
Jagged1-Notch interaction active Notch signalling within
HPC. Notch signalling activation in HPC is associated with
enhanced HPC self-renewing phenotype.
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Figure 2: M1macrophages promote a self-renewing phenotype of HPCs in a coculture system. (a) HPCs were cocultured (24 hours) withM0,
M1, or M2 macrophages from EGFP transgenic C57BL/6 mice. After flow cytometry analysis, CD44+CD324+ and CD44+CD326+ cell
fractions of HPC are highlighted by scatter plots. (b) Flow cytometry data were calculated and represented. ∗p < 0 05 vs HPC, #p < 0 05 vs
M0 macrophages cocultured with HPC, and §p < 0 05 vs M2 macrophages cocultured with HPC.
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3.5. Monocyte-Macrophage and Notch Signalling Pathway
Gene Signatures Are Enriched in Primary Sclerosing
Cholangitis Liver Samples. To identify the functional signa-
tures of monocyte-macrophage and Notch signalling
pathway-associated genes that were differentially enriched in
PSC patients and normal control, GSEA was conducted in
the GEO database (access ID: GSE61260). We screened gene
enrichment among 4872 immunologic signature-related
gene sets in the Molecular Signatures Database (MSigDB),

and we found that multiple monocyte-macrophage-
associated gene sets were enriched in PSC patients (data
not shown). Especially, a group of gene sets derived from
gene expression data of previous study (Access ID:
GSE9988) [16], in which human monocytes received the
administration with untreated, anti-TREM-1 mAb, or LPS,
were enriched in PSC patients vs. healthy control. As shown
in Figure 5(a), gene sets representing an upregulated gene
signature in monocytes after LPS treatment or low-dose
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Figure 3: Classical macrophage activation is associated with elevated Notch ligand Jagged1 expression in macrophages and activation of
Notch signalling in cocultured HPCs. (a) Quantitative analysis of Notch ligands (Jag1, Jag2, Dll1, and Dll4) expression in M0, M1, and M2
macrophages. (b) Jagged1 levels on M1 macrophages are confirmed by flow cytometry and Western blots. Flow cytometry results are
represented by scatter plot, and calculated flow cytometry data are represented; ∗p < 0 05 vs M0 macrophages and #p < 0 05 vs M2
macrophages. (c) Histograms from flow cytometry analysis represent Jagged1 expressions in M1 macrophages from EGFP transgenic
C57BL/6 mice cultured with or without HPC for 24 hours. (d) Graphs show relative mRNA expression levels of HES1 in HPC alone or in
HPC cocultured with M0, M1, or M2 macrophages; levels of HES1 staining (Alexa Flour 568) in HPC were determined by static
cytometry. Graphs show calculated relative expression of HES1 in HPC cocultured with M0, M1, or M2 macrophages (percentage of HPC
culture alone). ∗p < 0 05 vs HPC alone, #p < 0 05 vs M0 macrophages cocultured with HPC, and §p < 0 05 vs M2 macrophages cocultured
with HPC. (c) Representative Western blots showing HES1 protein levels in HPC after coculturing with M0, M1, or M2 macrophages.
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Figure 4: Continued.
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LPS treatment vs. monocytes were among the top-scoring
gene enrichment sets. The results may suggest that mono-
cyte/macrophage activation-associated indexes are most
correlated with PSC patients vs. healthy control. Since LPS
stimulation mostly induces classical activation of macro-
phages, it is also reasonable for us to speculate that M1macro-
phage plays an important role in PSC pathogenesis. Then, we
screened gene enrichment among 50 gene sets representing
hallmark gene sets in MSigDB. We found that the Notch sig-
nalling pathway-associated gene signature was enriched in
PSC patients (Figure 5(b)). Moreover, Jag1 and HES1 were
among the core enrichment genes (Figure 5(b)). Collectively,
activated Notch signalling induced by Jagged1 is correlated
with PSC patients vs. healthy control. Activated Notch signal-
ling cannot be specifically located to HPC sites either in our
experiment or in GSEA; thus, a detailedmechanism is far from
being demonstrated yet. However, we still believe that Notch
signalling is one of the most important regulators of HPC
closely correlated with PSC pathogenesis or development.

4. Discussion

The present cell coculture assay demonstrates that bone
marrow-derived M1 macrophages, but not M2 macro-
phages, enhance an HPC self-renewing phenotype in a
direct coculture system. The mechanism can be interpreted
by elevated expression of Jagged1 along with classical differ-
entiation in BMDMs stimulating Notch signalling in cocul-
tured HPC. Our findings support a possible cellular event
featuring involvement of BMDM initiating Notch signal-
ling in the regulation of HPC biology. In the liver of PSC
patients, the disease status is associated with monocyte-
macrophage activation (possibly favouring classical activa-
tion) and the Notch signalling-associated gene signature,
possibly suggesting that M1 macrophages play a role in
activating Notch signalling.

Continuous exposure to many pathogens makes the
liver a unique organ. Several immune cells including
monocyte-macrophages are actively involved in multiple
hepatic immunological processes. Macrophage is the leading
player of innate immunity with irreplaceable immunological
functions, including phagocytosis, antigen presentation, and
cytokine production. Cells of the monocyte-macrophage lin-
eage serve a crucial role in the induction of chronic liver
injury. Briefly, chemotaxis of bone marrow-derived Ly-6Chi

monocytes is enhanced by local CCL2 production, directing
the cells to move to the liver. After settling down, Ly-6Chi

monocytes develop into infiltrating Ly-6C+ macrophages
with the proinflammatory phenotype [17]. The infiltrating
BMDMs trigger chronic liver injury and fibrosis by a mecha-
nism involving transforming growth factor beta (TGF-β)/
platelet-derived growth factor- (PDGF-) mediated hepatic
stellate cell (HSC) activation [18]. The benefit of BMDM
therapy has been demonstrated in murine models of devel-
oped liver fibrosis through a multifactorial mechanism of
recruitment of anti-inflammatory host effector cells, anti-
fibrosis, and proregeneration [19]. Of note, the proregenera-
tive role of BMDM delivery has been associated with HPC
activation [20]. This is in line with our coculture experiment
data suggesting that BMDMs can maintain cocultured HPC
in an undifferentiated phenotype.

There is an increasing acceptation that the monocyte-
macrophage lineage may impact the HPC status in multiple
pathways. It has been demonstrated that BMDMs express
TWEAK activating HPCs [20]. More regulation roles have
been defined in the process of cell fate determination. It has
been suggested that macrophages expressing Wnt3a deter-
mine HPC fate differentiating towards hepatocyte by activat-
ing Wnt-β-catenin signalling [21], and then oncostatin M
(OSM) excreted by macrophage stimulate the maturation of
hepatocyte-committed cells through signal transducer and
activator of transcription 3 (STAT3) signalling [22]. The
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Figure 4: Blocking Jagged1 in a coculture system attenuates hepatic progenitor cell self-renewal as well as HES1 expression in HPC. (a)
HPCs were cocultured (24 h) with M1 macrophages from EGFP transgenic C57BL/6 mice with or without the existence of anti-Jagged1
mAb (10 μg/ml). Graphs show fluctuation of CD44+CD324+ and CD44+CD326+ cell fractions in HPC cultured alone, cultured with
M1 macrophages or with anti-Jagged1 mAb in coculture system. (b) Representative Western blots showing protein levels of Jagged1 in
M1 macrophages transfected with mock or siJag1. In the cases that macrophages were transfected with mock or siJag1 vectors before M1
polarization, CD44+CD324+ and CD44+CD326+ cell fractions of HPC are highlighted by calculated histogram. (c) Graphs and
representative Western blots showing protein levels of HES1 and mRNA expression of HES1 in HPC when cocultured with M1-siJag1 or
cocultured with M1 macrophages and 10μg/ml anti-Jagged1 mAb. ∗p < 0 05 vs HPC alone, #p < 0 05 vs M1 macrophages cocultured with
HPC+ anti-Jagged1 antibody, and §p < 0 05 vs M1 macrophages cocultured with HPC+ siJag1.
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polyfunctionality of macrophages in regulating HPC self-
renewal and differentiation seemingly can be interpreted by
the broad spectrum of macrophage phenotypes in various

pathological conditions. Though dichotomous classification
cannot fully mirror the complex biology of macrophage
subpopulations in vivo, M1/M2 phenotypes may act as a
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Figure 5: Genome-wide transcriptomic analysis of primary sclerosing cholangitis and control. Monocyte-macrophage and Notch signalling
pathway gene signatures are enriched in primary sclerosing cholangitis liver samples. (a) Cytoscape and Enrichment maps were used for the
visualization of monocyte-macrophage-associated GSEA results. Nodes represent enriched gene sets, grouped and annotated by similarity
according to the related gene sets. Node size is proportional to the total number of genes within the gene set. NES: normalized enrichment
score; FDR: false discovery rate. (b) GSEA-generated heat map of core enrichment genes in hallmarks of the Notch signalling pathway
upregulated in PSC.
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simplified theoretical framework describing marked macro-
phage heterogeneity. The M1 and M2 status represents the
phenotypic and functional extremes by not ontogenically
defined subsets [23]. By coculturing M1 or M2 macrophages
with HPCs, we observed a differential HPC self-renewing
phenotype of two ends of the phenotypic spectrum. Our find-
ing supports the idea that multiple subsets of macrophages
modulate HPC status separately.

The Notch signalling pathway plays crucial roles in cell
proliferation, differentiation, and survival in multiple cell
types. It has been found that macrophage differentiation
depends on the transcriptional regulator of Notch signalling
[24]. Under the regulation of cooperative TLR and Notch sig-
nalling, autoamplification of Notch signalling mediated by
Jagged1-RBP-J axis contributes to macrophage reciprocal
regulation in the phenotype [8]. Consistent with the finding,
we identified elevated Jag1 gene expression in classically acti-
vated BMDMs. Since M1macrophages have been reported to
be able to activate Notch signalling in cocultured epithelial
cells [10], we presume that macrophage-expressing Jagged1
is a Notch signalling trigger within neighbour cells but not
limited to the macrophage itself. In our coculture system,
inhibition of Jagged1-Notch interaction attenuates HPC
self-renewing phenotype as well as HES1 expression. Notch
signalling in regulating HPC biology has been extensively
studied while its crucial roles are still in controversy.
Though a large majority of studies believe that Notch sig-
nalling governs biliary differentiation of HPC [21, 25–27],
contradictory results seem solid too [28, 29]. Diverse and
even contrary biological effects of Notch signalling are
believed to be attributed to its high specification varying
in time, gene dose, and distinct cell type. Moreover, techni-
cally, most of the studies artificially modify Notch compo-
nent gene expression, whose level will never be reproduced
in any physiological or pathological conditions, or utilize
broad inhibitors of Notch activation, complicating the issue
[30]. In the current study, we do not test the differentia-
tion capacity of HPC modulated by polarized macro-
phages, since fully hepatocellular or biliary differentiation
in vitro is a complex process with multisteps and multisignals
involved [31]. Further in vivo investigation will be interesting
and straightforward.

Although we believe that Jagged1 produced by bone
marrow-derived M1 macrophages is a crucial factor that
mediates Notch activation that promotes the self-renewal-
associated phenotype of HPC, we do not rule out the possibil-
ity that other signalling events produced by macrophages
may also contribute to maintaining HPC self-renewal. In
fact, a milestone study by Forbes et al. has demonstrated
macrophages secreting Wnt3a to induce HPC-hepatocyte
differentiation, while expression of Jagged1 in myofibroblasts
activates Notch signalling within HPCs and hence their
biliary differentiation [21]. Recently, it has been elucidated
that macrophage-secreted TNF-α can lead to chromosomal
instability in HPCs and promote the self-renewal of HPCs
[32]. Given the complexity of HPC biology, we believe that
multiple signalling pathways corporate to modulate HPC
self-renewal and differentiation. Other important cellular
and signalling events remain to be elucidated.

In conclusion, our findings suggest that M1 macro-
phages promote HPC self-renewing phenotype which is
associated with activation of the Notch signalling pathway
within HPC. In the liver of PSC patients, the prevalence of
monocyte-macrophage is associated with increment of
Notch signalling and enhanced HPC “stemness” phenotype.
Regarding clinical translation, defining a specific phenotype
and function of macrophages may help increase the pre-
dictability of effect when applying bone marrow-derived
cell therapy in PSC patients. Further understanding of
the involvement of HPC biology and Notch signalling in
PSC pathogenesis may permit HPC and/or Notch signal-
ling targeted therapy in the future.
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Pristane-induced arthritis (PIA) in mice is an experimental model that resembles human rheumatoid arthritis, a chronic
autoimmune disease that affects joints and is characterized by synovial inflammation and articular cartilage and bone
destruction. AIRmax and AIRmin mouse lines differ in their susceptibility to PIA, and linkage analysis in this model mapped
arthritis severity QTLs in chromosomes 5 and 8. miRNAs are a class of small RNA molecules that have been extensively studied
in the development of arthritis. We analyzed miRNA and gene expression profiles in peritoneal cells of AIRmax and AIRmin
lines, in order to evaluate the genetic architecture in this model. Susceptible AIRmax mice showed higher gene (2025 vs 1043)
and miRNA (240 vs 59) modulation than resistant AIRmin mice at the onset of disease symptoms. miR-132-3p/212-3p,
miR-106-5p, miR-27b-3p, and miR-25-3p were among the miRNAs with the highest expression in susceptible animals,
showing a negative correlation with the expression of predicted target genes (Il10, Cd69, and Sp1r1). Our study showed that
global gene and miRNA expression profiles in peritoneal cells of susceptible AIRmax and resistant AIRmin lines during
pristane-induced arthritis are distinct, evidencing interesting targets for further validation.

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease
that affects joints and causes persistent synovial inflamma-
tion and articular cartilage bone destruction [1]. It affects
about 1% of the population, with higher prevalence in
women. Disease etiology is unknown, but influenced by both
genetic and environmental factors [2, 3]. Experimental
models of arthritis are widely used to study the mechanisms
of autoimmunity and inflammation and also to search for
new therapeutic targets. Pristane-induced arthritis (PIA) in
mice resembles rheumatoid arthritis in its histopathological
and immunological features, mainly in polymorphonuclear
infiltration, pannus formation, cartilage and bone destruc-
tion, rheumatoid factor and anticollagen type II antibody
production, and chronic development of the disease [4].

Mouse lines genetically selected to maximal (AIRmax) or
minimal (AIRmin) acute inflammatory response induced by
s.c. injection of polyacrylamide beads [5, 6] also differ widely
in their susceptibility/resistance to PIA [7]. These mice have
been extensively used to study the genetic susceptibility to
various experimental disease models and the acute inflam-
matory response [8–10]. In the PIA model, genome mapping
detected significant QTLs for PIA severity in chromosomes
5 (Prtia2) and 8 (Prtia3) and suggestive QTLs in chromo-
somes 7, 17, and 19 [11].

Several studies have demonstrated the involvement of
small RNAs, known as miRNAs in the development of RA.
miRNAs are a class of small, noncoding, RNAmolecules with
approximately 21 nucleotides in length that can regulate gene
expression by reducing the ability of specific mRNAs to
direct the synthesis of their encoded proteins [12]. They
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likely participate in most developmental and physiologic
processes, with involvement in, but not limited to, cell pro-
liferation and differentiation, regulation of lipid metabo-
lism, and modulation of insulin secretion. The importance
of miRNA-mediated regulation of gene expression for the
prevention of autoimmunity and maintenance of normal
immune system functions has been described [13]. Studies
in humans have detected altered miRNA expression in
RA patients when compared to controls or osteoarthritis
patients [14–16].

miRNAs can be detected in body fluids without invasive
procedures and thus may be used as prognostic or diagnos-
tic biomarkers for specific conditions, such as rheumatic
diseases [17].

In this work, we investigated the differences in miRNA
expression by peritoneal cells of pristane-treated AIRmax
and AIRmin mice and their involvement in the expression
of their potential target genes by microarrays. Numerous
evidences have shown that miRNA targets are affected at
the mRNA level and, therefore, comparison of microRNA
and mRNA expression data is useful in identifying and eval-
uating the impact of gene dysregulation in the PIA model.

2. Materials and Methods

2.1. Animals. Male and female AIRmax and AIRmin mice
(two to four months old) bred and maintained in the animal
facility of Immunogenetics Laboratory in Butantan Institute,
São Paulo, Brazil, were used in the experiments. All proce-
dures were approved by the Institutional Animal Care and
Use Committee of the Butantan Institute and University of
São Paulo (098/13 CEAU).

2.2. Pristane-Induced Arthritis (PIA). Mice were injected
twice i.p. with 0.5ml of the nonimmunogenic mineral oil
pristane (2,6,10,14-tetramethylpentadecane, Sigma Chemical
Co., San Diego, USA) at a 60-day interval and were examined
twice weekly for arthritis development up to 170 days.
Arthritis incidence was assessed, and severity was recorded
for each paw according to the following scoring scheme:
0—no signs of arthritis, 1—mild swelling of the toes or ankle
joint, 2—moderate swelling, and 3—severe swelling and/or
ankylosis. The maximum score possible for any animal was
12. Phenotypes were assessed by two independent observers,
and the animals were considered arthritic when the mean
score assigned by the two observers was ≥2 [18]. Mice were
euthanized at 120 and 170 days after pristane or saline
injection in order to obtain peritoneal cells.

2.3. Peritoneal Cells. The peritoneal cavity was washed with
5ml of ice-cold RPMI 1640 medium. The cell suspension
was centrifuged 3 times to remove excess oil and resuspended
in complete RPMI medium. Viable cells were counted in a
hemocytometer chamber by Trypan blue exclusion.

2.4. Total RNA Extraction. Total RNA was isolated from
approximately 1× 107 peritoneal cells with the mirVana™
miRNA isolation kit (Ambion, Austin, TX) according to the
manufacturer’s protocol. RNA degradation was assessed
using the Agilent 2100 Bioanalyzer (Agilent Technologies,

Santa Clara, CA, USA). The minimum value for RNA integ-
rity number (RIN) used was 8.7. cDNA from miRNA was
synthesized using TaqMan™ MicroRNA Reverse Transcrip-
tion Kit (Applied Biosystems, Poland) according to the
manufacturer’s protocol.

2.5. miRNA Real-Time PCR. The expressions of mmu-miR-
146a-5p, mmu-miR-155-5p, mmu-miR-132-3p, mmu-miR-
130b-3p, mmu-miR-106-5p, and mmu-miR-27b-3p were
determined using a TaqMan™ miRNA assay (Applied Bio-
systems) according to the manufacturer’s protocol. miRNA
expression was normalized against the geometrical mean of
RNA202 and U6 small nuclear RNAs. The Ct values were
calculated and determined by the 2−ΔΔCt method [19, 20].

2.6. Global Gene and miRNA Expression. The reagents used
for microarrays were from “GeneChip” Affymetrix mouse
2.0 ST bioarrays—35 k genes for mRNAs and “Gene Chip”
miRNA 4.0 Array for miRNAs (Affymetrix Inc., Santa Clara,
CA, USA), following the manufacturer’s protocols. Briefly,
1μg of total RNA was transcribed to cDNA by in vitro tran-
scription with the primers T7-(N)6 oligo(d) and complemen-
tary double-stranded cRNA and subsequently labeled with
biotin. Fragmented cRNA samples were prepared for hybrid-
ization on GeneChip Probe Arrays (Affymetrix, USA) and
incubated for 17h. Then, the chips were washed and
stained with streptavidin Cy5 and scanned in a Fluidics
Station 450 (Affymetrix). Signals were detected and evalu-
ated using GeneChip Operating Software (GCOS). Spots
below the detection level of the negative controls were
excluded, as well as spots with irregular shapes or intensities
close to background levels.

2.7. Microarray Data Analysis. Criteria for defining values to
identify differentially expressed genes (DEGs) were based on
statistical analysis using unpaired one-way ANOVA within
the Transcriptome Analysis Console 3.0 (TAC) software,
provided by Affymetrix, with FDR < 0 05 (false discovery
rate). This program performs statistical analysis to obtain a
list of differentially expressed genes. To increase the power
of the statistical analysis, we only considered the genes and
miRNAs whose differences in expression between controls
and experimental animals were at least 3 or 2, respectively.

2.8. miRNA-RNA Interaction. Selection of mRNA targets for
the differentially expressed miRNA (miRDEGs) was car-
ried out in the miRSystem database (miRNA Integration
System for Target Gene Prediction—http://mirsystem.cgm.
ntu.edu.tw/). miRSystem is a database which integrates
seven well-known miRNA target gene prediction softwares:
DIANA, miRanda, miRBridge, PicTar, PITA, rna22, and
TargetScan [21]. For our analysis, we considered the interac-
tions predicted at least in three of these softwares. Cytoscape
(http://www.cytoscape.org/) was used to display the pre-
dicted miRNA-mRNA interactions.

2.9. Statistical Analyses. The significance of differences
between mean values was calculated using one-way ANOVA
followed by Tukey’s multiple comparison tests, p < 0 05 (∗),
using Prism 5.0 software (GraphPad, USA).
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3. Results

3.1. mRNA Expression Profile in Peritoneal Cells. We com-
pared mRNA expression from pristane-injected and control
mice. Gene modulation was observed in both lines, at 120
and 170 days after pristane injection, and arthritic AIRmax
mice had 1321 upregulated and 704 downregulated genes
compared to controls after 120 days (Figure 1(a)). AIRmin
animals (with no signs of disease) had 912 upregulated and
131 downregulated genes (Figure 1(c)). 542 genes were
exclusively upregulated, and 616 were exclusively downregu-
lated in AIRmax mice, while in AIRmin mice 133 genes were
exclusively upregulated and 43 downregulated (Figure 1(e)).
At 170 days, AIRmax animals had 998 upregulated and
519 downregulated genes (Figure 1(b)), whereas AIRmin
mice had 593 upregulated and 57 downregulated genes
(Figure 1(d)). 533 genes were exclusively upregulated in AIR-
max mice and 128 were exclusives in AIRmin mice. Yet, 481
genes were exclusively downregulated in AIRmax mice and
only 19 in AIRmin mice (Figure 1(e)). Some genes that were
modulated in AIRmax animals, with reported involvement in
human rheumatoid arthritis and in animal models, are
shown in Table 1.

3.2. Differentially Expressed Genes in Chromosomes 5 and 8.
We evaluated the differentially expressed genes on chromo-
somes 5 and 8, where significant QTLs for severity to PIA
were detected [11]. In AIRmax mice, 150 genes were modu-
lated in chromosome 5 in both periods and 112 genes were
modulated in chromosome 8. Twenty-six genes at 120 days
and 19 genes at 170 days were situated in the Prtia2 locus
(Chr 5) 1-LOD score confidence interval (CI), while 24 genes
at 120 days and 19 at 170 days were situated in the Prtia3
locus (Chr 8) 1-LOD score CI (Figure 2).

3.3. miRNA Expression Profile in Peritoneal Cells. Divergent
miRNA expression profiles were observed in AIRmax and
AIRmin lines after pristane injection, when compared to
their respective controls. At 120 days, 228 miRNAs were
upregulated in AIRmax mice, in which 184 were upregulated
exclusively in this line (Figures 3(a) and 3(e)). 59 miRNAs
were upregulated in AIRmin mice, with 15 exclusives to this
line (Figures 3(c) and 3(e)). Twelve miRNAs were downreg-
ulated in AIRmax mice while no miRNA was downregulated
in AIRmin mice. At 170 days, 233 miRNAs were upregulated
in AIRmax mice (189 exclusively) and 10 miRNAs were
exclusively downregulated (Figures 3(b) and 3(e)). AIRmin
mice had 51 upregulated miRNAs (9 exclusively) while no
miRNA was downregulated (Figures 3(d) and 3(e)).

3.4. Target Prediction and Integration with Genome-Wide
mRNA Expression.We selected specific upregulated miRNAs
from each group for subsequent miRNA-mRNA interaction
networks. To analyze the predicted target mRNAs for each
miRDEG, we used the target prediction tool miRSystem
database that contains validated data on interaction between
miRNA and target genes from TarBase and miRecords [21].
In general, regulation by a given miRNA in a specific tissue
can be confirmed only for a fraction of predicted targets.
Therefore, in order to increase the likelihood of predicting

genuine miRNA targets, only the interactions predicted by
at least 3 different algorithms were taken into account for
analysis among miRDEGs. In this way, 57 miRNAs were
selected among the exclusively upregulated miRNAs in the
AIRmax line (Figure 4). Among miRNAs exclusively down-
regulated in AIRmax mice, 3 were selected as shown in
Figure 4(a). AIRmin animals had 12 exclusively upregulated
miRNAs (Figure 4(b)), and no miRNA was downregulated.

3.5. miRNA Validation with RT-PCR. The genes selected for
real-time PCR studies were based on microarray data to
confirm the data observed after 120 and 170 days. In contrast
to microarray analysis, miRNA-146a-5p and miR-130b-3p
were upregulated in AIRmax and AIRmin mice after pristane
injection and miR-146a-5p was more expressed in AIRmax
controls in comparison to AIRmin control mice. The
miRNAs 132-3p, 106-5p, and 27b-3p were upregulated
in AIRmax animals but not in AIRmin animals, in agreement
with microarray data. Additionally, these miRNAs had
higher expression in AIRmax than in AIRmin mice 120 days
after pristane injection. After 170 days, the expression of
these miRNAs did not differ among these lines. miRNA-
155-5p was not modulated after pristane injection.

3.6. miRNA-RNA Interaction Network. Due to the complex-
ity of the miRNA-mRNA interaction network, we selected
miRNAs with highly significant difference in expression
between experimental and control mice at 120 and 170 days.
The upregulated miRNAs found in AIRmax mice regulate a
higher number of targets than in AIRmin (Figure 5). How-
ever, most of the target genes were upregulated in both lines.
An example of the inverse correlation among miRNA and
mRNA expressions could be observed for the Bmp2 gene in
AIRmax mice. miR-27b-3p and miR-106a-5p have this gene
as a predicted target. The BMP-2 protein belongs to the
TGF-β family and is involved in the differentiation of
mesenchymal cells into osteoblasts [22]. Il10 and Efnb2
genes were also shown to be regulated by miR-27b-3p.
S1pr1 and Cd69 genes were downregulated in AIRmax mice
and were predicted targets of miR-106a-5p, miR-25-3p, and
miR-20b-5p. Several further inverse correlations between
mRNA and miRNA expression could be observed in this
network (Figure 5).

4. Discussion

In the present work, we used two mouse lines to investigate
the involvement of peritoneal cell miRNAs in susceptibility
or resistance to experimental arthritis using genome-wide
microarrays. AIRmax and AIRmin lines represent an inter-
esting model for studying the mechanisms involved with
susceptibility to arthritis, as shown by the detection of several
QTLs modulating the intensity of the nonspecific inflamma-
tory component of the disease in these lines [11].

The peritoneal cell gene and miRNA expression profiling
in both lines after pristane injection identified exclusively
over- and underexpressed genes and miRNAs. Overall, pris-
tane induced the modulation of several genes in AIRmax and
AIRmin lines in both time points analyzed. This modulation
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was higher in AIRmax mice. These animals had about 2-fold
more modulated genes than the AIRmin line (2025 vs 1043).
This difference reflects mainly the number of downregulated
genes, which was about 5-fold higher in AIRmax animals

(704 vs 131). In previous microarray analyses using the paws
of these animals, the AIRmax line also showed about 5-fold
more downregulated genes than AIRmin and 2-fold more
upregulated genes [11]. The same gene expression profile
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120 days after pristane injection
vs

Control (saline‑injected)

170 days after pristane injection
vs

Control (saline-injected)

AIRmax AIRmin AIRmax AIRmin

↑ 128↑ 465↑ 533↑ 133↑ 779↑ 542
↓ 616 ↓ 88 ↓ 43 ↓ 481 ↓ 38 ↓ 19

(e)

Figure 1: Gene expression modulation in AIRmax and AIRmin mice after pristane injection. (a–d) Upregulated (red) and downregulated
(green) genes 120 and 170 days after pristane injection in peritoneum. (a) AIRmax 120 days, (b) AIRmax 170 days, (c) AIRmin 120 days,
(d) AIRmin 170 days, and (e) exclusive and common DEGs in AIRmax and AIRmin lines injected with pristane and compared to
controls. Differentially expressed genes (DEGs) were detected using unpaired one-way ANOVA in the Transcriptome Analysis Console
3.0 (TAC) software, with FDR < 0 05 considering a minimum difference of 3 times for differentially expressed genes.N = 5 animals per group.
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was also observed in the subcutaneous tissue of these lines
after Biogel injection [23]. Although different tissues and
stimuli have been analyzed, these results indicate that the
selective pressure during phenotypic selection acted in
general inflammatory regulation mechanisms.

The identification of DEGs among these lines is also
important for correlating with QTLs (quantitative trait loci)
previously mapped by De Franco et al. [11] on chromosomes
5 (Prtia2) and 8 (Prtia3). Several DEGs were clustered in the
confidence interval (CI) of these QTLs (Figure 2), being pos-
sibly related to the regulation of pristane-induced arthritis.

One of the AIRmax-upregulated genes located in the CI
of the chromosome 5 QTL is P2rx7, a candidate for suscep-
tibility to autoimmune inflammatory diseases (Table 1).
P2RX7 is a cellular receptor expressed in hematopoietic
cells such as macrophages, microglia, and some lymphocyte
subsets [24] and is activated by high extracellular ATP con-
centrations, which act as a potent DAMP (damage-associated
molecular pattern) when released by damaged tissue. For this
reason, P2RX7 is considered an innate immune system
danger sensor [25]. Activation of P2RX7 leads to formation
of the NALP3 inflammasome, caspase-1 activation, and the
consequent release of IL-1β and IL-18, while prolonged
P2RX7 activation leads to apoptosis [26].

Elliott et al. [27] indicated P2rx7 for the human SLEB4
and murine lupus lbw3 susceptibility loci. The underlying
hypothesis is that P2RX7-induced programmed cell death
might be a source of autoantigens or represent a catastrophic
cell death that destroys the ability of the host to remove such
material. In pristane-induced lupus models, pristane was
able to induce apoptosis in rat peritoneal and lymph node
cells [28, 29].

Vorraro et al. [9] mapped a QTL in chromosome 7
regulating the number of infiltrating cells in 24-hour
Biogel-induced exudates and ex vivo IL-1β production
following LPS and ATP stimulation. As mentioned above,
ATP is required for P2RX7 activation and rapid IL-1β
release. In addition, AIRmax and AIRmin animals are

polymorphic for this gene. Together, these data show that
P2rx7 is a strong candidate on chromosome 5 for the suscep-
tibility to PIA. The differential expression and clustering of
genes located in this QTL reinforce the significance of the
genetic factors of this chromosomal region in the modulation
of pristane-induced arthritis.

AIRmax animals injected with pristane also upregulated
the complement C5 receptor genes C5aR1 and C5aR2
(Table 1). C5aR has been associated with collagen-induced
arthritis (CIA). These genes were upregulated in peripheral
blood and synovial macrophages and neutrophils of arthritic
patients and in mice injected with anticollagen antibodies,
and their expression in the patients’ joints was detected
mainly in macrophages [30]. Knockout of these receptors
conferred protection from the disease in mice [30, 31].
Ribeiro and coworkers [32] detected high concentrations of
C5a fragment in the Biogel-induced inflammatory exudate
of AIRmax animals when compared to AIRmin. Consistent
with these results, AIRmax sublines homozygous for the
Slc11a1 gene R allele, which lack C5a, are more resistant to
arthritis than the homozygous mice for the S alleles [33].
Expression of these genes in the PIA-resistant AIRmin line
was unaffected by pristane.

miRNA expressions after pristane injection were also
distinct in AIRmax and AIRmin mice. At 120 days, 184
miRNAs were upregulated and 12 downregulated exclu-
sively in AIRmax animals. That regulation was similar
(189 upregulated and 12 downregulated) at 170 days. In
contrast, the AIRmin line upregulated 15 and 10 miRNAs
at 120 and 170 days, respectively; no downregulated miRNA
was detected. The higher number of downregulated genes
observed in AIRmax mice may be a consequence of the
upregulation of miRNAs in their peritoneal cells.

Fifty-seven miRNAs, highly expressed in AIRmax ani-
mals, were selected using online miRSystem software [21]
(Figure 4), based on the criteria described in Materials and
Methods. That approach increased the likelihood of selecting
true miRNA-RNA interactions, since not all algorithms yield

Table 1: Genes involved with human RA and experimental arthritis models, up- and downregulated in AIRmax mice after pristane injection
(n = 5 per group). Significant fold change (FC) was calculated using one-way ANOVA, with FDR < 0 05.

Genes
AIRmax pristane

120 days/control (FC)
FDR

AIRmax pristane
170 days/control (FC)

FDR

MMP13 10.4 0.001 10.32 0.000587

C5AR1 3.36 0.002 — —

P2RX7 3.25 0.009 — —

GPSM3 3.2 0.0003 — —

C5AR2 3.19 0.004 3.41 0.015568

S1PR1 −3.42 0.000778 −3.63 0.036394

IL-10 −3.93 0.002 — —

BMP2 −4.31 0.001 −5.11 0.000521

CD69 −6.04 0.002 — —

EFNB2 −10.24 0.000114 −13.98 0.000003

IL-6 −24.6 0.0002 −15.45 0.003381

TGFB2 −40.36 2.05E − 07 −44.4 7.58E − 07
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the same results. It is important to emphasize that, since the
main objective of this work was to evaluate the differences
between susceptible and resistant lines that may lead to the
definition of their phenotype, we restricted our analyses to
those genes and miRNAs that were only up- or downregu-
lated exclusively in one of the lines—and whose expressions

were more significantly modified in treated animals than
in controls.

Most of the up- or downregulated miRNAs have not been
ascribed roles in experimental or human arthritis develop-
ment. Instead, many of those miRNAs are described in terms
of their roles in suppressing or inducing several types of
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Figure 2: Up- and downregulated genes in AIRmax lines, located in the 1-LOD score confidence interval (CI) of Prtia2 (Chr 5) and Prtia3
QTL (chr 8) (>3-fold). (a) Chromosome 5: left—120 days; right—170 days. (b) Chromosome 8: left—120 days; right—170 days. Differentially
expressed genes (DEGs) were detected using unpaired one-way ANOVA, with FDR < 0 05.
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malignant tumors, although many have been shown to be
involved in the regulation of important biological processes
in the development of autoimmune diseases such as inflam-
mation. We therefore sought to identify important pathways

in which those miRNAs participated and which could
explain their modulation in our model—eventually leading
to the identification of new arthritis-related miRNAs in
experimentally induced arthritis.
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AIRmax AIRmin AIRmax AIRmin

170 days after pristane injection
vs

Control (saline‑injected)

120 days after pristane injection
vs

Control (saline‑injected)

↓ 0↓ 0↓ 12
↑ 15↑ 44↑ 184

↓ 10 ↓ 0 ↓ 0
↑ 189 ↑ 42 ↑ 9

(e)

Figure 3: Upregulated (red) and downregulated (green) miRNAs after pristane injection in peritoneum. (a) AIRmax 120 days, (b) AIRmax
170 days, (c) AIRmin 120 days, (d) AIRmin 170 days, and (e) exclusives and commons miRDEGs in AIRmax and AIRmin lines injected with
pristane and compared to controls. Differentially expressed miRNAs (miRDEGs) were detected using unpaired one-way ANOVA in the
Transcriptome Analysis Console 3.0 (TAC) software, with FDR < 0 05 considering a minimum difference of 2 times for differentially
expressed genes. N = 5 animals per group.
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miR-132-3p was the most upregulated miRNA in the
susceptible mouse line in microarrays and qRT-PCR (106-
and 7-fold higher at 120 days and 67- and 4.5-fold higher
at 170 days, respectively). Expression of that miRNA has
been found to increase in the peripheral blood mononuclear
cells (PBMCs) of rheumatoid arthritis patients [14]. In that
study, one of the patients with the active disease showed
unaltered levels of that and other miRNAs related to disease
after two months of treatment with methotrexate. Those
results indicate that the high expressions of miRNAs in that
patient were related to unresponsiveness to the treatment.
miR-132-3p may therefore play a key role in systemic
conditions related to joint inflammation, which would

explain its high expression in the peritoneum of susceptible
AIRmax animals.

miR-132-3p and miR-212-3p are members of the same
family (located on chromosome 11 in mice) that forms the
miR-212/132 cluster, and they have similar seed sequences.
That cluster, induced by the activation of AhR in inflamma-
tory bowel disease, was able to promote an inflammatory
response by inducing the Th17 response and suppressing
IL-10 production [34]. The Il10 gene was downregulated
in peritoneal cells in AIRmax mice (Table 1), indicating
that there may be an indirect regulation of the expression
of that cytokine by those miRNAs. IL-10 is an important
anti-inflammatory cytokine that inhibits proinflammatory

20

15

Re
lat

iv
e e

xp
re

ss
io

n

10

5

0

m
iR

-1
52

-3
p

m
iR

-3
0e

-5
p

m
iR

-6
77

m
iR

-1
51

-3
p

m
iR

-1
0a

-5
p

m
iR

-3
26

-3
p

m
iR

-7
00

-3
p

m
iR

-3
78

a-
5p

m
iR

-2
2-

3p

m
iR

-1
82

-5
p

m
iR

-7
09

m
iR

-6
96

m
iR

-2
97

a-
5p

m
iR

-6
52

-3
p

m
iR

-2
0a

-5
p

m
iR

-1
7-

5p

m
iR

-4
23

m
iR

-4
68

-3
p

120

100

80
Re

lat
iv

e e
xp

re
ss

io
n

40

60

20

0

m
iR

-1
32

-3
p

m
iR

-2
10

-3
p

m
iR

-5
01

-3
p

m
iR

-1
30

b-
3p

m
iR

-1
06

-5
p

m
iR

-2
5-

5p

m
iR

-7
44

-5
p

m
iR

-2
7b

-3
p

m
iR

-2
12

-3
p

m
iR

-2
00

c-
3p

m
iR

-4
23

-3
p

m
iR

-2
0b

-5
p

m
iR

-2
8a

-5
p

m
iR

-4
84

m
iR

-3
28

-3
p

m
iR

-7
14

m
iR

-4
21

-3
p

m
iR

-1
81

b-
5p

15

20

25

30

35

Re
lat

iv
e e

xp
re

ss
io

n

10

5

0

m
iR

-9
9b

-5
p

m
iR

-6
74

-5
p

m
iR

-7
11

m
iR

-1
95

a-
5p

m
iR

-7
06

m
iR

-4
25

-5
p

m
iR

-6
71

-5
p

m
iR

-3
45

-5
p

m
iR

-9
2b

-3
p

m
iR

-6
69

b-
5p

m
iR

-2
22

m
iR

-1
8a

-5
p

m
iR

-2
1a

-5
p

m
iR

-3
28

-3
p

m
iR

-3
30

-3
p

m
iR

-3
24

-3
p

m
iR

-6
69

c-
5p

m
iR

-4
86

-5
p

m
iR

-1
81

d-
5p

m
iR

-4
67

a-
5p

m
iR

-7
12

-5
p

−4

−6

−2

0

Re
lat

iv
e e

xp
re

ss
io

n

−8

−10

miR-99a-5p miR-705 miR-125b-5p

120 days

170 days

(a)

80

60

40

20

0

100

Re
lat

iv
e e

xp
re

ss
io

n

m
iR

-1
46

b-
5p

m
iR

-2
23

-3
p

m
iR

-2
21

-3
p

m
iR

-1
48

a-
3p

m
iR

-5
42

-5
p

m
iR

-4
67

a-
1

m
iR

-1
8a

-5
p

m
iR

-1
28

-3
p

m
iR

-3
22

-3
p

m
iR

-3
30

-5
p

m
iR

-1
30

a-
3p

m
iR

-1
93

b-
3p

120 days

170 days

(b)

Figure 4: (a) Up- and downregulated miRNAs after pristane injection. Only the miRNAs predicted to interact with their targets in at least 3
different databases were shown. (a) miRNAs exclusively modulated in AIRmax mice and (b) miRNAs exclusively modulated in AIRmin mice.
Differentially expressed miRNAs (miRDEGs) were detected using unpaired one-way ANOVA, with FDR < 0 05 and considering a minimum
2-fold difference for miRDEGs.
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mediator production and lymphocyte proliferation, thus
playing a protective role in autoimmune diseases. IL-10
has been shown to contribute to the prevention of arthritic
inflammation in macrophages during collagen-induced
arthritis development [35]. That gene can be regulated
by different miRNAs, including miR-27b-3p, which is highly
upregulated in that line (Figures 4, 5, and 6).

Cd69 and S1pr1 (specifically targeted by 106a-5p, 25-3p,
and 20b-5p miRNAs) were downregulated in AIRmax mice
(Table 1 and Figure 5). CD69 is a leukocyte receptor
induced in lymphocytes and macrophages after activation.
Sancho et al. [36] demonstrated that CD69−/− and CD69+/−

mice had an exacerbated form of collagen-induced arthritis
(CIA) when compared to controls and that CD69 was
capable of inducing TGF-β2 synthesis. TGF-β2 is an anti-
inflammatory cytokine, and null mutations in that gene can
lead to severe inflammatory disorders; that gene regulates
the production of inflammatory cytokines and has protective
effects in the CIA model [36, 37]. Tgfb2 was the most down-
regulated gene in the AIRmax line (40-fold), while CD69 was
approximately 6-fold downregulated. The S1pr1 gene, on
the other hand, has been shown to be important for the dif-
ferentiation of osteoblasts [22]. The inhibition of osteoblast
differentiation contributes to bone loss in RA as well as a
decreased ability of those lesions to heal [38].

The expressions of miR-181b-5p and IL-6 were shown to
be inversely correlated following stimulation with LPS, and
IL-6 was shown to be a direct target of miR-181b-5p [39],
demonstrating the critical role of the posttranscriptional con-
trol of IL-6 by miR-181b-5p in endotoxin tolerance. The
expressions of miR-181b-5p and IL-6 were also inversely cor-
related in susceptible AIRmax mice (Table 1 and Figure 4).

Although IL-6 did not appear as a target for miR-181b-5p
in our interaction network (which considered at least 3
different algorithms), the data from the TargetScan database
(which is widely used in the literature to predict miRNA-
RNA interactions) indicated that gene as a possible target
of miR-181b-5p. An important role of IL-6 has been reported
in the in vitro inhibition of osteoclast progenitors mediated
by the disruption of RANK signaling [40]. Osteoclasts are
required for articular bone resorption and are responsible
for bone erosion in RA [38, 41]. The unbalanced expression
of the genes that promote osteoclastogenesis and inhibit oste-
oblast differentiation may represent a mechanism stimulat-
ing bone erosion and increasing disease severity in AIRmax
animals. Histological analyses of the paws of the AIRmaxSS
subline did, in fact, show bone loss in addition to the destruc-
tion of cartilage [42].

Soto et al. [43] compared the gene expression profiles of
the rat collagen-induced arthritis model (CIA) with human
RA (using paw and knee synovial tissue, respectively). Com-
paring the DEGs in our model with the model used by
Soto et al., we observed that two genes upregulated in
AIRmax mice (Mmp13 and Gpsm3) were also upregulated
in CIA rats (Table 1).

The MMP13 and GPSM3 genes play significant roles in
rheumatoid arthritis in humans, and the GPSM3 gene has
been associated with the risk of developing autoimmune
diseases [44]. Polymorphisms associated with decreased
transcription have been inversely correlated with the risk
of developing arthritis. The reduced expression of GPSM3
was observed to prevent neutrophil migration mediated by
LTB4 (leukotriene B4) and CXCL8 to arthritic joints [44].
Additionally, mice deficient for the Gpsm3 gene were

(a) (b)

Figure 5: mRNA-miRNA interaction network. (a) miRNAs upregulated in AIRmax mice and their interaction with predicted target genes;
(b) miRNAs upregulated in AIRmin mice and their interaction with predicted target genes. Red and blue = upregulated genes; green and
purple = downregulated genes. The interaction network was built with Cytoscape 3.4.0.
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Figure 6: Relative gene expression determined by qRT-PCR in peritoneal cells of AIRmax and AIRmin mice 120 and 170 days after pristane
injection (n = 5 mice/group). Data expressed as mean ± standard error of two independent experiments; statistical analysis by ANOVA
followed by Tukey’s post hoc tests. ∗p < 0 05 between AIRmax and AIRmin; #p < 0 05 between control and pristane-injected animals.
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protected from arthritis induced by anticollagen antibodies
that reduced CCL2 and CX3CL1-mediated migration of
myeloid cells [45]. GPSM3 acts as a direct NLRP3 inhibitor,
reducing IL-1-beta but not TNF-alpha secretions in the peri-
toneum [46]. It was also demonstrated that GPSM3 is
required for a proper chemokine signal in leukocytes, inter-
fering in their functions during inflammation events [47].
These fine regulated mechanisms are altered in the arthritis
onset and progression. Those genes are located on chromo-
somes 17 and 7 in mice, where suggestive QTLs for experi-
mental arthritis were detected in our model [11]. The
miRanda database identified Gpsm3 as a predicted target of
miRNA-151-5p, which is downregulated in AIRmax mice.
Since that interaction was only predicted in that database, it
was not considered in our results, although the high expres-
sion of Gpsm3 as a consequence of the downregulation of
miRNA-151-3p should not be completely ruled out.

MMP-13 (or collagenase-3) hydrolyzes type 2 collagen
and may favor the destruction of cartilage in arthritic joints.
In rheumatoid arthritis, IL-1β and TNF-α produced by
macrophages in the connective tissue stimulate the produc-
tion of that MMP by articular chondrocytes [48]. Addition-
ally, a key role has been attributed to some genetic loci
encoding metalloproteinases in bone destruction [1]. The
expression of that MMP increased 10-fold in AIRmax mice
(Table 1), but remained unaltered in pristine-treated AIRmin
animals. Vonk and coworkers [49] looked for different miR-
NAs expressed in healthy and osteoarthritis (OA) patients
and found that miRNA-148a levels in healthy subjects were
approximately 10-fold higher than those seen in patients
with the disease. Transfection of miR-148a-3p into cells of
OA patients resulted in decreased MMP-13 expression
(which had increased in those patients), suggesting that the
miRNA (which was also 8-fold more expressed in the resis-
tant AIRmin line) (Figures 4(b) and 5(b)) may play a protec-
tive role in that disease by regulating MMP-13 expression
induced by pristane, with consequent cartilage destruction.

In a second analysis, Soto et al. [43] identified 30 genes
differentially expressed in RA as compared to controls. Of
those 30 genes,Pde3b, Tgfb2, and Fam120c were downreg-
ulated in both RA patients and AIRmax mice; Tgfb2
showed a significant protective effect in arthritis models
as discussed above.

Many miRNAs are over- or underexpressed in autoim-
mune diseases such as SLE [50, 51] and rheumatoid arthritis
(RA) [52], and different investigators have reported that
miR-146a is altered in those diseases [17]. That microRNA
was upregulated in both AIRmax and AIRmin lines in
both qRT-PCR (Figure 6) and microarray analyses. Inter-
estingly, that miRNA showed a higher expression in AIR-
max than in AIRmin control mice 120 days after pristane
injection. Increased expression of miRNA-146a has been
well-documented in the PBMCs of patients with arthritis.
That microRNA has two known targets: Traf6 (TNF
receptor-associated factor 6) and Irak1 (interleukin-1
receptor-associated kinase 1), which both stimulate TNF-α
production [53]. The expressions of those molecules were
not altered in those patients, suggesting that in spite of
increased miRNA-146a levels, it was unable to regulate

TRAF6/IRAK. Therefore, it is not known exactly how the
high expression of that miRNA is related to the increased
levels of TNF-α in RA [52]. Traf6 and Irak1 expressions were
unchanged in AIRmax and AIRmin mice.

Despite its high incidence and severe phenotype, RA still
has no cure in spite of many efforts to produce effective
therapy treatments. Further studies should therefore be car-
ried out to better understand the functions and mechanisms
of miRNAs in the immune system and in arthritis develop-
ment. The AIRmax and AIRmin lines constitute interesting
tools for mapping inflammatory disease-modifying genes
and miRNAs, in addition to being a valid animal model for
the human disease in respect to similar gene pathways and
miRNAs. Our study demonstrated that those lines have
distinct gene and miRNA expression profiles, which may be
partly responsible for their different phenotypes.

5. Conclusions

Our study showed that the distinct peritoneal cell gene and
miRNA expression profiles of AIRmax and AIRmin lines
are correlated with their divergent PIA susceptibility pheno-
types, evidencing interesting targets for further validation.
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IFN-γ and IL-22 are deeply involved in the pathogenesis of psoriasis, as they boost the expression of inflammatory genes and alter
proliferative and differentiative programs in keratinocytes. The JAK1/JAK2/STAT1 and JAK1/TYK2/STAT3 pathways triggered by
IFN-γ and IL-22, respectively, are aberrantly activated in psoriasis, as highlighted by the peculiar STAT1 and STAT3 signatures in
psoriatic skin lesions. To limit the detrimental consequences of IFN-γ and IL-22 excessive stimulation, psoriatic keratinocytes
activate suppressor of cytokine signaling (SOCS)1 and SOCS3, which in turn dampen molecular signaling by inhibiting JAK1
and JAK2. Thus, JAK targeting appears to be a reasonable strategy to treat psoriasis. Tofacitinib is an inhibitor of JAK proteins,
which, similarly to SOCS, impedes JAK phosphorylation. In this study, we evaluated the immunomodulatory effects of
tofacitinib on epidermal keratinocytes in in vitro and in vivo models of psoriasis. We demonstrated the selectivity of tofacitinib
inhibitory action on IFN-γ and IL-22, but not on TNF-γ or IL-17 proinflammatory signaling, with suppressed expression of
IFN-γ-dependent inflammatory genes, and restoration of normal proliferative and differentiative programs altered by IL-22 in
psoriatic keratinocyte cultures. Tofacitinib also potently reduced the psoriasiform phenotype in the imiquimod-induced murine
model of psoriasis. Finally, we found that tofacitinib mimics SOCS1 or SOCS3 activities, as it impaired the same molecular
pathways in IFN-γ or IL-22-activated keratinocytes.

1. Introduction

Psoriasis is an immune-mediated skin disease characterized
by epidermal abnormalities and prominent inflammatory
cell infiltrate [1–3]. Current opinion on the pathogenesis of
psoriasis emphasizes the role of cytokine signaling to drive
an inflammatory cycle, in which infiltrating dendritic cells
and autoreactive T lymphocytes, mainly represented by IL-
17-producing T cells, T-helper-1 (Th1), and Th22 cells,
release IL-17, IFN-γ, IL-22, and TNF-α. All these cytokines
induce keratinocyte expression of a plethora of immune

mediator determinant for recruitment and activation of addi-
tional dendritic cells and T lymphocytes, which in turn rein-
force the pathogenic cycle by perpetuating keratinocyte
activation [4–6]. Proinflammatory cytokines, in particular,
IL-22 and IL-17, are also responsible for hyperproliferation
and altered terminal differentiation of keratinocytes, as well
as impairment of the apoptotic pathways, all typical features
of psoriasis [4–6]. Thus, IFN-γ and IL-22 inflammatory cyto-
kines are deeply involved in the pathogenesis of psoriasis,
and their Janus Kinase (JAK)1/JAK2/signal transducers and
activators of transcription (STAT)1 and JAK1/tyrosin kinase
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(TYK)2/STAT3 proximal signaling are aberrantly activated,
as highlighted by STAT1 and STAT3 signatures in psoriatic
skin lesions [7–10]. Also, IL-17 and TNF-α proinflammatory
cytokines elicit immune responses in psoriatic keratinocytes,
through molecular pathways independent on JAK/STAT and
involving NF-κB, Act1, and ERK1/2 [11, 12].

To limit an excessive stimulation by inflammatory cyto-
kines, keratinocytes express suppressors of cytokine signaling
(SOCS) molecules, a family of endogenous inhibitors of
cytokine-dependent signaling [6, 13–16]. SOCS1 and SOCS3
function as potent suppressors of IFN-γ and IL-22 signaling
in keratinocytes, respectively. At molecular level, SOCS1
and SOCS3 inhibit JAK1–2 by functioning as pseudosub-
strates, hence impeding the activation of IFN-γ and IL-22
receptors and downstream STATs. As a consequence of the
loss of STAT1 activity, keratinocytes overexpressing SOCS1
can no longer express inflammatory molecules in response
to IFN-γ [13–15]. Similarly, IL-22-induced proliferative and
antidifferentiative effects on keratinocytes are efficiently
counteracted by SOCS3-dependent STAT3 inhibition [15,
17]. On the other hand, SOCS cannot influence JAK-
independent molecular pathways in keratinocytes, including
TNF-γ signaling [13].

Because of the importance of inflammatory cytokines in
psoriasis, JAK targeting represents a logical strategy to treat
this disease. Various JAK inhibitors are in preclinical devel-
opment or have been tested in clinical trials. Among them,
tofacitinib is an oral JAK inhibitor with an intracellular
mechanism of action against JAKs, already in use for sys-
temic treatment of rheumatoid arthritis [18], and under
evaluation for the treatment of both plaque psoriasis [19]
and psoriatic arthritis [20]. Phase 3 studies in patients with
moderate-to-severe chronic plaque psoriasis have demon-
strated the efficacy of tofacitinib in improving clinical out-
comes [21]. JAK inhibition by tofacitinib strongly reduces
clinical signs of psoriasis, and, potently blocks signaling
through the common γ chain-containing receptors, includ-
ing IL-2, IL-4, IL-7, IL-9, and IL-15, or through canonical
receptors for cytokines, such as IFN-γ, IL-21, IL-6, and
to a lesser extent, IL-12 and IL-23 [22]. In preclinical
models, tofacitinib was shown to affect both innate and
adaptive immune responses and inhibited pathogenic T
helper (Th)17 cell differentiation by suppressing IL-23
expression [23].

While the mechanisms of T-cell activity inhibition and
modulation of differentiation by tofacitinib are well charac-
terized [23–25], few information on the immunomodulatory
effects on psoriasis-related pathways activated in resident
keratinocytes, or on its capability to mimic SOCS inhibitory
circuits exist for this drug. In this study, we evaluated the
immunomodulatory effects of tofacitinib on epidermal kera-
tinocytes in experimental in vitro and in vivo models of pso-
riasis. In particular, we studied the tofacitinib effect on JAK/
STAT pathway and downstream inflammatory molecules in
human keratinocyte cultures activated with proinflammatory
molecules related to psoriasis, including IFN-γ, IL-22, IL-17,
and TNF-γ, as well as in vivo in the imiquimod- (IMQ-)
induced murine model of psoriasis. We also investigated
the impact of tofacitinib on other protein targets induced

by IFN-γ or IL-22 signaling in keratinocytes and to mimic
SOCS1 or SOCS3 activities.

2. Materials and Methods

2.1. Keratinocyte Cultures and Treatments. Primary cultures
of human keratinocytes were obtained from skin biopsies
of psoriatic patients (n = 5) afferent to 5th Dermatology
Unit at IDI-IRCCS and prepared as previously described
[6]. Patients had definite plaque-type psoriasis diagnosed
according to standard criteria, and they had not received
any systemic or topical therapy for at least 1 month before
skin donation. Skin biopsies were obtained after patient’s
informed written consent, with the approval of the IDI-
IRCCS Local Ethics Committee (Prot. N. 474/1/2016; study:
“Studio delle chinurenine in pazienti affetti da psoriasi”).
Second- or third-passage keratinocytes were used in all
experiments, with cells cultured in the serum-free medium
KGM (Clonetics, San Diego, CA), for at least 3–5 days (at
60–80% confluence) before performing treatments. Some
experiments were performed on keratinocyte cultures
undergoing terminal differentiation, achieved by growing
cells at 100% of confluence (t0) and, thus, keeping them in
culture for another 4 d.

Stimulations with 200U/ml recombinant human (rh)
IFN-γ (R&D Systems, Minneapolis, MN, USA), as well as
50 ng/ml rh TNF-α, IL-22, or IL-17 (all from R&D Systems),
were performed in keratinocyte basal medium (KBM, Clo-
netics). Tofacitinib (CP 690,550 compound) was obtained
from Pfizer Inc. (Peapack, NJ) and administered by pretreat-
ing cultures for 1 h before cytokine stimulation. Cytotoxicity
of tofacitinib was previously tested by measuring the activ-
ity of lactate dehydrogenase (LDH) released from keratino-
cyte cultures, using Cytotoxicity Detection Kit Plus-LDH
(Roche Diagnostics, Milan, Italy), following the manufac-
turer’ instructions.

2.2. Immunoprecipitation, Immunoblotting, and Densitometry.
Protein extract preparation, immunoprecipitation, and immu-
noblotting were performed accordingly to standard proce-
dures [6]. The Abs used for the study were as follows:
anti-IFN-γRα subunit (C-20), anti-IL-22R1 (3-RE40), anti-
TYK2 (C-20) (all from Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-phosphotyrosine (clone 4G10; Upstate
Biotechnologies, Temecula, CA), anti-JAK1, anti-JAK2
(Upstate Biotechnologies), anti-phosphotyrosine- (pTyr701-)
STAT1 (Santa Cruz Biotechnology), anti-phosphoserine-
(pSer727-) STAT1, anti-phosphotyrosine- (pTyr705-) STAT3
and anti-phosphoserine- (pSer727-) STAT3 (Cell Signaling),
anti-STAT1 and anti-STAT3 (C-20) (Santa Cruz Biotechnol-
ogy), anti-phospho-ERK1/2 (E4; Santa Cruz Biotechnology),
anti-ERK1/2 (C-16; Santa Cruz Biotechnology), anti-
phospho-p65 (Ser276), anti-IκBα, HRP-conjugated anti-c-
myc (9E10), anti-p63 (4A4), anti-β-actin (all from Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-keratin
(KRT)1, and anti-loricrin (both from Covance, Meryville,
CA). Filters were properly developed with anti-mouse,
anti-goat, or anti-rabbit Ig Abs conjugated to HRP using
the ECL-plus detection system (Amersham, Dubendorf,
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Switzerland) or, otherwise, the SuperSignal West Femto kit
(Pierce, Rockford, IL, USA). Immunoblots of experiments
were subjected to densitometry using an Imaging Densitom-
eter model GS-670 (Bio-Rad) supported by the Molecular
Analyst Image software, and band intensities were evaluated
in three independent experiments. Data are expressed as fold
induction± SD in experimental time-course relative to
untreated or tofacitinib-treated samples, to which were given
a value of 1.

2.3. Transient Transfection and Luciferase Assay. Cultured
keratinocytes grown in six-well plates were transiently trans-
fected with the STAT3-responsive plasmid pLucTKS3 (a
generous gift of Prof. J. Turkson, University of Central
Florida, Orlando, FL) or pGASLuc plasmid by using Lipofec-
tin reagent (Invitrogen), according to the manufacturer’s
instructions. At 24 h post transfection, cells were pretreated
with tofacitinib for 1 h and then stimulated with IL-22 or
IFN-γ for 8 h. After cell lysis in an appropriate buffer (Pro-
mega Italia, Milan, Italy), Firefly luciferase activity was mea-
sured using Dual-Glo Luciferase Assay System (Promega).
To normalize the transfection efficiency, pRL-null plasmid
encoding the Renilla luciferase was included in each transfec-
tion. Luciferase activity was further normalized by total cellu-
lar protein content assayed using Bradford (Sigma-Aldrich,
Milan, Italy).

2.4. Intracellular Signaling Array. PathScan Intracellular
Signaling Array Kit was purchased from Cell Signaling Tech-
nology (Cell Signaling Technology, Beverly, MA; Catalog
#7323). This array allows the simultaneous detection of 18
signaling molecules when phosphorylated or cleaved. They
include ERK1/2, STAT1, STAT3, Akt (Thr308 and Ser473
phosphorylation), AMPKa, S6 ribosomal protein, mTOR,
HSP27, Bad, p70 S6 kinase, PRAS40, p53, p38, SAPK/JNK,
PARP, caspase 3, and GSK-3b. Whole protein lysates from
keratinocyte cultures treated with IFN-γ, IL-22, or TNF-α
in the presence or absence of tofacitinib were prepared using
lysis buffer that was provided in the kit and processed follow-
ing the manufacturers’ instructions. The Bio-Rad Gel Docu-
mentation System was used to take detailed pictures of the
array using the Quantity One software using the ChemiDoc
XRS function. Values of graphs are expressed as densitomet-
ric units and were normalized to internal positive control.

2.5. Proliferation Assays. 8× 104 cells were seeded in 12-well
plates and, the day after, starved in KBM. Culture stimulation
with IFN-γ, IL-22, or TNF-α was conducted either in the
presence or absence of tofacitinib. After 2 d of treatment, cells
were evaluated by Trypan blue exclusion test. Crystal violet
assays were also performed to evaluate proliferation. Thus,
2× 104 cells were grown for 48 h in 96-well plates and stained
with 0.5% crystal violet, whose incorporation was measured
at 540nm in an ELISA reader (model 3550 UV ELISA reader;
Bio-Rad, Hercules, CA).

2.6. Apoptosis Analysis. Apoptosis of keratinocytes was eval-
uated using the FITC Annexin V/propidium iodide (PI) apo-
ptosis detection kit (BD Biosciences, Milan, Italy). Viability,
necrosis, and apoptosis were analysed by flow cytometry.

Cells were analysed with a FACScan equipped with Cell
Quest software. The percentage of Annexin V+, PI+, and
Annexin V/PI+ cell populations were evaluated in keratino-
cyte cultures left untreated or treated with IFN-γ, IL-22, or
TNF-α in the presence or absence of tofacitinib.

2.7. RNA Isolation and Real-Time Polymerase Chain Reaction
(PCR). Total RNA from keratinocyte cultures was extracted
using the TRIzol reagent (Invitrogen); mRNA was reverse-
transcribed into cDNA and analysed by real-time PCR. The
expression of human SOCS3, S100A7, IL-20, HBD-2, LL-
37, and HPRT-1 mRNA was evaluated in the ABI Prism
SDS 7000 PCR instrument (Applied Biosystems, Branch-
burg, NJ), using SYBR Green PCR reagents or TaqMan
PCRMaster Mix. The same PCR tools were employed to ana-
lyse murine IL-17A, IL-22, IFN-γ, TNF-α, CXCL10, CCL2,
CCL20, CXCL16, and IL-6 mRNAs. The forward and reverse
primers employed for real-time PCR for SOCS3 were 5′-
AAGGACGGAGACTTCGATTCG-3′ and 5′-AAACTT
GCTGTGGGTGACCAT-3′, and for LL-37 5′-TTTTGC
GGAATCTTGTACCCA-3′ and 5′-TCTCAGAGCCCAGA
AGCCTG-3′. The sequences of the primers for β-defensin-
(HBD-) 2 mRNA have been previously described [26].
Primers for S100A7, IL-20, and HPRT-1 were provided by
Applied Biosystems (HS 00161488, HS 00218888, and HS
4333768, respectively). Primers used for the detection of
murine molecules were retrieved from previous studies
[27]. Human and murine mRNA level values were normal-
ized to HPRT-1 and β-2-microglobulin mRNA, respectively.
The values obtained from triplicate experiments were aver-
aged, and data presented as mean 2−ΔΔCT± SD.

2.8. Multiplex Immunoassay and ELISA. Media conditioned
for 48 h by psoriatic keratinocyte cultures stimulated with
IFN-γ or IL-22 in the presence or absence of tofacitinib were
harvested and filtered. The simultaneous quantitative mea-
surement of cytokines/chemokines in small amounts of
supernatants was achieved by using the xMAP multiplex
technology (Luminex) and a BioPlex 200 System equipped
with magnetic washer workstation Bio-Plex ProTM and
Manager Software version 6.1 (Bio-Rad Laboratories, Milan,
Italy). In particular, a Pro-Human Cytokine Panel (Bio-Plex,
Pro-Human Chemokine 40-plex Panel, cat # 171AK99MR2,
Bio-Rad) was used to measure the following analytes:
6Ckine/CCL21, BCA-1/CXCL13, CTACK/CCL27, ENA-78/
CXCL5, Eotaxin/CCL11, Eotaxin-2/CCL24, Eotaxin-3/CC
L26, Fractalkine/CX3CL1, GCP-2/CXCL6, GM-CSF, Gro-
α/CXCL1, Gro-β/CXCL2, I-309/CCL1, IFN-γ, IL-1β, IL-2,
IL-4, IL-6, IL-8/CXCL8, IL-10, IL-16, IP-10/CXCL10, I-
TAC/CXCL11, MCP-1/CCL2, MCP-2/CCL8, MCP-3/CC
L7, MCP-4/CCL13, MDC/CCL22, MIF, MIG/CXCL9, MIP-
1α/CCL3, MIP-1δ/CCL15, MIP-3α/CCL20, MIP-3β/CCL
19, MPIF-1/CCL23, SCYB16/CXCL16, SDF-1α+β/CXCL12,
TARC/CCL17, TECK/CCL25, and TNF-α, following the
manufacturers’ instructions. In parallel, CCL5 was measured
with a commercially available sandwich ELISA kit (R&D
Systems) and an ELISA reader model 3550 UV (Bio-Rad).
Psoriatic keratinocyte cultures were conducted in duplicate
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using two different keratinocyte strains. Data were expressed
as mean pg/ml or ng/ml± SD.

2.9. IMQ-Induced Psoriasiform-Like Model. 8 weeks old
female BALB/cJ mice (Harlan Laboratories, San Pietro al
Natisone, Italy) were employed in all the experiments.
Shaved mouse dorsal skin was treated daily for 5 consecutive
days with 50mg Aldara cream containing 5% IMQ (MEDA
AB, Solna, Sweden). On day 5, full-thickness skin biopsies
of the treated area were collected with an 8mm biopsy
puncher. Skin was fixed in neutral buffered formalin
(Sigma-Aldrich, St. Louis, MO, USA) for histopathological
analysis. In some experiments, 50μl Aldara cream was mixed
with tofacitinib (in DMSO solution) at a final concentration
of 10 and 0.5mM. A group of 10 mice was used for each
experimental condition. On day 5, full skin was fixed in neu-
tral buffered formalin (Sigma-Aldrich, St. Louis, MO, USA)
for histopathological analysis. Otherwise, full skin was frozen
in nitrogen liquid and further processed for RNA extraction,
which was performed by using TRIzol reagent (Invitrogen).
RNA from ten mice per experimental group were pooled,
reverse-transcribed into cDNA, and analysed by real-time
PCR, as previously described.

2.10. Histopathology and Immunohistochemistry. Fixed
murine skin was embedded in paraffin, and tissue sections
were deparaffinized and stained with H&E for histological
analysis. Epidermal and scale thickness and cell infiltrate
number were analysed as parameters of skin acanthosis and
inflammation. Average epidermal and scale thickness was
quantified by a researcher blind to the experimental groups
who took five measurements per three sections for each
mouse. Cells infiltrating dermis were also counted in three
skin sections for each mouse. Immunohistochemistry was
performed by using primary Abs against CD3 (Dako,
Glostrup, Denmark), Ly6G, CD11c, and CD11b (BD Biosci-
ences), Ki67 (Novocastra, Newcastle upon Tyne, UK),
KRT10 (Covance), phospho-STAT3 (Tyr705) and phospho-
STAT1 (Tyr701) (both from Cell Signaling), IL-17A (R&D
Systems) and IL-22 (Novus Biologicals, Oakdille, Canada),
and immunoreactivities developed with secondary biotinyl-
atedmAbs and staining kits (Vector Laboratories, Burlingame,
CA, USA). Sections were counterstained with Mayer’s hema-
toxylin and were visually analysed by two pathologists expe-
rienced in dermatology. Positivity was evaluated in 5 adjacent
fields at a magnification of 200x. A semiquantitative, four-
stage scoring system was applied, ranging from negative
immunoreactivity (0) to strong immunoreactivity (4+) for
KRT10 in the epidermis.

2.11. Stable Keratinocyte Transfectants.HaCaT cells were sta-
bly transfected with myc/SOCS1, myc/SOCS2, myc/SOCS3,
or empty pcDNA3 (mock) plasmids as previously reported
[6, 13]. HaCaT SOCS clones were treated with IFN-γ or IL-
22, whereas mock clones were pretreated with tofacitinib
and then stimulated with IFN-γ or IL-22 in DMEM.

2.12. Statistical Analysis. For in vitro studies, statistical signif-
icance was evaluated using Wilcoxon’s signed rank test (Sig-
maStat; Jandel, San Rafael, CA, USA). Values of p ≤ 0 05

were considered significant. For in vivo experiments, the sig-
nificance of differences between experimental groups (mice
treated with IMQ vs. mice treated with IMQ plus tofacitinb
100mM or 5mM) was calculated by unpaired Student’s
t-test. Statistical analysis was performed with Prism v.5.0
(GraphPad Software, La Jolla, CA, USA), and values are
expressed as the mean+ SD of n animals. Values of p < 0 05
were considered significant.

3. Results

3.1. Tofacitinib Efficiently Inhibits on JAK/STAT-Dependent
Pathways in IFN-γ- or IL-22-Activated Keratinocytes.We ini-
tially studied the impact of tofacitinib on intracellular path-
ways activated in human keratinocytes by proinflammatory
cytokines with a pathogenic role in psoriasis, including
IFN-γ, IL-22, TNF-α, and IL-17. To this end, primary kerati-
nocyte cultures were established from skin biopsies of psori-
atic patients (n = 5). The choice to employ psoriatic
keratinocyte cultures raised from the fact that these strains
are more responsive to triggering factors, as compared to ker-
atinocytes obtained from healthy donors, probably due to
their genetic background and different susceptibilities to pro-
inflammatory cytokines [4, 5]. Tofacitinib had no cytotoxic
effects on keratinocytes even at higher concentrations, as
tested by measuring the activity of lactate dehydrogenase
released by cultures (not shown). One hour pretreatment
with different doses of tofacitinib (0.1–10μM) was followed
by stimulation of keratinocyte cultures with rh IFN-γ
(200U/ml), IL-22 (50 ng/ml), TNF-α (50 ng/ml), or IL-17
(50 ng/ml) for different time periods (Figure 1, data not
shown). Tofacitinib efficiently inhibited IFN-γ and IL-22
proximal signaling, with reduced phosphorylation of IFN-γ
R, JAK1, and JAK2, as well as IL-22R1 and JAK1, but not
TYK2, respectively (Figures 1(a) and 1(b), left). As a conse-
quence of proximal signaling inhibition, downstream STAT1
and STAT3 phosphorylation was dose dependently inhibited
in IFN-γ-stimulated cultures (Figure 1(a), right). Interest-
ingly, phospho-ERK1/2 activation was also reduced by tofa-
citinib, even if less potently if compared to STATs
(Figure 1(a), right). Similarly to what we observed for IFN-
γ, IL-22 could not induce STAT3 or ERK1/2 phosphoryla-
tion in the presence of tofacitinib (Figure 1(b), right). In
order to evaluate the specificity of action of tofacitinib on
pathways dependent on JAKs, we analysed its effects on the
signaling of TNF-α or IL-17, cytokines which notoriously
can activate NF-κB and MAP kinases but not JAKs. As
shown in Figure 1(c), tofacitinib could not influence phos-
phorylation of IκBα or p65 NF-κB subunit, nor ERK1/2 in
response to TNF-α. In contrast, tofacitinib reduced STAT3
activation induced by TNF-α, even if at a lower degree if
compared to that observed for IFN-γ- or IL-22-treated sam-
ples. Of note, tofacitinib could not regulate signaling path-
ways activated by IL-17 in keratinocytes, including NF-κB
(data not shown). Finally, tofacitinib potently reduced the
IFN-γ- or IL-22-induced transactivation of STAT1- or
STAT3-binding promoters in keratinocytes, as assessed in
cultures transfected with the IFN-γ-inducible reporter plas-
mid, pGAS-Luc, or the IL-22-inducible reporter plasmid,
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Figure 1: Continued.
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pLucTKS3, respectively (Figure 1(d)). As a whole, these data
demonstrate that tofacitinib totally abrogated JAK/STAT
pathways activated by IFN-γ and IL-22 in human psoriatic
keratinocytes, whereas it could not influence JAK-
independent molecular pathways, such as those activated by
TNF-γ or IL-17.

3.2. Analysis of the Effect of Tofacitinib on Additional
Molecular Pathways Induced by IFN-γ or IL-22 in
Keratinocyte Cultures.We next determined the protein phos-
phorylation profiles of keratinocyte cultures undergoing
stimulation with IFN-γ, IL-22, or TNF-α for 20min, pre-
treated or not with tofacitinib. This analysis was performed
by using a commercial phospho-kinase array kit (see Mate-
rials and Methods), which detects intracellular kinases and
signaling node molecules, including Akt, AMPKα, mTOR,
HSP27, BAD, p53, JNK, p38, PARP, and caspase 3, other
than STAT1 and STAT3, specifically activated by IFN-γ
and IL-22. As shown in Figure 2, tofacitinib could signifi-
cantly reduce the IFN-γ-dependent upregulation of Akt
phosphorylation at both Thr308 and Ser473 residues,
AMPKα, p38, PARP, and caspase 3, other than STAT1 (data
not shown) and STAT3. In parallel, it decreased Akt phos-
phorylation at both Thr308 and Ser473 residues, AMPKα,
mTOR, HSP27, p38, JNK, and STAT3, activated by IL-22
treatment in keratinocyte cultures (Figure 2). However, tofa-
citinib inhibition of these additional molecular pathways was
weaker if compared to that observed on STAT. Again, TNF-
α-induced intracellular kinase pattern could not be influ-
enced by tofacitinib treatment, with the exception of STAT3
(Figure 2).

3.3. Effects of Tofacitinib on Keratinocyte Proliferation,
Differentiation, and Apoptosis Processes. We assessed
whether tofacitinib regulated keratinocyte growth and prolif-
eration, as well as differentiation and apoptosis in psoriatic
keratinocyte cultures (n = 3). Cells were pretreated with tofa-
citinib (5μM) for 1 h and then stimulated with IFN-γ, IL-22,
or TNF-α for 48 h. As previously reported [13, 17], IFN-γ
decreased proliferation of keratinocyte cultures whereas IL-
22 enhanced such process by inhibiting terminal differentia-
tion.When tofacitinib was coadministered, the effects of these
cytokines on keratinocyte proliferation were totally reverted
(Figure 3(a)). Similarly, tofacitinib could significantly abro-
gate IL-22-induced inhibition of differentiation, as well as
IFN-γ-induced apoptosis of keratinocytes (Figures 3(b) and
3(c)). In contrast, tofacitinib did not influence TNF-γ-
induced processes in keratinocytes, in particular apoptosis,
as shown in Figure 3(c).

3.4. Regulation by Tofacitinib of Expression of Psoriasis-
Related Inflammatory Molecules by Keratinocytes. We then
evaluated whether tofacitinib could influence keratinocyte
expression of proinflammatory genes induced by IFN-γ or
IL-22 via JAK/STAT pathway. To this end, the expression
of a variety of molecules involved in the induction or control
of skin inflammation was studied by cytofluorimetry, bioplex
multiplex immunoassays, and real-time PCR analysis of pso-
riatic keratinocyte cultures pretreated with tofacitinib and
then stimulated with rh IL-22 or IFN-γ. We found that tofa-
citinib substantially reduced IFN-γ-induced expression of
ICAM-1, HLA-DR and MHC class I membrane molecules,
and numerous inflammatory mediators, including CX3CL1,
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Figure 1: Tofacitinib inhibits IFN-γ- and IL-22- but not TNF-α-induced molecular signaling in psoriatic keratinocytes cultures. (a) Protein
extracts obtained from psoriatic keratinocytes pretreated or not with vehicle alone or the indicated doses of tofacitinib, and then stimulated or
not with IFN-γ for the indicated time periods, were subjected to immunoprecipitation for IFN-γRα, JAK1, or JAK2 and Western blotting
analysis by using anti-phosphotyrosine Ab to detect IFN-γRα, JAK1, or JAK2 phosphorylation. Filters were stripped and reprobed with
anti-IFN-γRα, JAK1, or JAK2 Abs. Phosphorylated and unphosphorylated forms of STAT1, STAT3, and ERK1/2 were monitored in
keratinocytes by WB analysis. (b) Protein extracts were obtained from keratinocytes pretreated or not with tofacitinib in the presence of
IL-22 for the indicated time periods and were subjected to immunoprecipitation for IL-22R1, TYK1, or JAK2 and, then, WB analysis by
using anti-phosphotyrosine Ab to detect IL-22R1, TYK1, or JAK2 phosphorylation. Filters were stripped and reprobed with anti-IL-22R1,
TYK1, or JAK2 Abs. Phosphorylated and unphosphorylated forms of STAT1, STAT3, and ERK1/2 were also monitored in keratinocytes
by WB analysis. (c) Protein extracts were obtained from keratinocytes pretreated or not with tofacitinib in the presence of TNF-α for
15min and then analysed by WB analysis to detect basal or phospho-IκBα, basal or phosphor-p65 subunit of NF-κB, and phosphorylated
and unphosphorylated forms of STAT3 and ERK1/2. Graphs in (a), (b), and (c) represent densitometric analyses of the indicated proteins
shown in representative WB. Data are expressed as mean± SD fold induction (F.I.) calculated relatively to the untreated samples, which
were given a value of 1. ∗p < 0 01, ∗∗p < 0 05. (d) Psoriatic keratinocyte cultures transiently transfected with a STAT1-, STAT3-, or
NF-κB-responsive plasmids, termed, respectively, pGAS-Luc, pLucTKS3, or pNF-κB-Luc were treated with 5 μM tofacitinib or vehicle
alone for 2 h and then stimulated with IFN-γ, IL-22, or TNF-α for 8 h prior to assay Firefly luciferase activity on cellular extracts. Data
are expressed as Firefly luciferase values normalized to Renilla luciferase and micrograms of proteins and are shown as mean + SD of
n = 6 samples pooled from two experiments. ∗p < 0 01.
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CXCL1, CXCL8, CXCL10, CCL1, CCL2, CCL5, MIF chemo-
kines, IL-6, and SOCS3 mRNA (Table 1). Similarly, tofaciti-
nib could downregulate IL-22-induced expression of
CX3CL1, CXCL8, CXCL12, and CCL2 chemokines, as well

as of IL-20 and SOCS3 in keratinocyte cultures (Table 2).
Inflammatory molecules induced by TNF-α or IL-17 could
not be regulated by tofacitinib (data not shown). Thus, tofa-
citinib treatment could influence the expression of genes that
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Figure 2: Tofacitinib regulates IFN-γ- and IL-22- but not TNF-α-induced signaling molecules in psoriatic keratinocytes. Protein extracts
obtained from psoriatic keratinocytes pretreated with 5 μM tofacitinib or vehicle alone and then stimulated or not with IFN-γ, IL-22, or
TNF-α for 20min were used on a PathScan intracellular signaling array, which allows the simultaneous detection of 18 signaling
molecules when phosphorylated or cleaved. They include ERK1/2, STAT1, STAT3, Akt (Thr308 and Ser473 phosphorylation), AMPKa,
mTOR, HSP27, Bad, p53, p38, SAPK/JNK, PARP, and caspase 3. Developed slides were acquired at ChemiDoc system. Graphs represent
densitometric analyses of the indicated proteins. Data are expressed as mean± SD fold induction (F.I.) calculated relatively to the
untreated samples, which were given a value of 1. Protein panel was analysed in two assays with two different keratinocyte strains. Each
value was normalized to an internal positive control. ∗p < 0 05 for samples treated with tofacitinib vs. untreated, in the presence of cytokines.

7Journal of Immunology Research



V
ia

bl
e c

el
l n

um
be

r
Tofacitinib (48 h):

⁎

0

50000

100000

150000

Unstimulated
IFN-g

0

50000

100000

150000

0

50000

100000

150000
⁎

Unstimulated Unstimulated
TNF-aIL-22

V
ia

bl
e c

el
l n

um
be

r

V
ia

bl
e c

el
l n

um
be

r

+− +− +−

(a)

Loricrin

p63

�훽-Actin

KRT1

− − − − − + +
− − − + + − −

− − + − + − +

0 d 4 d

1″ Exposure 1″ Exposure1′ Exposure

Tofacitinib
IFN-γ
IL-22

− − − − − + +
− − − + + − −

− − + − + − +Tofacitinib
IFN-�훾
IL-22

D
en

sit
om

et
ric

un
its

 (F
.I.

)

0
2
4
6
8

10

0
2
4
6
8

10

0

1

2

D
en

sit
om

et
ric

un
its

 (F
.I.

)
D

en
sit

om
et

ric
un

its
 (F

.I.
)

⁎ ⁎

⁎

⁎

(b)

Untreated IFN-�훾 IL-22

IFN-�훾 + tofacitinib

4.25 7.31

6.9

8.13 15.41

7.59

3.46 4.13

3.42

3.05 17.2

6.06

2.22 6.35

5.21

2.32 5.19

5.55

2.36 5.33

4.3

7.01 16.9

5.72

Tofacitinib IL-22 + tofacitinib TNF-�훼 + tofacitinib

TNF-�훼

PI

Ann V

10000

FL
2-

H

10000 10000 10000

10000 10000 10000 10000
10000 10000 10000 10000

10000 10000 10000 10000

FL1-H

FL
2-

H

FL1-H

FL
2-

H

FL1-H

FL
2-

H

FL1-H

FL
2-

H

FL1-H

FL
2-

H

FL1-H

FL
2-

H

FL1-H

FL
2-

H

FL1-H

(c)

Figure 3: Tofacitinib regulates proliferation, differentiation, and apoptosis of IFN-γ- and IL-22- but not TNF-α-treated keratinocytes.
Proliferation of keratinocyte cultures untreated or treated with 5μM tofacitinib, either in the presence or absence of IFN-γ, IL-22, or
TNF-α, was analysed by Trypan blue exclusion test (a), which was performed after 48 h of culture. Data are expressed as total cell number
± SD. ∗p < 0 05. (b) Keratin 1 (KRT1), loricrin, and p63 were analysed by WB by using protein lysates obtained from keratinocyte cultures
grown at 100% confluency (0 d) or for additional four days (4 d), in the presence or absence of tofacitinib and IFN-γ or IL-22. Graphs
show densitometric values± SD of KRT1, loricrin, or p63. Data are expressed as densitometric units, expressed as fold induction (F.I.) of
treated vs. untreated samples, which were given a value of 1. ∗p < 0 01. (c) Apoptosis of cultured keratinocytes treated with 5μM
tofacitinib in the presence or absence of IFN-γ, IL-22, or the proapoptotic stimulus TNF-α for 48 h was examined by measuring Annexin
(Ann V)/propidium iodide (PI) fluorescence through flow cytofluorimetry. A representative experiment of three performed with two
different psoriatic keratinocyte strains is shown, with numbers indicating the percentage of PI+ (upper left), Ann V+ (lower right), PI/Ann
V+ (upper right), or negative (lower left) cells.
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were regulated in a STAT-dependent manner at the tran-
scriptional level.

3.5. Analysis of the Effects of Tofacitinib on the IMQ-Induced
Murine Model of Psoriasis. IMQ-induced dermatitis in mice
can serve as a model for the analysis of pathogenic mecha-
nisms involved in psoriasis [28]. In this model, a major role
of the IL-23/IL-17/IL-22 axis has been demonstrated, with
IL-22-deficient mice being resistant to psoriasis development
induced by IMQ [29]. Thus, the effect of tofacitinib was stud-
ied in this model, with the drug being administered together
with IMQ for 5 days, at two different concentrations (0.5 and
10mM). As shown in Figure 4, tofacitinib substantially
reverted the psoriasiform phenotype in IMQ-treated mice
(Figure 4(a)) and, even at the lower dose, reduced psoriasi-
form signs, including epidermal and scale thickness, as
assessed by quantifying the average of these parameters on
images of skin sections stained by H&E (Figures 4(b)–4(d)).
Tofacitinib also reduced the widespread inflammatory infil-
trate in the dermis, as compared with control (Figures 4(b)
and 4(e)). Moreover, tofacitinib administration led to a
dose-dependent reduction of the number of CD3+ T lympho-
cytes, Ly6G+ neutrophils, CD11c+ dendritic cells, CD11b+

macrophages infiltrating the dermis, and of the keratinocyte
proliferation marker Ki67 (Figure 5). Conversely, comparti-
mentalization and expression of the marker of differentia-
tion, such as KRT10, rather weak in the suprabasal layer
epidermis of IMQ-treated mice, were restored by treatment
with the drug (Figure 5). Of note, tofacitinib dramatically
reduced the presence of phospho-STAT3 and phospho-
STAT1 in the nucleus of epidermal cells of mouse skin in a
dose-dependent manner (Figure 6(a)), with the higher drug
concentration responsible of almost total disappearance of
phospho-STAT3+ (~80% of reduction) and STAT1+ cells
(~95% of reduction) in IMQ-treated mice.

Since IL-17- and IL-22-producing leukocytes are impli-
cated in the pathogenic processes associated to IMQ-
induced psoriasiform reactions (28–30), and keratinocytes
are actively involved in recruiting these cells in lesional skin,
we investigated tofacitinib effect on the presence of IL-17-
and IL-22-producing cells into mouse skin and the expres-
sion of chemokines potentially involved in their recruitment.
Immunohistochemistry and real-time PCR of IL-17A and IL-
22, together with IFN-γ and TNF-α mRNA analyses
(Figure 6(b)), showed that tofacitinib decreased the number
of IL-17+ or IL-22+ cells in the IMQ-treated skin, consistently

Table 1: Tofacitinib effects on the expression of inflammatory molecules induced by IFN-γ in keratinocytes.

Untreated∗ TOF IFN-γ IFN-γ+TOF

Membrane molecules

ICAM1 2.4± 0.2 2.0± 0.18 75.5± 6.3 6.8± 0.56†
HLA-DR 1.4± 0.15 1.4± 0.12 3.5± 0.25 1.4± 0.13†
MHC-I 72± 5.2 63± 4.5 146± 11.2 84± 7.4†

Chemokines

CX3CL1 0.40± 0.05 0.36± 0.08 580.64± 55.06 26.20± 3.26†
CXCL1 0.80± 0.12 0.80± 0.07 69.00± 5.6 0.40± 0.08†
CXCL8 0.92± 0.11 2.60± 0.32 84.52± 7.45 5.04± 0.61†
CXCL10 29.08± 2.2 25.04± 0.14 2557.44± 150.2 29.08± 2.58†
CXCL12 107.20± 9.72 110.20± 2.43 141.52± 12.25 119.12± 10.61
CXCL16 2.92± 0.32 5.28± 0.68 18.48± 1.58 6.16± 0.81
CCL1 0.80± 0.1 0.80± 0.14 37.04± 2.94 0.60± 0.04†
CCL2 0.80± 0.95 0.76± 0.67 474.60± 49.46 0.80± 0.12†
CCL5 2.0± 0.4 1.9± 0.24 2305± 250.12 4.5± 0.6†
MIF 337.08± 35.71 637.04± 52.47 1745.88± 153.5 918.04± 85.8†

Cytokines, AMPs, SOCS

IL-6 5.92± .0.79 5.28± 0.48 17.40± 1.57 5.28± 0.65†
IL-20 1.00± 0.12 0.90± 0.10 0.98± 0.10 0.58± 0.04†
LL-37 1.00± 0.11 0.89± 0.09 0.85± 0.10 0.70± 0.08
HBD2 1.00± 0.12 0.66± 0.08 1.11± 0.12 0.67± 0.08
S100A7 1.00± 0.13 1.11± 0.2 2.61± 0.0.25 2.83± 0.3
SOCS3 1.00± 0.12 1.13± 0.10 25.59± 2.65 2.14± 0.20†

Note: IFN: interferon; TOF: tofacitinib; ICAM: intercellular adhesion molecule; HLA-DR: human leukocyte antigen-antigen D related; MHC: major
histocompatibility complex; CXCL: CXC-chemokine ligand; CL: chemokine ligand; MIF: macrophage migration inhibitory factor; IL: interleukin; LL37:
antimicrobial peptide; HBD: human-defensin; S100: S100 calcium-binding protein; SOCS: suppressor of cytokine signaling. ∗Keratinocyte cultures were left
untreated or treated with 5 μM of tofacitinib and stimulated or not with 100U/ml of IFN-γ. After 6 hours, IL-20, LL-37, HBD2, S100A7, and SOCS3
mRNA levels were analysed by real-time PCR and normalized to β-actin mRNA levels. Results are expressed as mean 2−ΔΔCT ± SD. After 24 hours, cells
were stained with ICAM1, HLA-DR, and MHC-I mAb followed by FITC-conjugated anti-mouse IgG and then analysed by flow cytometry. Data are
expressed as mean ΔMFI ± SD. At the same time, supernatants were collected and, chemokines and IL-6 were measured by Bioplex, except for CCL5 which
has been evaluated by ELISA. Results are expressed as mean pg/ml ± SD. †p < 0 05 compared to untreated or stimulated keratinocytes.
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with a significant reduction of IL-17 and IL-22 mRNA levels.
In contrast, neither IFN-γ nor TNF-α mRNA expression
could be significantly influenced by tofacitinib application
(Figure 6(b)). Of note, both IL-17+ and IL-22+ cell populations
had mostly a macrophage/dendritic cell-like morphology,
similar to that of CD11c- and CD11b-stained cells (Figure 5).
Finally, we analysed the expression of keratinocyte-derived
chemokines in mouse skin biopsies by real-time PCR analy-
sis. A significant reduction of chemokines, such as CCL2,
CXCL16, CCL20, and IL-6, was detected after the application
of tofacitinib (Figure 6(c)). The effect of tofacitinib was not
exerted on CXCL10 or other keratinocyte chemokines whose
expression was strictly dependent on IFN-γ (Figure 6(c) and
data not shown).

The effect of tofacitinib was dose-dependent (Figures 4–6),
and no change in all the analysed markers was observed by
treating mouse skin with tofacitinib alone (not shown).

3.6.TofacitinibandSOCS1orSOCS3Impair theSameMolecular
Pathways in IFN-γ- or IL-22-Activated Keratinocytes. In
psoriatic keratinocytes, SOCS1 and SOCS3 molecules act
as endogenous repressors of cytokine signaling and func-
tion by directly inhibiting JAK1 and JAK2 proteins, thus

impeding STAT activation [13, 16]. This part of the study
investigated whether tofacitinib could inhibit the same
molecular pathways suppressed by SOCS1 and SOCS3 in
keratinocytes. To this end, a comparison of the main molec-
ular pathways activated by IFN-γ and IL-22 was carried out
in keratinocyte overexpressing SOCS1 or SOCS3 and
tofacitinib-treated mock clones. SOCS2 clones were used as
negative control, as in these cells, IFN-γ or IL-22 signaling
is not influenced by SOCS2 transgene presence [13]. A num-
ber of keratinocyte clones stably expressing SOCS were previ-
ously generated in our lab, as previously described [6, 13–15].
SOCS1, SOCS3, and SOCS2 clones (n = 2 for each) were
tested for their levels of transgene contents and, then, acti-
vated with IFN-γ or IL-22 (Figure 7(a)). In parallel, mock
clones (n = 2) were treated with tofacitinib together with
IFN-γ or IL-22. The expression pattern of phosphorylated
STAT1, STAT3, and ERK1/2 in IFN-γ- or IL-22-treated
mock clones was identical to that induced in psoriatic kerati-
nocytes, with tofacitinib efficiently inhibiting these signal
transduction pathways (Figures 7(b) and 7(c)). Similarly to
tofacitinib, the presence of SOCS1 or SOCS3 transgene deter-
mined an impairment of STAT1 and STAT3 activation in
response to IFN-γ, and of STAT3 in response to IL-22,

Table 2: Tofacitinib effects on the expression of inflammatory molecules induced by IL-22 in keratinocytes.

Untreated∗ TOF IL-22 IL-22 + TOF

Membrane molecules

ICAM1 2.4± 0.2 2.0± 0.18 2.5± 0.24 1.8± 0.16
HLA-DR 1.4± 0.15 1.4± 0.12 1.4± 0.12 1.4± 0.11
MHC-I 72± 5.2 63± 4.5 57± 4.8 54± 5.2

Chemokines

CX3CL1 0.40± 0.05 0.36± 0.08 46.72± 4.57 19.72± 1.87†
CXCL1 0.80± 0.12 0.80± 0.07 0.80± 0.09 0.40± 0.035
CXCL8 0.92± 0.11 2.60± 0.32 83.04± 9.43 49.04± 4.85†
CXCL10 29.08± 2.2 25.04± 0.14 36.60± 3.57 43.28± 3.19
CXCL12 107.20± 9.72 110.20± 2.43 119.12± 12.91 111.16± 5.76
CXCL16 2.92± 0.32 5.28± 0.68 12.92± 1.39 10.52± 1.15
CCL1 0.80± 0.1 0.80± 0.14 10.60± 1.08 10.60± 1.10
CCL2 0.80± 0.95 0.76± 0.67 1.72± 0.08 0.72± 0.62
CCL5 2.0± 0.4 1.9± 0.24 1.95± 0.16 1.73± 0.13
MIF 337.08± 35.71 637.04± 52.47 1800.12± 105.9 1807.00± 135.7

Cytokines, AMPs, SOCS

IL-6 5.92± .0.79 5.28± 0.48 7.24± 0.84 6.24± 0.54
IL-20 1.00± 0.12 0.90± 0.10 3.17± 0.17 3.16± 0.05
LL-37 1.00± 0.11 0.89± 0.09 0.84± 0.11 1.51± 0.13
HBD2 1.00± 0.12 0.66± 0.08 3.62± 0.39 3.96± 0.56
S100A7 1.00± 0.14 1.11± 0.2 1.73± 0.16 1.71± 0.18
SOCS3 1.00± 0.12 1.13± 0.10 8.12± 0.95 0.64± 0.05

Note: IL: interleukin; TOF: tofacitinib; ICAM: intercellular adhesion molecule; HLA-DR: human leukocyte antigen-antigen D related; MHC: major
histocompatibility complex; CXCL: CXC-chemokine ligand; CL: chemokine ligand; MIF: macrophage migration inhibitory factor; LL37: antimicrobial
peptide; HBD: human-defensin; S100: S100 calcium-binding protein; SOCS: suppressor of cytokine signaling. ∗Keratinocyte cultures were left untreated or
treated with 5 μM of tofacitinib and stimulated or not with 75 ng of IL-22. After 6 hours, IL-20, LL-37, HBD2, S100A7, and SOCS3 mRNA levels were
analysed by real-time PCR and normalized to β-actin mRNA levels. Results are expressed as mean 2−ΔΔCT ± SD. After 24 hours, cells were stained with
ICAM1, HLA-DR, and MHC-I mAb followed by FITC-conjugated anti-mouse IgG and then analysed by flow cytometry. Data are expressed as mean
ΔMFI ± SD. At the same time, supernatants were collected and, chemokines and IL-6 were measured by Bioplex, except for CCL5 which has been evaluated
by ELISA. Results are expressed as mean pg/ml ± SD. †p < 0 05 compared to untreated or stimulated keratinocytes.
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Figure 4: Tofacitinib inhibits inflammatory responses in the IMQ-induced psoriasiform mouse model. (a) Representative pictures of back-
shaved mice left untreated (left), IMQ-treated (middle), or undergoing to cotreatment with IMQ and 10mM tofacitinib. (b) Representative
H&E staining of (i) untreated, (ii) treated with IMQ cream, and in the presence of 10mM (iii) or 0.5mM (iv) tofacitinib. Mouse skin treated
with IMQ reverted their condition after tofacitinib topical application of 0.5 and 10mM. The quantification of (c) epidermal, (d) scale
thickness, and (e) cell infiltrate number was analysed as parameters of skin acanthosis and inflammation. Graphs show means of microns
of epidermis and stratum corneum thickness and mean of number of cells infiltrating dermis per section, ±SD per group (n = 10 mice).
∗p < 0 001.
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Figure 5: Tofacitinib counteracts IMQ-induced leukocyte infiltration, proliferation, and dedifferentiation in mouse skin.
Immunohistochemistry analysis of mouse skin left untreated (i), IMQ-treated (ii), and IMQ-treated in the presence of tofacitinib (iii)
shows reduction of positive CD3, LY6G, Ki67, CD11c, and CD11b cells and an increase of KRT10 in the epidermis after tofacitinib
treatment. Sections were counterstained with Mayer’s hematoxylin and were visually evaluated by a pathologist experienced in
dermatology. Bars, 200 μM. One of four representative stainings is shown. Graphs show the mean of number of positive cells or of
semiquantitative, four-stage scoring values for KRT10± SD per three sections per experimental group (n = 10 mice). ∗p < 0 01, ∗∗p < 0 001.
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Figure 6: Tofacitinib counteracts IMQ effects in mouse skin. Immunohistochemistry analysis of mouse skin left untreated (i), IMQ-treated
(ii), and IMQ-treated in the presence of tofacitinib (iii) shows reduction of STAT1-, STAT3-, IL-17A-, and IL-22-positive cells (a) and (b)
after tofacitinib treatment. Sections were counterstained with Mayer’s hematoxylin and were visually evaluated by a pathologist
experienced in dermatology. Bars, 200 μM. One of four representative stainings is shown. Graphs show the mean number of positive cells
± SD per three sections per experimental group (n = 10 mice). ∗p < 0 01. In (b), graphs show real-time PCR analyses of IL-17A, IL-22,
IFN-γ, and TNF-α performed on pooled mRNA samples (n = 10) of mouse skin treated as indicated. ∗p < 0 01. In (c), graphs show real-
time PCR analyses of CXCL10, CCL2, CCL20, CXCL16, and IL-6 performed on pooled mRNA samples (n = 10) of mouse skin treated as
indicated. ∗p < 0 01, ∗p < 0 05.
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Figure 7: Tofacitinib inhibits the same IFN-γ- or IL-22-activated molecular pathways suppressed by SOCS1 or SOCS3. WB analysis was
performed on protein lysates of HaCaT keratinocyte clones overexpressing SOCS1, SOCS2, or SOCS3, stimulated with IFN-γ (a) or IL-22
(b) or left untreated. Analysis was also performed on MOCK-transfected cells left untreated or treated with IFN-γ (a) or IL-22 (b), in the
presence or absence of 5 μM tofacitinib. Both basal and phospho-STAT1, phospho-STAT3, and phospho-ERK1/2 were evaluated. Graphs
show densitometric analysis of WB bands, and data are expressed means of densitometric units, calculated using two and four different
keratinocyte clones for each transgene and mock clones to detect STATs and ERK1/2 proteins, respectively. ∗p < 0 01, ∗∗p < 0 05.
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respectively (Figures 7(b) and 7(c)). Finally, the finding that
phospho-ERK1/2 was efficiently inhibited in mock clones
by tofacitinib was consistent with the absence of its upregula-
tion in IFN-γ- or IL-22-treated SOCS1 and SOCS3 clones
(Figures 7(b) and 7(c)). As expected, SOCS2 could not regu-
late molecular pathways triggered by IFN-γ and IL-22 in ker-
atinocyte clones.

As a whole, these data demonstrate that tofacitinib
similarly to SOCS1 and SOCS3, by targeting JAKs, can
impair the same intracellular cytokine-dependent pathways
in keratinocytes.

4. Discussion

Increasing evidence suggests that JAK proteins are a potential
target for immunosuppressive drugs against psoriasis and
other immune-mediated skin diseases, especially those elic-
ited by epidermal keratinocytes exposed to massive amounts
of proinflammatory cytokines, including IFN-γ and IL-22
[15, 16, 30]. In recent years, small molecule JAK inhibitors
have been developed and extensively investigated for differ-
ent pathological conditions [22, 24, 30]. Among them, the
JAK inhibitor tofacitinib was shown to improve clinical out-
comes in patients with moderate-to-severe psoriasis [19, 21,
24]. A recent study on its effects in psoriatic patients showed
a dramatic and rapid shutdown of phospho-STAT1 and
phospho-STAT3 and downstream-regulated genes in the
epidermis and reduced pathologic T-cell and dendritic cell
number in lesional skin, as well as expression of IL-17, IL-
22, and IFN-γ [24].

The present study was aimed at understanding which
inflammatory molecular pathway(s) activated can be specifi-
cally inhibited by tofacitinib in psoriatic keratinocytes. We
found that this drug totally abrogated JAK/STAT pathways
activated by IFN-γ and IL-22, as evaluated in experimental
in vitro and in vivo models of psoriasis. These findings are
important since IFN-γ and IL-22 inflammatory cytokines
are deeply involved in the pathogenesis of psoriasis, as they
stimulate keratinocyte proliferation, impair their differentia-
tion, and promote a “feed-forward” inflammatory responses.
Tofacitinib inhibition was exerted specifically on JAK1 and
JAK2, but not on TYK2, and, as consequence, IFN-γ and
IL-22 receptor phosphorylation, as well as the proximal cyto-
kine signaling leading to STAT1 and STAT3 phosphoryla-
tion, were impaired. These effects were specific for IFN-γ
and IL-22 and could not be observed on TNF-α or IL-17 sig-
naling. This was not surprising, since TNF-α and IL-17 do
not signal intracellularly through JAK/STAT and activate
molecular pathways involving TRAF2/TRADD/NF-κB or
TRAF2/TRADD/MAPK and Act1/TRAF6/NF-κB [11, 12].
In contrast, we observed that TNF-α induced STAT3 activa-
tion in keratinocytes, an effect that was partially inhibited by
tofacitinib. This result could be explained by a direct action
of tofacitinib on JAK-dependent signaling activated by TNF-
α-induced cytokines (for instance IL-6), which could in turn
activate STAT3 in an autocrine loop. Interestingly, tofaciti-
nib also inhibited phosphorylation of ERK1/2 induced by
IFN-γ or IL-22, but not that promoted by TNF-α. This
dichotomy could depend by the fact that ERK1/2 activation

by IFN-γ or IL-22 is mediated by JAK, whereas TNF-α-
driven phosphorylation of ERK1/2 is downstream to
TRAF2/TRADD [12].

A number of dysfunctional intracellular signaling path-
ways have been found in psoriatic keratinocytes other than
STAT1 and STAT3, including NF-κB-, AP-1-, p38-, and
ERK1/2 kinase-activated pathways [4]. An analysis of addi-
tional intracellular kinases and signaling node molecules
demonstrated that tofacitinib also reduces the IFN-γ-depen-
dent upregulation of Akt, AMPKα, p38, PARP, and caspase 3
and the IL-22-dependent Akt, AMPKα, mTOR, HSP27, p38,
and JNK. However, tofacitinib inhibitory effects on these
molecular pathways were minimal if compared to those
observed on STAT1 and STAT3, indicating an ancillary or
indirect action of JAK in upregulating such pathways. Again,
TNF-α-induced intracellular kinase pattern could not be
influenced by tofacitinib, apart from those pathways that
were dependent on JAK and not by TRAF2/TRADD.

Another part of the study intended to evaluate the effects
of tofacitinib on those biological processes that are pro-
foundly altered in psoriatic epidermis (i.e., proliferation, dif-
ferentiation, and apoptosis) as a consequence of the
deleterious effects of IFN-γ and IL-22 [6, 17]. In this context,
we demonstrated that tofacitinib reduced proliferation and
dedifferentiation promoted by IL-22 in keratinocytes. These
results were confirmed in the IMQ in vivo murine psoriasis
model, in which epidermal hyperproliferation, altered dif-
ferentiation, and inflammation were mainly IL-22/STAT3-
dependent [29]. The concurrent treatment with tofacitinib
led to reduced expression of epidermal STAT3, proliferation
markers, and increased production of markers of differentia-
tion. Interestingly, tofacitinib also counteracted the cytostatic
and proapoptotic effects of IFN-γ on keratinocytes, likely via
inhibition of STAT1, known to mediate these effects. How-
ever, inhibition of IFN-γ-dependent antiproliferative effects
on keratinocytes might not be strategic in a hyperprolifera-
tive disorders, such as psoriasis, although IFN-γ can induce
massive proliferation of psoriatic stem cells, and its injection
into prelesional psoriatic skin causes epidermal hyperplasia
and plaque development [31, 32]. IFN-γ signaling and type
1T cells were shown to participate to the expression of psor-
iasiform phenotype in IMQ mice only partially [28]. None-
theless, we found phospho-STAT1 localized in the nuclei of
epidermal keratinocytes of IMQ-treated skin, with tofacitinib
totally inhibiting its expression. It is plausible that inhibition
of STAT1, together with STAT3, is indirectly responsible for
the reduction in inflammatory infiltrate, due to the decrease
of STAT1- and/or STAT3-dependent gene expression of che-
mokines in keratinocytes, such as CXCL10, CXCL1, CXCL8,
CCL2, and CCL5, and of immunomodulatory molecules,
including ICAM-1 and MHC class I and II. As result, T-cell,
neutrophil, dendritic cell, and macrophage subpopulations
could no longer accumulate in IMQ-treated skin in the pres-
ence of tofacitinib. Also IFN-γ-induced, but not IL-22-
induced IL-6 and IL-20, two psoriasis-related cytokines were
inhibited by this drug. It is noteworthy that the majority of
inflammatory molecules induced by IL-22 in keratinocytes
could not be downregulated by tofacitinib, with the exception
of CX3CL1 and CXCL8 chemokines. Also, IL-22-dependent

15Journal of Immunology Research



antimicrobial molecules could not be influenced. In contrast,
SOCS3 mRNA expression was totally abrogated by tofaciti-
nib, accordingly with our previous findings that STAT3-
silenced keratinocytes were not able to upregulate SOCS3 in
response to IL-22 [17].

Importantly, IL-17- and IL-22-producing cells were
strongly reduced by JAK blockade in IMQ-treated skin, sim-
ilarly to what observed in human psoriasis, where improve-
ment of clinical and histologic signs by tofacitinib was
associated with an inhibition of IL-17 gene expression and
IL-23/Th17 pathway [24]. In contrast, neither IFN-γ nor
TNF-α mRNA expression was influenced by tofacitinib.
Immunohistochemistry analysis also showed that both IL-
17+ and IL-22+ cells present in mouse skin had mostly a mac-
rophage/dendritic cell-like morphology, accordingly with
recent findings showing the presence and pathogenicity of
IL-23-bearing and IL-17/IL-22-producing macrophage and
dendritic cell subpopulations in the IMQ model [33]. In
parallel, tofacitinib determined a strong reduction of
keratinocyte-derived chemokines involved in the recruit-
ment of pathogenic leukocyte populations via CCR2 or
CCR6, such as CCL2 and CCL20. Although tofacitinib
potently downregulated chemokine expression in keratino-
cytes and, in turn, leukocyte recruitment into mice skin, it
is likely that its effect could be explicated directly on type
17 and 22T-cell differentiation, by interfering with IL-23R
signaling and subsequent IL-17/IL-22 induction [23]. How-
ever, it is important to highlight the limited presence of IL-
17- and IL-22-producing cells with a T-cell-like morphology
in mouse skin at 5 days of IMQ application.

Finally, we demonstrated that tofacitinib and SOCS, in
particular SOCS1 and SOCS3, by targeting identical signal-
ing molecules, or JAK1 and JAK2, can impair the same
intracellular pathways in keratinocytes. In fact, STAT1,
STAT3, and ERK1/2 were not upregulated in keratinocyte
clones overexpressing SOCS1 or SOCS3 in response to
IFN-γ, nor STAT3 and ERK1/2 in response to IL-22, simi-
larly to tofacitinib that abrogated cytokine-induced STAT1,
STAT3, and ERK1/2 in control clones. These results are
due to the fact that both tofacitinib and SOCS1/3 act on
JAK with a high degree of kinome selectivity and display
the same final biochemical effects of JAK inactivation. In
fact, tofacitinib as well as SOCS1/3 impede auto- and trans-
phosphorylation of JAK, with the first blocking ATP binding
site of JAK1-2-3 and competing with ATP [34], and SOCS1/
3 by interacting with the –GQM-amino acidic residues of
JAK, determinant for its binding to substrates [35]. Impor-
tantly, while tofacitinib interacts with all JAKs but not with
TYK2, SOCS1 and SOCS3 can bind and inactivate JAK1,
JAK2, and TYK2 but not JAK3. Evidence that tofacitinib
and SOCS1/3 can have the same anti-inflammatory effects
on keratinocytes also comes from our recent studies per-
formed with two small peptides mimicking SOCS1 and
SOCS3 and sharing kinase inhibitory regions critical for
JAK1 and JAK2 inactivation. Similar to tofacitinib, these
two peptido-mimetics were able to switch off the IFN-γ-
and IL-22-dependent inflammatory/immune responses of
keratinocytes in cutaneous disease contexts characterized
by the presence of IFN-γ-releasing Th1 and IL-22-releasing

Th22 infiltrate, such as psoriasis and squamous skin cell car-
cinoma, respectively [15, 16].

5. Conclusions

As a whole, our study demonstrated the selectivity and
specificity of tofacitinib inhibitory action on intracellular
molecular pathways dependent on IFN-γ and IL-22 in ker-
atinocytes. The blockade of IFN-γ/JAK1/JAK2/STAT1/
STAT3 and IL-22/JAK1/STAT3 pathways had the impor-
tant consequence to inhibit the expression of many IFN-
γ-dependent inflammatory genes, as well as restore prolifer-
ative and differentiation programs altered by IL-22 in psori-
atic keratinocytes. Considering that epidermal keratinocytes
are the outermost component of the skin and that tofaci-
tinib has a potent inhibitory effect on inflammatory
responses evoked by these cells, it could be included in
formulations for the topical therapy of psoriasis. Application
of JAK inhibitors could be useful especially during the chron-
icization of the disease, where IFN-γ-dependent T-cell
responses predominate. Indeed, the efficacy of topical ther-
apy of tofacitinib and other JAK inhibitors in psoriasis has
been extensively demonstrated [36] and is also considered
for the treatment of other inflammatory skin conditions
characterized by JAK hyperactivation, such as lichen planus
and atopic dermatitis [37].

Importantly, tofacitinib inhibitory activity could also be
explicated directly on type 17 and type 1T-cells, by impeding
their differentiation and expansion. In fact, Th17 cell differ-
entiation is abrogated in the absence of STAT3, whereas
overexpression of a constitutively active STAT3 form results
in greatly increased numbers of IL-17-producing cells [38, 39].
Similarly, STAT1 is abundantly activated in Th1 cells, mainly
in response to IFN-γ, which is in turn critical to the genera-
tion and maintenance of Th1 immunity [23].

Due to the heterogeneity of pathogenic mechanisms
operating in psoriasis, and to the variety of molecular cas-
cades potentially activated by proinflammatory cytokines, a
combination of JAK inhibitors and TNF-α or IL-17 blockers
might elicit more favorable and efficacious therapeutic effects
in psoriatic patients, by intercepting and blocking inflamma-
tory responses at multiple levels.

Finally, local or systemic JAK/STAT inhibition by tofa-
citinib could be crucial for the development of optimized
therapeutics also for the treatment of skin tumors character-
ized by aberrant IL-22 signaling and STAT3 activation in
keratinocytes. The latter includes basalioma and squamous
cell carcinoma, where IL-22-producing T cells aberrantly
activate tumor growth and epithelial carcinogenesis through
STAT3 (16).

Data Availability

All the data used to support the findings of this study are
included within the article, with the exception of data con-
cerning (1) tofacitinib effects on IL-17 signal transduction
in cultured keratinocytes; (2) tofacitinib effect on phospho-
STAT1 expression, as detected by using phospho-kinase
array kit; (3) tofacitinib effects on TNF-alpha- or IL-17-
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induced expression of inflammatory molecules by kerati-
nocytes; and (4) tofacitinib effect on CD11c+ dendritic
cells infiltrating the dermis in IMQ-treated mouse skin.
The latter data are available from the corresponding author
upon request.
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Background. Previously, we have reported that IL-33 functioned as a protective modulator in dextran sulfate sodium- (DSS-)
induced chronic colitis by suppressing Th17 cell response in colon lamina propria and IL-33 induced both regulatory B cells
(Bregs) and regulatory T cells (Tregs) in mesenteric lymph nodes (MLNs) of mice with DSS-induced acute colitis. Moreover, we
speculated that IL-33 would promote the Treg or Breg responses leading to the attenuation of DSS-induced chronic colitis. So,
we investigated the role of IL-33 on Bregs and Tregs in the MLN of DSS-induced chronic colitis mice. Methods. IL-33 was
administered by intraperitoneal injection to mice with DSS-induced chronic colitis. Clinical symptoms, colon length, and
histological changes were determined. The production of cytokines was measured by ELISA. The T and B cell subsets were
measured by flow cytometry. The expression of mRNA of transcription factors was measured by quantitative real-time PCR.
Results. We show that IL-33 treatment increases both Breg and Treg responses in the MLN of mice with DSS-induced chronic
colitis. Moreover, IL-33 treatment also decreases Th17 cell response in the MLN of mice with DSS-induced chronic colitis.
Conclusion. Our data provide clear evidence that IL-33 plays a protective role in DSS-induced chronic colitis, which is closely
related to increasing Breg and Treg responses in the MLN of mice as well as suppressing Th17 cell responses.

1. Introduction

Inflammatory bowel disease (IBD), including ulcerative
colitis (UC) and Crohn’s disease (CD), is a chronic inflam-
matory condition provoked by an aberrant innate and/or
adaptive immunity against the bacterial flora in a genetically
predisposed host [1]. The available evidence suggests that CD
is characterized by a Th1/Th17 response [2–5], while UC is
associated with the overproduction of Th2-type cytokines
such as IL-5 and IL-13 [6–8]. Dextran sulfate sodium-
(DSS-) induced chronic colitis is characterized by a predom-
inant Th17/Th1-mediated immune response and mucosal
inflammation which closely resembles important immuno-
logical aspects of CD [9–11].

IL-33, also known as interleukin-1 family member 11
(IL-1F11), was identified as a novel member of the IL-1
family. IL-33 is synthesized as a 30 kDa precursor protein
and can be cleaved by caspase-1 to become an 18 kDa
mature protein [12]. IL-33 is expressed in macrophages,
dendritic cells, fibroblasts, endothelial cells, and intestinal
epithelial cells [13–15]. IL-33 signals via a heteromeric recep-
tor that consists of ST2L (or ST2) and IL-1R accessory pro-
tein (IL-1RAcP) [16]. ST2 is mainly expressed on activated
Th2 cells and Tregs [17].

Multiple studies have already demonstrated that IL-33
was induced in the intestinal mucosa of patients with
IBD and an IL-33 polymorphism has been associated with
IBD [18–21]. However, the main role of IL-33 in IBD is
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complicated and remains to be elucidated. In the Th2-
mediated UC and its animal models, IL-33 plays a pathogenic
role associated with type 2 immune responses [22–24]. How-
ever, by switching Th17/Th1 to Th2-type immune response,
IL-33 can reduce the development of CD and its animal
models, which are mainly mediated by Th17 and Th1
response [25–27]. The above observations suggest that IL-
33 is involved in the pathogenesis of IBD.

We formerly showed that IL-33 alleviated DSS-induced
chronic colitis by suppressing Th17 cell response in colon
lamina propria [28]. Moreover, our previous data have
shown that IL-33 treatment led to a marked deterioration
in both the clinical and histopathological aspects of the
DSS-induced acute colitis by enhancing Th2 cell responses
but increasing both regulatory T cell and regulatory B cell
responses in the mesenteric lymph nodes (MLNs) [29].
Despite these advances, it is not yet known whether IL-33
played a role in the MLN during the development of DSS-
induced chronic colitis. And we speculate that IL-33 would
promote the Treg or Breg responses leading to the attenua-
tion of DSS-induced chronic colitis. Furthermore, DSS-
induced acute colitis was known as a UC model, and the
DSS-induced chronic colitis have long been considered as a
Th1-type colitis animal model resembling CD; the MLNs
act as an effector tissue in gastrointestinal inflammation
[30], so we sought to elucidate the role of IL-33 in the MLN
during the development of DSS-induced chronic colitis.

2. Materials and Methods

2.1. Animals. Specific pathogen-free male C57BL/6 mice
aged 7 weeks and weighing 20–22 g were purchased from
Beijing HFK Bioscience Co. Ltd. (Beijing, China). The mice
were maintained and bred under specific pathogen-free con-
ditions (temperature 24–25°C, humidity 70%–75%, and a
12 h light/12 h dark lighting regimen). The study protocol
was approved by the China Medical University Animal Care
and Use Committee.

2.2. Production of Recombinant Mouse IL-33 Protein and
Assessment of Its Activity. Expression and purification of rIL-
33, removal of the endotoxin, and assessment of biological
activity of rIL-33 were carried out as previously described [28].

2.3. Induction and Evaluation of Chronic Colitis Induced by
DSS. Induction of chronic colitis and administration of rIL-
33 were carried out as previously described [28]. The severity
of colitis was assessed using the disease activity index (DAI)
based on weight loss, occult blood in stool, and hematoche-
zia; the scores are described in Table 1. After sacrifice on
day 30, the colons were removed and their lengths were mea-
sured. Meanwhile, MLN cells were extracted for analysis by
flow cytometry, quantitative real-time PCR, and ELISA.

2.4. Histological Assessment of Colitis. The colon specimens
were fixed with 4% paraformaldehyde and embedded in par-
affin, and sections 4μm thick were stained with hematoxylin
and eosin to evaluate colonic histology. The degree of colitis
was assessed as previously described [28].

2.5. MLN Cell Isolation and Stimulation. MLNs from indi-
vidual mice were collected under sterile conditions in ice-
cold PBS with 10% fetal calf serum (FBS). Then, the
lymph nodes were gently disrupted with a sterile syringe
plunger and filtered through a nylon cell strainer (40μm
mesh; BD Biosciences, San Jose, CA, USA). The cells were
collected after centrifugation at 1500 rpm at room tempera-
ture for 5min.

MLN cells (5× 105/well) were cultured in 96-well plates
(Falcon; BD Biosciences) with 0.2mL RPMI1640 (supple-
mented with 10% FBS and 1% penicillin/streptomycin) and
stimulated with anti-CD3 (10μg/mL eBioscience, San Diego,
CA, United States) and anti-CD28 (1μg/mL, eBioscience)
mAb for 48 h.

2.6. Cytokine Analysis by Enzyme-Linked Immunosorbent
Assay (ELISA). The cytokine concentrations were measured
using mouse immunoassay kits (R&D Systems) according
to the manufacturer’s instruction. The levels of IL-6, IL-
23, IL-1β, IL-12p70, and TNF-α were measured in superna-
tants without anti-CD3/antiCD28 mAb stimulations. The
levels of IFN-γ, IL-17A, IL-10, IL-4, IL-5, and IL-13 were
measured in supernatants with or without anti-CD28/anti-
CD3 mAb stimulations.

2.7. Confirmation of mRNA Expression of the Transcription
Factor by Quantitative Real-Time PCR. The quantitative
real-time PCR was performed according to the methods
described previously [28]. Briefly, total RNA was extracted
from cells isolated from the MLN using the RNAiso Plus
(Takara, Dalian, China). The first-strand cDNA was gener-
ated by using PrimeScript™ RT Reagent Kit with gDNA
Eraser (Perfect Real Time, Takara). The PCR mixture was
prepared by using SYBR® Premix Ex Taq™ (Tli RNaseH
Plus, Takara) and one of the primers listed in Table 2.

2.8. Flow Cytometry Analysis. Flow cytometry analysis was
performed according to the methods described previously
[28]. Briefly, the cells isolated from the MLN (the MLN cells)
were incubated with an Fcγ receptor-blocking mAb (CD16/
32; 2.4G2, BD Biosciences) for 15 minutes at 4°C. For surface
antigen detection, the cells were labeled with monoclonal
antibodies against Gr-1 (RB6-8C5, BD Biosciences), F4/80
(BM8, BD Biosciences), αβTCR (H57-597, BD BioLegend),
γδTCR (GL3, BioLegend), NK1.1 (PK136, BioLegend), CD4
(RM4-5, BD Biosciences), CD44 (IM7, BD Biosciences),
CD25 (PC61, BioLegend), B220 (RA3-6B2, BioLegend), and
CD19 (MB19-1, BioLegend) for 30min at 4°C.

Table 1: Disease activity index score chart.

Body weight loss Stool consistency Stool blood Integral

0 Normal Normal 0

1%–5% 1

5%–10% Loose stool
Fecal occult blood

test positive
2

10%–20% 3

>20% Diarrhea Gross bleeding 4
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For intracellular cytokine staining, the cells isolated from
the MLN (the MLN cells) were stimulated with ionomycin
(1mg/mL; Sigma-Aldrich) and PMA (25ng/mL; Sigma-
Aldrich) for 5 h at 37°C, with brefeldin A (10mg/mL;
Sigma-Aldrich) added after 1 h. Then, the cells were fixed
and permeabilized with fixation/permeabilization working
solution for 20min at 4°C followed by incubation with
monoclonal antibodies against IFN-γ (XMG1.2, BD Biosci-
ences), IL-17A (TC11-18H10.1, BD Biosciences), and IL-10
(JES5-16E3, BD Biosciences). The cells were analyzed using
a Cytofix/Cytoperm Plus Kit.

2.9. Statistical Analysis. Statistical significance was calculated
by Student’s t-test using Prism software (GraphPad Prism
Software, La Jolla, CA). Differences with p values of 0.05 were
considered statistically significant.

3. Results

3.1. IL-33 Treatment Attenuates DSS-Induced Chronic
Intestinal Inflammation in Mice. To directly assess the role
of IL-33 in colitis development, we administered recombi-
nant IL-33 i.p. to DSS-administered mice as described in
Materials and Methods. As shown in Figure 1(a), IL-33-
treated mice displayed alleviative intestinal inflammation as
indicated by the attenuation of body weight loss and obvi-
ously decreased DAI score compared with PBS-treated
mice. On macroscopic examinations, the colon of PBS-
treated mice was markedly shorter than that of IL-33-
treated mice on day 30 (Figure 1(b)). Meanwhile, histological
examination showed that crypt damage, ulceration, and infil-
tration of inflammatory cells were markedly aggravated in
the colons of PBS-treated mice as compared with IL-33-
treated mice. The histological score of the colons was
remarkably higher in PBS-treated mice than that in IL-33-
treated mice (Figure 1(c)). These data indicated a crucial ben-
eficial effect of IL-33 on DSS-induced chronic colitis in mice.

3.2. IL-33 Alters the Accumulation of Immune Cells in the
MLN. No remarkable differences in the percentages and
absolute numbers of neutrophils (CD11b+F4/80−Gr-1+) and
NK cells (NK1.1+αβTCR−) in the MLN of IL-33-treated mice
and PBS-treated mice were observed. As shown in Figure 2,
the percentage and the absolute numbers of macrophage
(CD11b+Gr-1−F4/80+) in the MLN were dramatically higher
in the IL-33-treated chronic colitis group than in the control
group. Compared to the control group, the absolute number
of NKT (NK1.1+αβTCR+) and γδT cells in the MLN signifi-
cantly decreased in the IL-33-treated chronic colitis group,

while the percentage of NKT (NK1.1+αβTCR+) and γδT
cells showed no differences in the two groups. We also
examined the populations of T cell subsets in the MLN.
The percentage of CD4+CD44+ cells in CD4+ T-MLN cells
of mice treated with IL-33 was higher than that in the control
mice, but the absolute numbers of CD4+ and CD4+CD44+

T-MLN cells of IL-33-treated mice reduced as compared
to the control mice.

3.3. IL-33 Alters the Cytokine Profile in the MLN.As shown in
Figure 3, measurement of cytokine concentrations in the cul-
ture supernatants of the MLN without any stimulation man-
ifested that the levels of IL-6, IL-1β, and IL-23 were sharply
decreased in the IL-33-treated chronic colitis group com-
pared with the control group. In addition, low levels of
TNF-α and IL-12p70 were detected, although there were no
indispensable differences between the two groups (data not
shown). The level of IFN-γ with anti-CD3 and anti-CD28
mAb stimulation and without any stimulation was strikingly
reduced in the IL-33-treated chronic colitis group compared
with the control group. The level of IL-17A with anti-CD3
and anti-CD28 mAb stimulation was noticeably reduced in
the IL-33-treated chronic colitis group compared with the
control group, while a similar concentration of IL-17A with-
out any stimulation was observed in these two groups
(Figure 3). The level of IL-4 and IL-5 with anti-CD3 and
anti-CD28 mAb stimulation and without any stimulation
was markedly increased in the IL-33-treated chronic colitis
group compared with the control group (Figure 3). The level
of IL-13 was noticeably increased with anti-CD3 and anti-
CD28 mAb stimulation, and similar results were observed
without any stimulation in the supernatants of the MLN of
the IL-33-treated chronic colitis group compared with the
control group (Figure 3).

3.4. IL-33 Shifts Th Cell-Mediated Immune Responses in the
MLN of Mice with DSS-Induced Chronic Colitis. Further-
more, we detected IFN-γ or IL-17A-producing CD4+ T cells
in the MLN of IL-33-treated and untreated chronic colitis
mice. There was a critical decrease in the percentage and
absolute number of IL-17A-producing CD4+ T cells in the
MLN of IL-33-treated mice compared with model mice after
PMA/ionomycin stimulations. The percentages and absolute
numbers of IFN-γ-producing CD4+ T cells in the MLN
showed no marked differences between these two groups
(Figure 4). Moreover, there was a marked reduction in the
frequency of IL-17A+IFN-γ+ double-producing CD4+ T cells
in the MLN of IL-33-treated mice, compared to PBS-treated
mice, with a marked reduction in the absolute number of

Table 2: Primer sequences for qPCR.

Gene Forward Reverse

Foxp3 GGCCCTTCTCCAGGACAGA GCTGATCATGGCTGGGTTGT

GATA-3 ACAGCTCTGGACTCTTCCCA GTTCACACACTCCCTGCCTT

T-bet CCAGGGAACCGCTTATATGT CTGGGTCACATTGTTGGAAG

ROR-γt CCACTGCATTCCCAGTTTCT CGTAGAAGGTCCTCCAGTCG

β-Actin TTCCAGCGTTCCTTCTTGGGT GTTGGCATAGAGGTGTTTACG
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these cells (Figure 4). Moreover, compared to the chronic
colitis mice treated with PBS, those mice treated with IL-33
showed an enormous reduction in the expression of ROR-
γt mRNAs. These results suggested that the effect of IL-33
may suppress Th17 cell responses in the MLN of DSS-
induced chronic colitis mice.

3.5. IL-33 Increases Both Regulatory T Cell (Treg) and
Regulatory B Cell (Breg) Responses in the MLN during DSS-
Induced Chronic Colitis. Tregs and Bregs could protect mice

from DSS-induced intestinal inflammation [31, 32]. Next,
we investigated the effect of IL-33 on both Treg and Breg
responses in the MLN of mice with DSS-induced chronic
colitis. The percentages and absolute numbers of CD25-
expressing T cells (CD4+CD25+) and CD25-expressing B
cells (B220+CD25+) in T-LPLs were drastically higher in
the MLN of the IL-33-treated chronic colitis group than
that of the control group (Figures 5(a) and 6(a)). Further-
more, there was a substantial increase in the percentage and
absolute number of CD4+IL-10+ T cells and CD19+IL-10+
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Figure 1: IL-33 treatment attenuates DSS-induced chronic colitis in the C57BL/6 mice. Mice were orally treated with 2% DSS in the drinking
water to induce colitis as described in Materials and Methods. (a) Body weight and disease activity index were daily observed. On day 30, (b)
macroscopic changes, colon length, and (c) histological score (original magnification, ×200) were analyzed. Data indicate mean± SD of each
group (n = 8 – 10/group) obtained from a representative of three independent experiments (∗p < 0 05, ∗∗p < 0 01).
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cells in IL-33-treated chronic mice compared with control
mice (Figures 5(b) and 6(b)). The level of IL-10 with anti-
CD3 and anti-CD28 mAb stimulation and without any stim-
ulation was significantly increased in the IL-33-treated
chronic colitis group compared with the control group
(Figure 3(a)). Moreover, compared to the chronic colitis mice
treated with PBS, those mice treated with IL-33 showed a
marked increase in the expression of Foxp3 mRNAs
(Figure 7). These results provide evidence that IL-33 plays

an important role in upregulating both Treg and Breg
responses in the MLN in our experimental system.

4. Discussion

Several years ago, UC was designated as a Th2-mediated dis-
ease based on the elevated production of IL-5 and IL-13,
whereas T cells in CD produce excessive amounts of Th1-
type cytokines, such as IFN-γ and IL-12 [33–35]. However,
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Figure 2: Lymphocyte subsets of theMLN of IL-33- and PBS-treated mice with DSS-induced chronic colitis were analyzed by flow cytometry.
(a) The frequency of neutrophil (CD11b+Gr1+F4/80−), macrophage (CD11b+Gr1−F4/80+), CD4+ T cell, CD4+CD44+ T cells (effector T cells),
γδT cell (γδTCR), NK cells (NK1.1+), or NKT cell (NK1.1+αβTCR+) in cells isolated from theMLN on day 30 after administration of DSS. (b)
The absolute number of above cells on the same day. Data indicate mean± SD of each group (n = 5/group) obtained from a representative of
three independent experiments. Statistically significant differences are shown (∗p < 0 05, ∗∗p < 0 01, or ∗∗∗p < 0 001).
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the Th1/Th2 paradigm was modified with the discovery of
Th17 [36]. The DSS-induced colitis model is widely used
because of its simplicity and many phenotypical similarities
with human IBD [37]. DSS-induced acute colitis is charac-
terized by diarrhea, bloody faeces, weight loss, and a histo-
logical picture of inflammation and ulceration as seen in
UC [38]. Moreover, the adaptive immune responses medi-
ated by Th2 cells play a needful role in the pathogenesis
of DSS-induced acute colitis [39]. However, the high Th1
cytokines (IL-12, IFN-γ, IL-1, and TNF-α) and Th17 cyto-
kine (IL-17) productions were observed in colon of the
DSS-induced chronic colitis model. A different cytokine

profile in the chronic phase of DSS colitis was found between
acute and chronic phases of DSS-induced colitis, which
reflected that DSS-induced acute colitis should be known
as a UC model and the DSS-induced chronic colitis should
be considered as a Th1/Th17-type colitis animal model
resembling CD.

The Th17 pathway was shown to be very important in the
pathogenesis of human IBD [40]. Moreover, recent studies
have shown that Th17 cells are also responsible for the devel-
opment of DSS-induced chronic colitis [9, 11]. There are sev-
eral studies reported that IL-33 suppressed Th17 response in
autoimmune disease [41–43]. Our results also showed that
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Figure 3: Cytokine production by lymphocytes isolated from the MLN of IL-33- and PBS-treated mice with DSS-induced colitis. (a) MLN
cells with or without anti-CD3 and anti-CD28 mAb (CD3/CD28) stimulations. (b) MLN cells without any stimulation. Data indicate
mean± SD of each group (n = 5/group) obtained from a representative of three independent experiments and were valued by a Student
t-test (∗p < 0 05, ∗∗p < 0 01, or ∗∗∗p < 0 001).
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the percentage and the absolute number of Th17 cells in the
MLN were markedly lower in IL-33-treated mice than in
PBS-treated mice. Moreover, we observed that the level
of ROR-γt, which directed Th17 differentiation [44], was
lower in the MLN of IL-33-treated mice than PBS-treated
mice. IL-23 promoted intestinal Th17 cell accumulation
and enhanced the emergence of an IL-17A+IFN-γ+ popula-
tion of T cells through direct signaling into T cells [45].
Accordingly, IL-33 treatment decreased IL-23 production
in the MLN of DSS-treated mice, which suggested that
IL-33 suppressed Th17 response depending on IL-23 sig-
naling. However, we did not find that IL-33 suppressed
the Th17 response in the MLN of mice with DSS-induced
acute colitis [29]. The most plausible explanation for our
observation is that the level of Th17 response in the acute
phase of DSS-induced colitis is very low but high in the
chronic phase.

Tregs are known to play a key role in the pathogenesis of
IBD, as well as in other autoimmune disorders [46–49]. Tregs
regulate immune responses that are dependent on the
expression of the IL-10 and the transcription factor Foxp3
[50]. IL-10 may play an important role in the suppressive
function of Tregs [51]. A recent study has shown that IL-33
can induce Tregs by stimulating IL-2 secretion by CD11c+

DC both in vitro and in vivo [52]. Duan et al. reported that
IL-33 treatment protected mice against TNBS-induced colitis
by promoting Foxp3+ Treg response [27]. Similarly, we
found that IL-33 can induce CD4+IL-10+ Tregs in the MLN
of mice with DSS-induced acute colitis [29]. In accordance
with above observation, our data demonstrated that the
expression level of IL-10, the absolute number and percent-
age of CD4+CD25+ and CD4+IL-10+ Tregs in MLN of mice
with DSS-induced chronic colitis, were strikingly higher in
the IL-33 group than in PBS group.

Over the years, a novel subset of B cells named Bregs,
which exert unique immune regulatory functions to modu-
late inflammation and autoimmunity, has recently emerged
[53, 54]. Similar to Tregs, Bregs exert regulatory functions
via the production of cytokines, such as IL-10 and TGF-β,
and express inhibitory molecules that suppress pathogenic
T cells and induce Tregs [53, 55]. It is reported that MLN B
cells protect mice from colitis induced by CD4+CD45RBhi

T cells [56]. And a B cell subset appears under a chronic
inflammatory environment, produces IL-10, and suppresses
the progression of intestinal inflammation [57]. It is reported
that Breg dysfunction induced intestinal inflammation in
SAMP1/Yit (SAMP1) murine recognized as a model of
human CD [58, 59]. And IL-10 production from regulatory
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Figure 4: The population of cytokine-producing T cells in the MLN of IL-33- and PBS-treated mice with DSS-induced colitis was
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B10 cells regulates DSS-induced intestinal injury [60]. These
findings showed that IL-10-producing MLN Bregs, induced
by the chronic intestinal inflammatory environment, could
suppress the enteric inflammation. Mizoguchi et al. [57]
reported that Breg induced by IL-33 could be responsible in
protecting the WT mice from colitis and adoptive transfer-
ring the Breg(IL-33) into IL-10KO mice could also block the
development of spontaneous IBD. Likewise, our previous
study showed that IL-33 can induce Bregs in mice with
DSS-induced acute colitis [29]. Consistent with this, in this
study, we found that IL-33 induces Bregs (CD19+CD25+)
and IL-10-producing Bregs (CD19+IL-10+) in the MLN of
mice with DSS-induced chronic colitis. In addition, we found
the level of Breg responses promoted by IL-33 was higher in
the chronic phase of colitis than the acute phase. Chronic
intestinal inflammatory condition generates an IL-10-
producing regulatory B cell subset [57]. So, the level of Breg
responses promoted by IL-33 was higher in the chronic phase
of colitis than the acute phase. The higher level of Breg
responses may be one of the reasons why IL-33 can suppress
the DSS-induced chronic colitis.

γδT cells, which are a minor subset of T lymphocytes,
play a protective role in acute DSS colitis but are involved

in the exacerbation of chronic colitis [61, 62], suggesting that
γδT cells may be a promising target in the treatment of IBD.
Treg can inhibit the production of IFN-γ by antigen-specific
memory γδT cells [63]. In the current study, the absolute
numbers and percentages of γδT cells in the MLN were dra-
matically lower in the IL-33 group than in the PBS group.
That may be another reason for the downregulation expres-
sion of IFN-γ.

Macrophages are divided into M1 and M2 types in
response to the different stimuli in the local microenviron-
ment [64]. Macrophages develop into the proinflammatory
M1 phenotype in response to IFN-γ, while the anti-
inflammatory M2 type is induced by type 2 cytokines includ-
ing IL-4 and IL-13 [65]. M1 macrophages contribute to the
pathogenesis of DSS-induced colitis primarily by secreting
proinflammatory cytokines and causing tissue damage. In
contrast, M2 macrophages contribute to the resolution of
DSS-induced colitis primarily by expressing low levels of
proinflammatory cytokines [66]. The recent study showed
that IL-33-induced M2-type macrophage attenuates the
development of TNBS-induced colitis [67]. In the present
study, IL-1β and IL-6, which were mainly produced by M1-
type macrophage, decreased in the MLN of IL-33-treated
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mice but the production of spontaneous IL-10 by M2-type
macrophage increased; moreover, the percentage and abso-
lute number of macrophage in the MLN of the IL-33 group
were distinctly higher than that of PBS the group. So, the
macrophages induced by IL-33 in our experimental system
may be M2 type.

Due to the high complexity of human IBD, it is hard to
define IL-33 as a therapeutic target. In fact, IL-33 appears
to enhance intestinal inflammation in the acute phase of
DSS colitis and possibly in UC patients which are driven
by Th2 type and innate immune responses. Conversely, IL-
33’s effects in a Th1-driven model, such as in TNBS colitis
or DSS-induced chronic colitis, may result in decreased
intestinal inflammation mediated by cytokine and cell-
mediated modulation of immune responses. IL-33 might
be helpful to counterbalance excessive Th1-based immune
responses, such as CD, but not UC which is driven by
Th2-type immune responses.

5. Conclusion

In conclusion, our data here shows that IL-33 treatment sub-
stantially ameliorates the development of DSS-induced
chronic colitis by decreasing Th17 cell response and increas-
ing both regulatory B cell and regulatory T cell responses. We
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represent strong evidence that IL-33 might offer an alterna-
tive therapeutic method for managing CD.
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Objective. To evaluate the efficacy and safety of rituximab in multiple sclerosis in a clinical practice setting. Methods. Clinical data
for all adult patients with multiple sclerosis (MS) treated with off-label rituximab at a single MS center in Lebanon between March
2008 and April 2017 were retrospectively collected from medical charts. The main efficacy outcomes assessed were annualized
relapse rate (ARR) and proportion of patients free from relapses, disability progression, or magnetic resonance imaging (MRI)
activity. Results. A total of 89 rituximab-treated patients were included: 59 relapsing-remitting MS (RRMS) and 30 progressive
MS (PMS). Patients were treated with 1000 or 2000mg rituximab IV every 6–12 months for a mean duration of 22.2± 24.8
months. The subjects were 65.2% females with a mean age of 40.5± 12.3 years and a mean disease duration of 7.9± 6.2 years.
During treatment, the ARR decreased from 1.07 at baseline to 0.11 in RRMS (p < 0 0001) and from 0.25 to 0.16 in PMS patients
(p = 0 593). The mean Expanded Disability Status Scale (EDSS) remained unchanged in both RRMS and PMS patients. Between
baseline and the last follow-up, the percent of patients free from any new MRI lesions increased from 18.6% to 92.6% in the
RRMS group and from 43.3% to 82% in the PMS group. No evidence of disease activity (NEDA) was achieved in 74% of
patients at 1 year of treatment. A total of 64 adverse events (AEs) (71.9%) were recorded with the most common being infusion-
related reactions in 25.8% of patients, all mild in nature. Two of our rituximab-treated patients experienced serious AEs
requiring surgical interventions: pyoderma gangrenosum vaginalis with perianal abscess and fistula and an increase in the size of
a meningioma. No case of progressive multifocal leukoencephalopathy (PML) was detected. Conclusion. In our real-world
cohort, rituximab was well-tolerated and effective in reducing relapse rate and disability progression in relapsing-remitting and
progressive MS patients.

1. Introduction

There is increasing evidence that B cells and humoral immu-
nity play a key role in the pathogenesis of multiple sclerosis
(MS) [1]. Rituximab is an anti-CD 20 chimeric monoclonal
antibody that effectively depletes circulating B cells [2]. B cell
depletion is expected to alter B cell-mediated antigen presen-
tation and subsequent T cell activation, antibody production,
and cytokine secretion. A randomized placebo-controlled
phase II trial of rituximab in relapsing-remitting MS (RRMS)
demonstrated robust efficacy on clinical and radiological
outcomes, with an acceptable safety profile [3]. A phase III

trial of rituximab in primary progressive multiple sclerosis
(PPMS) did not meet its primary efficacy endpoint, but
subgroup analysis showed delayed disability progression in
younger patients (age< 51 years) with enhancing (Gd+)
lesions on magnetic resonance imaging (MRI) [4]. In March
2017, the US Food and Drug Administration (FDA)
approved ocrelizumab, a humanized anti-CD 20 monoclonal
antibody, to treat adult patients with RRMS and PPMS.
Ocrelizumab was shown to be effective and safe in two phase
III trials conducted in RRMS patients with a significant
reduction in annualized relapse rate (ARR), which confirmed
disability progression and new MRI lesions [5]. In the
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ORATORIO trial [6], ocrelizumab reduced the rate of
disability progression in patients with PPMS compared to
placebo. Ofatumumab, a fully humanized anti-CD 20 mono-
clonal antibody, was recently shown in a phase II placebo-
controlled trial to reduce new Gd+ lesions by 65% [7]. All 3
monoclonal antibodies deplete CD20 B cells but differ in
their chimeric (rituximab), humanized (ocrelizumab), or
fully humanized (ofatumumab) molecular composition.
Rituximab is frequently used off-label in MS, although its
efficacy, safety profile, and dosing schedule are not well char-
acterized for MS therapy [8]. The aim of this study was to
assess the efficacy and safety of rituximab in patients with
relapsing-remitting or progressive MS followed at a special-
ized academic MS center (MSC) in Lebanon.

2. Methods

2.1. Study Design and Population. This retrospective cohort
study was conducted using data from a single MS center
registry at the American University of Beirut Medical Center
(AUBMC). All patients were captured from prospectively
collected data through an established registry with a protocol
that includes an EDSS assessment and brain MRI every 6–12
months. The study was approved by the Institutional Review
Board of AUBMC.

All patients diagnosed with MS according to the 2010
revised McDonald criteria [9] and ever treated with rituxi-
mab with ≥3 months of follow-up were included in this
study. The exclusion criteria were (1) patients treated with
rituximab for other concomitant medical conditions and
(2) lack of follow-up data.

2.2. Treatment Protocols. Patients were usually treated with
an initial higher loading dose (2000mg intravenous (IV)
rituximab subdivided into 2 infusions given at 2-week inter-
val) then maintained on single infusions of 1000mg every 6–
12months. Peripheral blood CD-19 cell counts were not used
to guide treatment decisions.

2.3. Data Collection. We reviewed the charts of all MS
patients treated with rituximab with ≥3 months of follow-
up between March 2008 and October 2017. Data collected
included age, gender, disease duration, treatment duration,
previous therapies, reason for switching to rituximab, MS
phenotype, clinical relapses, Expanded Disability Status Scale
(EDSS), and adverse events (AEs). Clinical examinations and
MRI scans were obtained as part of routine practice every 6–
12 months after initiation of any new disease-modifying
therapy and new T2 and/or gadolinium enhancing (Gd+)
lesions were assessed compared to a baseline scan performed
within 3 months before the initiation of rituximab. All scans
were performed using 1.5 or 3 Tesla magnet MRI machines
pre- and postgadolinium injection.

The main efficacy outcomes were as follows: (1) pro-
portion of patients free from relapses, (2) ARR, (3) pro-
portion of patients free from disability progression (as
evidenced by EDSS), (4) proportion of patients free from
new T2 and/or Gd+ lesions on brain MRI, and (5) pro-
portion of patients with NEDA defined as the absence of

relapses, disability progression, and new/Gd+ lesions on
brain MRI. All AEs occurring during rituximab treatment
were also recorded.

2.4. Statistical Analyses. Statistical analysis was performed
using the Statistical Package for Social Sciences software
(IBM SPSS Statistics for Windows, version 25.0. Armonk,
NY: IBM Corp.). The statistical significance was defined as
a two-sided p value < 0.05. The normality of distributions
was evaluated through the Shapiro-Wilk test. Data was
reported as the mean (standard deviation) and median
(range) or counts (proportions) for continuous and categor-
ical variables, respectively. The relapse rate over the period of
2 years prior to the initiation of rituximab (pre-treatment)
and after the last follow-up (posttreatment) was calculated.
Comparisons between pre- and posttreatment relapse rates
and EDSS were performed using the nonparametric
Wilcoxon signed-rank test for paired samples, analyzing
these changes separately among the group of patients with
RRMS and progressive MS (PMS). We lumped patients with
primary and secondary progressive MS together as a single
group of PMS as per the Lublin phenotypes [10]. We defined
progressive relapsing MS (PRMS) or progressive MS with
activity (Lublin phenotype) as continuous disability progres-
sion independent of relapses with ≥1 relapse during the
preceding year.

Bivariate analyses were performed to explore associa-
tions between different variables at baseline and response
to treatment (NEDA), reporting Pearson’s correlation coeffi-
cients and p values. Multivariable logistic regression
(stepwise forward regression) was performed to build a
model of the baseline predictors of NEDA after at least 1
year of treatment with rituximab, reporting odds ratios
(OR) and 95% confidence intervals (CI). Due to the explor-
atory nature of the study, no adjustment for multiple
comparisons was performed.

3. Results

A total of 207 patients received rituximab at our center, of
whom 80 were diagnosed with neuromyelitis optica. Of the
remaining 127 patients with MS, 38 had a posttreatment
follow-up of <3 months. The remaining 89 patients (59
RRMS and 30 PMS) fulfilled the inclusion criteria and were
included in the study (Figure 1). Baseline characteristics of
the 89 patients are reported in Table 1. The 30 patients with
PMS included 2 with PPMS, 8 with PRMS, and 20 with
SPMS. Among those, 9/30 patients had a total of 15 relapses
in the preceding 2 years.

The mean age and disease duration of our patients were
40.5± 12.3 years and 7.9± 6.2 years, respectively, and fifty-
eight (65.2%) were females. Only 10 (11.2%) patients
received rituximab as their first disease-modifying drug
(DMD), while all the others switched from other therapies,
mainly interferon-beta (IFN) and fingolimod (Table 1). The
most common reason for switching to rituximab was persis-
tent disease activity on other DMDs (87.3% of patients).
Sixty-eight patients (76.4%) received an initial loading dose
of 2000mg followed by the maintenance of 1000mg every 6
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months. The mean treatment duration with rituximab was
22.2± 24.8 months (median 13 [3–113]). The mean pretreat-
ment EDSS was 3.61± 1.95 (median 3.5 [0–6.5]), and 36% of
patients had enhancing lesions on their baseline MRI.

Clinical disease activity during rituximab therapy was
low in both the RRMS and the PMS groups. The ARR
dropped from 1.07± 0.8 (median 1 [0–4]) to 0.11± 0.26
(median 0 [0–1]) in the RRMS group (p < 0 0001) and from
0.25± 0.43 (median 0 [0–1.5]) to 0.16± 0.74 (median 0 [0–
4]) in the PMS group (p = 0 593) (Figure 2(a)). A total of
77.9% and 90.0% of patients were relapse-free in the RRMS
and the PMS groups, respectively (Figure 2(b)). Out of 15
relapses on rituximab in the whole cohort, 8 occurred in
the first 6 months including 3 within 1 month of treatment
initiation. The proportion of patients free from disability
progression, as assessed by EDSS, was 77.8% in the RRMS
group and 62.5% in the PMS group (Figure 3). There was a
trend of improving EDSS during rituximab therapy com-
pared to baseline in RRMS patients: 2.89± 1.62 (median 3
[0–6.5]) pretreatment vs 2.77± 2.02 (median 2.5 [0–7.5])
posttreatment (p = 0 05). In PMS patients, there was no sig-
nificant change in EDSS: 5.25± 1.59 (median 6 [2–6.5]) pre-
treatment vs 4.91± 1.96 (6 [1.5–8]) posttreatment (p = 1 0).
Similarly, radiological activity was significantly reduced dur-
ing rituximab therapy. Follow-upMRIs were available for 54/
59 RRMS and 22/30 PMS patients. At baseline, only 18.6% of
RRMS and 43.3% of PMS patients were free of new/Gd
+ lesions, while 92.6% of RRMS and 82% of PMS patients
had no new/Gd+ lesions during treatment (Figure 4). At
baseline, 13.3% of PMS patients had Gd+ lesions on MRI.
Only 3.9% of patients showed Gd+ lesions during rituximab
treatment as opposed to 36% at baseline. In patients with at
least 12 months of follow-up postrituximab, 83.7%, 91.3%,

and 92.3% were free of relapses, disability progression, and
new/Gd+ lesions, respectively, at 1 year, and their ARR at
1 year was 0.16. NEDA was achieved in 74% (40/54) of
patients at 1 year (68.7% in PMS and 76.3% in RRMS) and
76% of patients (38/50) at 2 years (72.7% in PMS and
76.9% in RRMS).

In bivariate analyses, the following variables were not sig-
nificantly associated with NEDA after 1 or 2 years of treat-
ment: gender (p = 0 21), age (p = 0 15), disease duration
(p = 0 96), number of DMDs prior to the initiation of rituxi-
mab (p = 0 16), number of relapses in the previous 2 years
before starting rituximab (p = 0 12), months between the lat-
est relapse and first rituximab infusion (p = 0 58), presence of
brain or spine MRI activity in the year prior to rituximab ini-
tiation (p = 0 31), and first cycle of rituximab of 2000mg as
loading dose (0.89). There was a trend for the type of MS
course (p = 0 06), with higher rates of NEDA achieved in
RRMS vs PMS patients. However, baseline EDSS before
treatment initiation was the only variable negatively corre-
lated with maintaining NEDA at 1 year (r = −0 27, p =
0 011) and 2 years (r = −0 37, p = 0 006) of treatment. In
multivariate analyses and after controlling for age, gender,
disease duration, presence of MRI activity in the brain or
spine before rituximab initiation, and receiving the first
induction cycle of 2000mg, a lower baseline EDSS was still
associated with NEDA after one year (OR=0.75, 95%
CI=0.59–0.96, p = 0 027) and 2 years of treatment with
rituximab (OR=0.63, 95% CI= 0.4–0.99, p = 0 045).

Rituximab infusions were generally well tolerated: 23
patients (25.8%) experienced a total of 40 infusion-related
AEs all of which were mild and self-limited. A total of 64
(71.9%) AE occurred on rituximab, most of which were mild
to moderate. Besides infusion-related reactions, the most

Total patients treated
with RTX
n = 207

NMO/NMOSD patients
n = 80 Follow up < 3 months or lost

to follow up 
n = 38

Follow up
≥ 3 months a�er RTX

initiation
n = 89

RTX = rituximab; NMO = neuromyelitis optica; NMOSD = neuromyelitis optica spectrum disorder

Figure 1: Cohort selection: RTX= rituximab, NMO=neuromyelitis optica, and NMOSD=neuromyelitis optica spectrum disorder.
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common AEs were infections (n = 14) (Table 2). Two
patients (2.2%) developed serious adverse events. A 29-
year-old woman developed 38 months after initiating rituxi-
mab severe fungal vaginal infection, pyoderma gangrenosum
vaginalis, and perianal abscess with fistula formation requir-
ing a colostomy. Another 42-year-old woman with a stable
convexity meningioma for the last 6 years had 21 months
into treatment, sudden growth in size, new enhancement,
and cystic changes of the tumor, requiring surgical resection.

The pathology was consistent with an atypical meningioma.
This sudden change in the tumor behavior was attributed
to repeated cycles of hormonal stimulation for in vitro fertil-
ization rather than rituximab therapy, although a role for B
cell-depleting therapies in tumor induction cannot be ruled
out. Serum immunoglobulins were not monitored routinely
in our center at the time, but our single patient with pyo-
derma gangrenosum had low IgG (4.64 g/L) and normal
IgM (0.52 g/L) serum levels. Rituximab treatment was

Table 1: Baseline characteristics.

Baseline characteristics (n = 89)
Age (mean, SD) 40.5± 12.3 years

Sex (n, %)
n = 31 (34.8%); male

n = 58 (65.2%); female

Disease duration (mean, SD) 7.9± 6.2 years

Type of MS (n, %)
n = 59 (66.3%); RRMS

n = 30 (33.7%); progressive MS

Time since onset of PMS (mean, SD) 3.0± 2.1 years

Baseline EDSS score (mean, SD, range) 2.25± 1.2 (0–6.5)
Number of relapses in previous two years (mean, SD,
range)

1.6± 1.6 (0–8)

Time between last relapse and RTX initiation (median,
range)

3 months (0–20)

Median number of RTX infusions (range) 4 infusions (2–22)

Proportion of patients with 2000mg initial loading
dose (n)

76.4% (n = 68)

Baseline MRI findings (%, n)

28% (n = 24); stable
36% (n = 31); new T2 nonenhancing lesions

36% (n = 31); enhancing lesions

Proportion of patients with prior DMT use (%, n)

11.2% (n = 10); treatment naïve

34.8% (n = 31); one previous DMT

30.3% (n = 27); 2 previous DMTs

11.2% (n = 10); 3 previous DMTs

9.0% (n = 8); 4 previous DMTs

1.2% (n = 1); 5 previous DMTs

2.3% (n = 2); 6 previous DMTs

Last DMT prior to RTX

55.7% (n = 44); IFN
17.7% (n = 14); fingolimod

11.4% (n = 9); natalizumab

5.1% (n = 4); mitoxantrone

10.1% (n = 8); others (AZA, mycophenolate, methotrexate, teriflunomide,
cyclophosphamide)

Reasons for switching to RTX

87.3% (n = 69); inefficacy

5.1% (n = 4); positive JCV
2.5% (n = 2); adverse events

2.5% (n = 2); nonavailability of other DMTs

2.5% (n = 2); personal decision
RTX treatment duration (mean, SD) 22.2± 24.8 months

SD = standard deviation; MS =multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; PMS = progressive multiple sclerosis; EDSS = expanded
disability status scale; RTX = rituximab; MRI =magnetic resonance imaging; DMT= disease-modifying therapy; IFN = interferon; AZA= azathioprine;
JCV = John Cunningham virus.
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discontinued in 17 patients (19.1%): 11 with RRMS and 6
with PMS. The main reason for discontinuation was lack of
efficacy as evidenced by new relapses or disability progres-
sion (n = 13), while only 1 patient stopped treatment due to
adverse events. In the remaining 3 patients, drug discontinu-
ation was due to pregnancy, lack of reimbursement, and per-
sonal preference. In the PMS group, all 6 patients
discontinued treatment due to worsening EDSS without
superimposed relapses after a mean duration of 26.6 months
(range 5–46). In the RRMS group, 7 patients discontinued
treatment due to inefficacy after a mean duration of 16.9
months (range 6–38), all of them due to worsening disability,
with conversion to SPMS in 4 and a superimposed relapse in
the second year of treatment in 1 patient. The drug survival
(patients not discontinuing drug due to relapses, disability

progression, or adverse events) was around 85% at 2 years
(Figure 5). There were no cases of progressive multifocal leu-
koencephalopathy (PML) although only 31/89 patients were
checked for JC virus antibodies. Out of those, 27 patients
tested were positive but only 14/27 received rituximab for
more than 2 years.

4. Discussion

We report our experience with the off-label use of rituximab
in MS patients followed at a single center in the Middle East
for a mean of 22.2 months. Rituximab was mostly used as a
second-line therapy in RRMS patients with suboptimal
response to the first-line DMDs and PMS patients with evi-
dence of progressive disability: 88.8% of patients were previ-
ously treated with at least 1 DMD and 87.3% of switchers did
so due to lack of efficacy of previous DMDs. In this

RRMS = relapsing-remitting multiple sclerosis; PMS = progressive multiple sclerosis
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Figure 2: Annualized relapse rate (a) and proportion of patients free from relapses (b).
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population, rituximab was highly effective in suppressing
relapses in both RRMS (ARR=0.11) and PMS (ARR=0.16)
patients and in preventing disability progression with 77.8%
and 62.5% of patients with RRMS and PMS, respectively,
showing no evidence of disability progression on treatment.
This effect on disability progression was also reflected by a

stable EDSS all through the treatment period for both RRMS
and PMS patients with a trend to improve EDSS in the for-
mer. Rituximab was also highly effective in suppressing dis-
ease activity on MRI: 92.6% and 82% of patients with
RRMS and PMS, respectively, showed no new and/or Gd
+ lesions during the treatment period. Only 3.7% of patients
on rituximab developed Gd+ lesions on MRIs as opposed
to 36% at baseline before treatment initiation. The high
relapse rate and number of Gd+ lesions at baseline in our
PMS cohort are due to the fact that 8/30 patients had PRMS
and therefore were in the transition phase between RRMS
and SPMS but with definite evidence of disability progression
independent of relapses. This reflects our treatment approach
of early use of rituximab in patients with progressive disease,
which we think might improve the final outcome. Finally,
74% and 76% of patients achieved NEDA at 1 and 2 years,
respectively. In a multivariate analysis, EDSS and to a lesser
extent the type of MS were the best predictors of response,
which translates into, as in all other MS therapies, starting
treatment early before the accumulation of disability in
patients with RRMS failing first-line therapies and as soon
as the transition from RRMS is clinically evident in patients
with SPMS.

Since the original phase II HERMES trial by Hauser et al.
[3] showed robust efficacy of rituximab in MS based on clin-
ical and radiological parameters, the off-label use of rituxi-
mab gained significant ground within the international MS
community. This was further encouraged by the recent
FDA and EMA approval of ocrelizumab as the first B cell-
depleting therapy in MS. The obvious reasons for such prac-
tice are the similar mechanisms of action of rituximab and
ocrelizumab as they both deplete B cells by binding to the
CD-20 surface antigen, the good long-term safety of rituxi-
mab based on the experience in oncology and rheumatology,
and finally the much cheaper price of rituximab compared to
newer B cell-depleting therapies. In our MS center at
AUBMC, 18.4% (256/1392) of patients on DMDs are treated
with rituximab, and among patients on the second/third-line
therapies, 33.25% are on rituximab followed by fingolimod
29.2%, natalizumab 14.4%, and alemtuzumab 0.9%. Around
28% of our patients with PMS are treated with rituximab,
usually in the early stages of the progressive phase. Due to
its low yearly price which is lower than all injectables, oral
therapies, and monoclonal antibodies, and in view of its good
safety and efficacy profile, it has become the DMD of choice
for Syrian and Palestinian refugees in Lebanon who have lim-
ited financial coverage for all MS therapies. In spite of that,
most publications regarding the off-label use of rituximab
in MS came from a single country, namely, Sweden, where
rituximab accounts for almost 40% of all DMDs used for
MS. The importance of our study is to confirm the safety
and efficacy of rituximab in a different population of MS
patients. Our results are similar to what has been reported
by other studies. Salzer et al. [11] reported on 822 MS
patients derived from the national Swedish MS registry and
treated with rituximab for a mean period of 23.1 months.
Rituximab induced a significant decrease in relapse rate in
both RRMS (ARR=0.0440) and PMS (ARR=0.015–0.038)
patients, similar to what we saw in our patients. In addition,

Table 2: Adverse events and serious adverse events (safety
population).

All events

Any event: n = 64 (71.9%)
Any event leading to discontinuation of the drug: n = 1 (1.1%)
PML: none

Death: none

Infusion reactions (n = 40); 8.7%
(i) Mild reaction during first cycle (n = 19)
(ii) Mild reaction during second cycle (n = 9)
(iii) Mild reaction during third cycle (n = 4)
(iv) Mild reaction during≥ fourth cycle (n = 8)
Infections (n = 14); 15.7%
(i) Urinary tract infections: n = 9
(ii) Upper and lower respiratory tract infections: n = 3
(iii) Flu: n = 2
Dermatological adverse events (n = 4) – 4.5%

(i) Pityriasis rosea: n = 3
(ii) Seborrheic dermatitis: n = 1
Fatigue (n = 3); 3.4%
Laboratory abnormalities (n = 3); 3.4%
(i) Lymphopenia (ALC= 665): n = 1
(ii) Eosinophilia (7%): n = 1
(iii) Anemia: n = 1
GI (nausea, abdominal pain, bloating, flatulence): n = 2
Weight gain: n = 2
Sexual dysfunction: n = 2
Hip fracture: n = 2
Headache: n = 2
Arthralgia: n = 1
Paresthesia in fingers: n = 1
Hair loss: n = 1
Loss of appetite: n = 1
Urinary urgency: n = 1
Serious adverse events requiring hospitalizations and surgical
interventions (n = 2); 2.2%
(i) Increase in the size of a preexisting meningioma with central
cystic formation and enhancement 21 months after initiating
rituximab therapy: n = 1
(ii) Fungal vaginal infection, vaginitis, pyoderma gangrenosum
vaginalis, perianal abscess with fistula formation 38 months after
initiating rituximab therapy: n = 1
PML = progressive multifocal leukoencephalopathy; ALC = acute
lymphocytic count; GI = gastrointestinal.
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rituximab effectively suppressed MRI activity with only 4.6%
of patients showing enhancing lesions while on treatment as
opposed to 26.2% at baseline, again similar to what we
showed in our cohort. The median EDSS of their patients
remained unchanged in RRMS patients and showed a statis-
tically nonsignificant increase in PMS patients [11]. Other
studies derived from the Swedish registry assessed rituximab
in treatment naïve patients [12], in JC virus antibody-positive
patients switching from natalizumab [13], and in comparison
to first-line injectable therapies [14]. They all showed similar
efficacy results when compared to the larger Swedish registry
[9] and to our current study. Two smaller series of rituximab-
treated MS patients were reported from the USA. Barra et al.
[15] reviewed their single-center experience in 107 MS
patients treated with rituximab for a mean duration of 33.2
months. In the 54 patients with RRMS, ARR on rituximab
was 0.19 but no pretreatment ARR was reported. New or
Gd+ lesions were seen on MRI in 11% and 3% of scans,
respectively. Alldredge et al. [16] reported 40 MS patients
treated with rituximab in a single center for a mean duration
of 2.9 years. The ARR in the 23 patients with RRMS
decreased to 0.005, with 87% of RRMS and 47% of PMS
patients reported to be clinically stable at the end of the
follow-up period.

Rituximab was well tolerated in our patients, with the
most common adverse event being infusion-related reactions
all of which were mild and self-limited. The overall rate of
infection was relatively low (15.7%). Two patients (2.2%)
developed serious adverse events, one of which was probably
unrelated to rituximab. There were no PML cases in our
series, although 27 of our patients were JCV antibody-
positive and 14/27 received rituximab for more than 2 years.
The number of patients is of course too small to draw any
conclusions regarding the risk of PML. A similar safety pro-
file was reported in other series [11, 15, 16], with the most
common adverse event being mild infusion-related reactions.
In the original phase II HERMES trial [3], the main adverse
events on rituximab were infusion-related reactions most of
which were mild in nature, and the rate of serious adverse
events and infections was similar to placebo. The long-term

safety of rituximab is well established in patients with rheu-
matologic disorders and non-Hodgkin’s lymphoma. A recent
study by Vollenhoven et al. [17] reported on the long-term
safety of rituximab in 1246 rheumatoid arthritis (RA)
patients who received treatment for 5–11 years. The inci-
dence of serious infections was 2.7/100 patient years with
no increased risk of malignancies. To our knowledge, no
cases of PML were reported inMS patients treated with ritux-
imab. The few cases of PML reported with this medication
occurred in patients with lymphoma, RA, or concurrent che-
motherapeutic agents, all of which are known risk factors for
this opportunistic infection [18, 19]. Hypogammaglobuline-
mia has been reported with chronic use of rituximab but
mostly in patients with hematological malignancies. The
incidence of hypogammaglobulinemia can range from 20 to
50% in patients treated for lymphoma [20] but is much lower
in RA and ANCA-associated vasculitis (4% and 4.2%, respec-
tively) [17, 21]. A similar low incidence of 3% has been
reported in MS patients by Salzer et al. [11], but the drop in
the aggregate serum IgG levels was slight. Significant hypo-
gammaglobulinemia with associated infections has rarely
been reported in patients with MS or neuromyelitis optica
treated with rituximab and mostly as single case reports
[22, 23]. It is of note that in the large series of RA patients
reported by Vollenhoven et al. [17], the incidence of serious
infections was similar before and after development of hypo-
gammaglobulinemia suggesting that these patients might
have an inherent high risk of developing serious infections,
possibly related to their underlying disease or concomitant/
previous therapies.

4.1. Limitations. This was a single-center retrospective study
which can inherently introduce selection bias. However, all
patients were captured from prospectively collected data
through an established registry with a protocol that includes
EDSS assessment by neurostatus-certified physicians at the
center and brain MRI every 6–12 months. The sample size
was relatively small, but our efficacy outcomes were similar
to what has been reported in larger studies. The decrease in
relapse rate on rituximab compared to pretreatment baseline
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Figure 5: Survival analysis graph with the outcome of “drug discontinuation due to relapses, disability progression, and adverse events” (a)
among all patients in the rituximab cohort and (b) among RRMS patients.
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could in part be due to regression to the mean, but the mag-
nitude of the drop especially in RRMS patients reflects mostly
the drug effect.

5. Conclusion

Rituximab was well-tolerated and effective in reducing
relapse rate and stabilizing disease in relapsing-remitting
and progressive MS patients in our real-world clinical prac-
tice setting. Our findings are in line with other observational
studies and similar to those reported in randomized con-
trolled trials of B cell therapies.
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T cell-mediated immune responses are thought to play an important role in the pathogenesis of anti-neutrophil cytoplasmic
antibody- (ANCA-) associated vasculitides (AAV). CD4+ T cells can be divided into subsets depending on their expression of
chemokine receptors. In this study, different CD4+ T cell populations in patients with AAV were analysed and compared to
healthy blood donors as well as therapy controls. 18 patients with active AAV, 46 in remission, 21 healthy controls (HBD), and
15 therapy controls (TC) were enrolled. CD4+ T cells were divided into Th1, Th2, and Th17 cells and further subdivided into
naïve, central memory, effector memory, and effector cells. Regulatory T cells were also analysed. Concentrations of cytokines
and chemokines produced by the respective CD4+ T cell subset in plasma from 33 of the patients were measured by ELISA and
compared to HBD. Clinical data were collected on all patients. CCL20 concentrations and percentages of Th17 cells (p = 0 019)
were elevated in AAV patients compared to HBD. AAV patients had lower percentages of naïve CD4+ T cells (p = 0 0016) and a
corresponding increase in proportion of effector memory CD4+ T cells when comparing to HBD (p = 0 027). Therapy controls
showed similar results as AAV patients. In this study, we found that CD4+ T cell phenotype distribution is altered in AAV
patients, in line with previously published work. However, no differences were found between AAV patients and TC, stressing
the importance of treatment impact on this kind of studies.

1. Introduction

The anti-neutrophil cytoplasmic autoantibody- (ANCA-)
associated vasculitides (AAV) are a group of autoimmune
diseases characterized by necrotizing inflammation predom-
inantly in small blood vessels and comprise granulomatosis
with polyangiitis (GPA), microscopic polyangiitis (MPA),
and eosinophilic granulomatosis with polyangiitis (EGPA)
[1, 2]. Especially GPA and MPA have a strong association
with ANCA, GPA predominantly with ANCA targeting
proteinase 3 (PR3-ANCA), and MPA with ANCA against
myeloperoxidase (MPO-ANCA) [3]. AAV often presents
clinically as a systemic disease. Although the inflammation
can affect any organ in the body, the kidneys together with
upper and lower airways are most frequently involved. Most

of the current therapies are associated with severe side effects,
and relapse rates are, despite treatment, generally high.

The pathogenesis of AAV is multifactorial, including
genetic and environmental factors such as infections and
drugs, but the exact mechanisms still remain elusive [4]. The
pathogenicity of PR3-ANCA and MPO-ANCA is debated,
but it is likely that these autoantibodies to some, perhaps
varying, extent are pathogenic. Activation of the complement
system, especially through the alternative pathway, is also
thought to contribute to the vasculitis process [5, 6].

CD4+ T cells (Th) can be divided into different subsets
based on their cytokine profiles, e.g., Th1, Th2, and Th17,
but also Th9 cells, Th22 cells, and follicular helper T cells.
For instance, Th1 cells are characterized by IFN-γ produc-
tion and are presumed to have a proinflammatory role as well
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as a role in fighting infections. Th2 cells are of importance in
allergic inflammations and parasite infections, e.g., by secret-
ing IL-4 and IL-5. Th17 cells produce IL-17(A-F), IL-21, and
IL-22. Th17 cells have been suggested to be implicated in sev-
eral autoimmune diseases such as psoriasis, inflammatory
bowel disease, and ankylosing spondylitis [7–10].

CD4+ T cells can also be divided into different subsets
based on their ability to proliferate and/or effector function,
i.e., naïve, stem cell memory, central memory (CM), transi-
tional memory (TM), effector memory (EM), and terminal
effector (Eff) Th cells. The naïve cells have the highest prolif-
eration potential, lymphoid homing profile, self-renewal
capacity, and multipotency and the terminal effector cells
the lowest. Reversely, the terminal effector cells exhibit the
highest peripheral homing profile, effector function, and
antigen dependence.

CD4+ T cells are thought to play a substantial role in the
development of granulomatous inflammation and tissue
injury in AAV [11–13]. However, the role of various subtypes
of CD4+ T cells in AAV has not yet been fully established.
Earlier studies have suggested a Th1-dominated immune
response in GPA [14, 15], while others have suggested a dom-
inant Th2 cell-driven immune response [16]. There are a few
reports indicating a role for Th17 in AAV, e.g., increased per-
centage of IL-17-producing CD4+ T cells in GPA patients
after in vitro stimulation with the autoantigen PR3 [17]. In
line with this finding, Nogueira et al. found increased levels
of IL-17 and IL-23 during the acute phase of AAV and
increased number of IL-17-producing autoantigen-specific
cells during the convalescence phase. No differences in
IFN-γ-producing cells were observed [18]. Results from
animal models support an important role of IL-17 in
vasculitis. IL-17-deficient mice developed less severe
immune-mediated kidney injury [19] and MPO-vasculitis
[20]. Moreover, higher percentages of circulating EM cells
were found inGPA patients in remission compared to healthy
blood donors (HBD) [21].

CD4+ T cells can also be differentiated into regulatory
T cells (Tregs), which are important in maintenance of
immunologic tolerance and limitation of inflammatory
responses. Functionally defect Tregs have been reported in
patients with GPA [22].

In this study, we investigate the frequency of various
CD4+ T cell subsets as well as effector cytokines and chemo-
kines in plasma from AAV patients, in remission or with
active disease, in relation to healthy blood donors and ther-
apy controls. The aim is to increase our understanding of
the CD4+ T cell involvement in AAV.

2. Materials and Methods

2.1. Study Population. Blood samples were collected from
64 patients with AAV. Forty-six of these patients were
in remission, and 18 had an active disease. 38 of the
patients were diagnosed with GPA, 22 were diagnosed
with MPA, and 4 were diagnosed with EGPA. 35 of the
patients were PR3-ANCA-positive, 25MPO-ANCA-positive,
and 4 ANCA-negative. Blood samples were also collected
from 21 healthy controls (HBD) and 15 patients with a

kidney transplant due to a noninflammatory disease (therapy
control, TC). See Table 1 for descriptive statistics of the
patients with GPA and MPA and Table 2 for descriptive sta-
tistics of the whole AAV group, HBD, and TC. There was no
matching between the different groups regarding age or
gender. The small group of EGPA patients consisted of
two women and two men; three of the patients were
ANCA-negative, and one had MPO-ANCA. None of the
patients with EGPA had active disease. The EGPA patients
are included in the analyses of the AAV group and when
dividing the patients according to ANCA specificity.

eGFR was calculated for AAV patients and TC using the
MDRD equation (http://www.mdrd.com). The studies were
conducted with permission from the Ethical Committee,
Lund University, Sweden.

For the ELISA analysis, additional EDTA-plasma were
obtained from the 33 patients first included and compared
to EDTA-plasma from the 13 first included HBD. 26 of these
patients were in remission, and 7 had an active disease.
Twenty-one of the patients were diagnosed with GPA, 10
with MPA, and 2 with EGPA.

Diagnosis was based on criteria adapted from the
1994/2012 Chapel Hill disease definitions and the American
College of Rheumatology’s classification criteria [1, 2].
Patients were excluded if they had a malignancy, an ongoing
infection, or a coexisting autoimmune condition. Clinical data
were collected on all patients. Disease activity was estimated
by using Birmingham Vasculitis Activity Score v3 (BVAS)
[23]. Active disease was defined as having a BVAS score of
more than 0. Relapse was defined as a BVAS score over 0 in
combination with an increased immunosuppressive ther-
apy. In order to score the overall damage due to vasculitis,
Vasculitis Damage Index (VDI) was used [24]. Localized
disease was defined as involvement of only one organ sys-
tem, besides general symptoms and signs. Serum levels of
PR3-ANCA and MPO-ANCA were measured by ELISA-
based methods including capture technique at Wieslab©,
Euro Diagnostica AB (Lund, Sweden). All patients, HBD,
and TC gave informed consent.

HBD were subjects that volunteered to participate in the
study as controls, with no known inflammatory or chronic
disease. Median age was 56.0 years (IQR: 45.3, 60.2), and
the group consisted of 11 women and 10 men. TC were 4
women and 11 men from our outpatient clinic, with no
inflammatory diseases, that had received a kidney trans-
plant. Median age was 49.4 years, and median eGFR was
55.8mL/min/1.73m2. 11 out of 15 therapy controls were
treated with prednisolone (median 5mg/day, range: 2.5, 5),
11 with tacrolimus (median: 4mg/day, range: 0.5, 5), 2 with
everolimus (median: 1.2mg/day, range: 1.0, 2.2), 9 with
mycophenolate mofetil (median: 1500mg/day, range: 750,
2000), 4 with cyclosporine (median: 137.5 range: 50, 200),
and 2 with azathioprine (median: 50mg/day range: 50, 50),
and one of the TC was treated with mycophenolic acid
(720mg/day) (Table 2).

2.2. Phenotypic Characterization of CD4+ T Cells: Flow
Cytometry. Venous blood was obtained in heparin tubes
(BD Vacutainer ref 369622) and stored in the dark at room
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Table 1: Descriptive statistics of GPA and MPA (numbers or median with lower and upper quartiles) at time of blood sampling.

GPA MPA p value

Age in years 66.8 (50.9, 76.5) 75.7 (68.8, 82.4) p = 0 00241

Sex (numbers)

Female 18 11 p ≥ 0 9992

Male 20 11

Age at diagnosis in years 57.5 (35.9;67.3) 64.2 (73.2;76.2) p ≤ 0 00011

Follow-up time in months 81.9 (28.2;157.4) 16.7 (1.2;74.8) p = 0 0021

ANCA specificity (numbers)

PR3 30 5 p ≤ 0 00012

MPO 7 17

Disease activity (numbers)

Active disease 8 10 p = 0 07812

Remission 30 12

Time since onset of the last flare in months 34.4 (11.4;63.2) 8.9 (0.9;34.3) p = 0 0601

Disease phenotype (numbers)

Localized disease 7 6 p = 0 5202

Systemic disease 31 16

Organ involvement (numbers)

Ear-nose-throat 30 1 p ≤ 0 00012

Pulmonal 23 9 p = 0 182

Renal 28 21 p = 0 042

Central nervous system 4 1 p = 0 6432

Peripheral nervous system 4 5 p = 0 2672

Gastrointestinal 2 1 p ≥ 0 9992

Cardiovascular 1 3 p = 0 1352

BVAS (Birmingham Vasculitis Activity Score)
(numbers)

p = 0 053

0 30 12

1–5 3 1

6–10 4 4

>10 1 5

Vasculitis Damage Index 2 (1, 4) 2 (0, 3) p = 0 2911

CRP (mg/L) 3.4 (1.4, 6.1) 2.4 (1.4, 9.5) p = 0 9541

Haemoglobin (g/L) 129.0 (122.5, 138.0) 124.0 (111.0, 133.5) p = 0 2311

Platelets (109/L) 263.0 (204.3, 313.3) 230.0 (183.5, 287.5) p = 0 1591

White blood count (109/L) 6.6 (5.2, 8.6) 7.3 (5.4, 8.4) p = 0 8811

Creatinine (micromoles/L) 101.0 (72.5, 141.0) 158.0 (106.0, 199.3) p = 0 0021

eGFR (mL/min/1.73m2) 64 (45, 86) 33 (21, 48) p = 0 00011

Prednisolone (mg/day) p = 0 0063

0 11 7

2.5–5 16 5

>5–10 10 2

>10–20 1 4

>20 0 4

Azathioprine 12 8 p ≥ 0 9992
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temperature. All samples were analysed within 24 h. The red
cells were lysed using 0.84% NH4Cl for 10min at room tem-
perature. The samples were spun in a centrifuge for 10
minutes in 1200 rpm (250 x g) and washed in PBS (without
Mg2+ and Ca2+). 100 microliters of FACS buffer (PBS+ 0.5%
BSA) were added to the pellet. 50 microliters was transferred
to each of the two FACS tubes. 50 microliters of antibody
mix was added to their respective FACS tube (for antibody
mixes, see below). The analyses were performed on FACS-
Canto II (BD Biosciences) using FACSDiva software. Cell
populations were identified according to the gating strategies
described by Maecker et al. [25] (Supplemental Figure 1).
The T helper subsets were defined as the percentage of
CD183+CD196−CD3+ CD4+ (Th1), CD183−CD196−CD3+

CD4+(Th2), or CD183−CD196+CD3+CD4+ (Th17) of the
total number of CD4+CD3+ T cells. At least 50,000 lym-
phocytes were collected based on forward and side scatter
properties. Tregs were defined as the percentage of
CD127−CD25+CD45R0+CD194+ cells of the total number
CD45+CD3+CD4+ T cells (Supplemental Figure 2).

2.3. Antibody Reagents. The following antibodies were used:

Antibody mix 1: CD3 PerCP Cy5.5 (BD552852),
CD4 V450 (BD560345), CD8 V500

(BD560774), CD197 Alexa Flour
647 (BD557734), CD45RA PE Cy7
(BD560675), CD183 Alexa 488 (BioLe-
gend 353710), and CD196 PE (BioLe-
gend 353410)

Antibody mix 2: CD4 FITC (BioLegend 357406), CD25
PE (BD555432), CD194 BV421 (BioLe-
gend 395414), CD127 Alexa Flour 647
(BD558588), CD45 V500 (BD560779),
CD45 RO PeCy7 (BD337168), CD3
PerCP Cy5.5, and HLA-DR APC
H7/Cy7 (BD561358)

2.4. Cytokines and Chemokines: Enzyme-Linked
Immunosorbent Assay (ELISA). From the 33 patients that
were first included in this study and 13 HBD, EDTA-
plasma was obtained and stored at −80°C until analysed.
Plasma concentrations of IFN-γ, CXCL9, IL-4, CCL22,
IL-23, and CCL20 were measured using Quantikine®
ELISA from R&D Systems according to the manufactory’s
instructions. Plasma concentrations of IL-17Aweremeasured
using Sandwich ELISA from Affymetrix eBioscience. Optical
densities were measured at 540nm and 450nm for IFN-γ,
CXCL9, IL-4, CCL22, IL-23, and CCL20 and at 450nm for

Table 1: Continued.

GPA MPA p value

Median dose (mg/day) 125 (range: 50, 200) 75 (range: 50, 100) p = 0 1001

Mycophenolate mofetil 5 0 p = 0 1482

Median dose (mg/day) 2000 (range: 250, 2500) NA

Methotrexate 5 0 p = 0 1482

Median dose (mg/week) 25 (range: 15, 25) NA

Cyclophosphamide po 0 0 p = 0 5282

Cyclophosphamide iv (within 6 months) 4 7 p = 0 0292

Median time since last infusion (days) 83.5 (31.8, 103.0) 18 (12.3, 135.8) p = 0 5041

Rituximab (ever) 14 3 p = 0 0772

Median time since last infusion (days) 367.0 (139.5, 902.5) 316.0 (91.0, 973.0) p = 0 9531

GPA= granulomatosis with polyangitis; MPA =microscopic polyangitis. 1Mann-Whitney test, 2Fisher’s exact test, and 3chi-square test.

Table 2: Descriptive statistics of AAV, HBD, and TC (numbers or median with lower and upper quartile) at time of blood sampling.

AAV∗ HBD TC∗ p value

Age in years 70.21 (53.84, 73.39) 56.0 (IQR: 45.3, 60.2) 49.41 (40.99, 63.03) p = 0 0211

Sex (numbers)

Women 31 11 4 p = 0 2522

Men 33 10 11

Prednisolone median dose (mg/day) 5.0 (range: 2.5, 70.0) NA 5.0 (range: 2.5, 5.0) p = 0 00243

Azathioprine median dose (mg/day) 100 (range: 50.0, 200) NA 50 (range: 50.0, 50.0) p = 0 253

Mycophenolate mofetil median dose (mg/day) 2000 (range: 250, 2500) NA 1500 (range: 750, 2000) p = 0 523

AAV= anti-neutrophil cytoplasmic autoantibody- (ANCA-) associated vasculitides; TC = therapy control. 1Kruskal-Wallis test by ranks, 2chi-square test, and
3Mann-Whitney test. ∗In this table, only the drugs that AAV and TC have in common are disclosed.
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IL-17A. Concentrations were calculated from standard curves
created in Excel (Microsoft Office).

2.5. Statistical Analysis. All statistical analyses were per-
formed on GraphPad Prism 7.0 software (GraphPad
Software, San Diego, CA, USA). Spearman’s correlation coef-
ficient by rank was used to evaluate correlations between two
sets of nonparametric data. Categorical variables are pre-
sented as frequencies, and continuous data are expressed as
median with interquartile ranges (IQRs). For comparison of
categorical data in two independent groups, Fisher’s exact
test or chi2 test was performed. For comparison between
two independent groups of nonparametric data, Mann-
Whitney’s U test was performed and medians with IQRs
are presented. For comparison between more than 2 inde-
pendent groups with nonparametric data, Kruskal-Wallis
test was performed and results are presented with medians
and IQRs. p values below 0.05 were considered significant.

3. Results

3.1. Increased Frequency of Effector Memory T Cells in AAV.
To characterize CD4+ T cells in AAV patients, the distribu-
tion of naïve (CD197+CD45RA+), CM (CD197+CD45RA−),
Eff (CD197−CD45RA+), and EM (CD197−CD45RA−) CD4+

T cells were analysed using flow cytometry. All values are
given as percentage of CD4+ T cells. We found that AAV
patients had lower percentages of naïve CD4+ T cells (median
26.5 IQR: 13.2, 36.7) than HBD (median 40.0 IQR: 31.6, 51.3,
p = 0 0016) (Figure 1). In addition, a corresponding increase
in the proportion of EM CD4+ T cells was detected in AAV
patients (median 41.2 IQR: 31.5, 53.1) compared with HBD
(median 33.0 IQR: 24.3, 42.7) (p = 0 027). This was true both
when the patients were divided according to their clinical
phenotype as well as by autoantibody specificity. There were
no significant differences in the percentages of CM or Eff
cells. TC had a similar distribution of naïve, CM, EM, and
Eff cells as AAV patients.

3.2. Increased Percentages of Th17 Cells with a Memory
Phenotype in AAV. The CD4+ T cells were divided in Th1
(CD183+CD196−), Th2 (CD183−CD196−), and Th17
(CD183−CD196+). Patients with AAV had higher percent-
ages of Th17 cells (median 24.6 IQR: 17.7, 23.2) than HBD
(median 19.1 IQR: 13.6, 23.2) (p = 0 015) (Figure 2(a)). There
was no significant difference between patients with AAV
compared with TC (median 23.4; IQR: 18.6, 29.5)
(p ≥ 0 999). Both AAV and TC had lower percentages of
Th1 cells compared with HBD, but there was no difference
between AAV and TC (Figure 2(b)). No significant differ-
ences were observed for Th2 cells between any of the groups
(Figure 2(c)).

When the patients were divided by clinical phenotype or
autoantibody specificity, we found that patients with GPA
had higher percentages of Th17 cells (median 27.6 IQR:
19.7, 33.0) compared with HBD (median 19.1 IQR: 13.6,
23.3, p = 0 0055) but not compared with TC (median 23.4
IQR: 18.6, 29.5, p = 0 8428). The percentages of Th17 did
not differ between patients with MPA, HBD (p = 0 350), or

TC (p ≥ 0 999) (Figure 2(a)). Both GPA and MPA as well as
PR3-ANCA and MPO-ANCA subgroups had lower percent-
ages of Th1 cells compared with HBD, but there was no dif-
ference between them and TC (Figure 2(b)). No differences
regarding percentages of Th2 cells were observed between
any of the subgroups (Figures 2(b) and 2(c)).

The Th1, Th2, and Th17 cells were further subdivided
into naïve, CM, EM, and Eff cells. AAV patients had higher
percentages of Th17 CM cells (p = 0 039) as well as higher
percentages of EM Th17 (p = 0 020) when comparing with
HBD. In addition, AAV patients had lower percentages of
naïve Th1 cells (p = 0 0003), CM Th1 cells (p = 0 0026), and
EM Th1 cells (p = 0 027) compared with HBD. Moreover,
AAV patients had a decreased frequency of naïve Th2 cells
(p = 0 0146) and increased percentages of EM Th2 cells
(p = 0 0001) compared with HBD. No significant differences
were found when AAV patients were compared with TC. For
results after dividing the AAV patients in groups by disease
activity and clinical phenotype, see Supplementary Table 1.

3.3. Disease Activity and Distribution of CD4+ T Cell Subsets.
To investigate if disease activity affected the distribution of
CD4+ T cell subsets, patients were divided into two groups:
active disease (BVAS ≥ 1) or remission (BVAS = 0). Patients
with active disease had a decreased percentage of Th1 cells
(median 6.5 IQR: 3.9, 8.9) compared with HBD (median
9.7 IQR: 7.7, 18.3, p = 0 0072) (data not shown). However,
there was no significant difference compared with TC
(median 7.0 IQR: 3.2, 12.5, p ≥ 0 999). No differences in per-
centages of Th1 cells between AAV patients in remission,
HBD, and TC were observed.

AAV patients in remission had significantly higher per-
centages of Th17 cells (median 24.9 IQR: 17.6, 31.2) than
HBD (median 19.1 IQR: 13.6, 23.2, p = 0 0259), while there
was no significant difference when comparing with TC
(median 23.4 IQR: 18.6, 29.5, p ≥ 0 999). No differences in
percentages of Th17 cells between active AAV patients
(median 23.5 IQR: 18.2, 31.48), HBD (p = 0 095), or TC
(p > 0 999) were observed.

Percentages of Th2 cells did not differ between active
AAV (median 63.0 IQR: 53.9, 71.5), HBD (median 57.9
IQR: 46.8, 68.0, p = 0 602), or TC (median 61.6 IQR: 55.2,
66.4, p ≥ 0 999). Neither was there any significant difference
between AAV patients in remission (median 56.7 IQR:
45.7, 65.6) compared to HBD (p ≥ 0 999) nor AAV patients
in remission compared to TC (p = 0 589).

In summary, a decreased frequency of Th1 cells was
observed in AAV patients with active disease compared to
HBD, whereas AAV patients in remission had an increased
portion of Th17. No significant differences between AAV
patients and TC were found.

3.4. Percentages of Th17 Cells in Relation to Clinical Data.
Since the percentage of Th17 cells was increased in AAV
patients and particularly in patients with GPA and/or
PR3-ANCA compared with HBD, we investigated other
potential associations to clinical phenotype of the disease,
renal function, and treatment with corticosteroids.
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When comparing percentages of Th17 cells between
patients with localized disease (median 27.7 IQR: 20.6, 8.2)
and systemic disease (median 24.1 IQR: 17.4, 31.4), no signif-
icant difference was found (p = 0 447). Furthermore, to study
if percentages of Th17 cells correlated with tendency to
relapse, patients with a follow-up time more than one year
were divided into two groups. The first group had zero or
one relapse since the onset of the disease. The second group
had two or more relapses since onset of the disease. The
group with less than two relapses had a median percentage
of Th17 cells of 22.3 (IQR: 16.8, 27.4), and the more
relapse-prone group had a median percentage of Th17 cells
of 27.8 (IQR: 21.1, 32.1). This difference did, however, not
reach statistical significance (p = 0 061) (Figure 3(a)). The
median follow-up time in the less relapse-prone group was
49.3 months (IQR: 28.0, 107.2) which was significantly lower
than in the relapse-prone group (median: 160.4, IQR: 76.2,
189.4) (p < 0 0001). Percentages of Th17 cells correlated nei-
ther to eGFR (r = −0 083, p = 0 519) nor to age (r = −0 070,
p = 0 575).

When dividing the AAV patients in groups according to
their daily oral prednisolone dosage, percentages of Th17
cells were significantly higher in the group with 5–10mg

per day (median 34.8 IQR: 27.9, 38.8), compared to the group
with 0–5mg per day (median 23.1 IQR: 17.6, 27.9, p = 0 012),
but in the group with more than 10mg prednisolone per day,
it was not (median 23.5 IQR: 18.1, 27.9, p = 0 218)
(Figure 3(b)). There was no correlation between percentages
of Th17 cells and daily prednisolone dosage (r = 0 1624,
p = 0 204).

3.5. Tregs in AAV Patients, HBD, and TC. The frequency of
Tregs (CD45+CD3+CD4+CD127−CD25+CD45R0+CD194+)
in peripheral blood was analysed by flow cytometry. No
differences in the percentages of Tregs were observed
between AAV patients, HBD (p = 0 432), or TC (p = 0 064)
(Figure 4). However, patients with MPA had significantly
higher percentages of Tregs with a median of 5.7 (IQR:
4.2, 8.0) compared with TC (p = 0 0163) but not when com-
paring to HBD (p = 0 113). These differences in percentages
of Tregs were not seen when comparing GPA patients
(median 4.9 IQR: 3.0, 6.8) with HBD (p ≥ 0 999) or TC
(p = 0 246). The percentages of Tregs did not show any dif-
ference when the AAV patients were divided according to
ANCA specificity (Figure 4). We did not find any differences
associated with disease activity (data not shown).

AAV

GPA

PR3-ANCA

HBD

CM of CD4+

Naive of CD4+
EM of CD4+

Eff of CD4+

MPA

MPO-ANCA

TC

Figure 1: Median percentage of central memory (CM), naïve, effector memory (EM), and effector (Eff) T cells of the CD4+ T cell population.
AAV patients have significantly lower percentage of naïve CD4+ T cells (p = 0 0016) and higher percentage of EM (p = 0 027) compared to
HBD. No differences were detected to TC. The AAV group was divided according to clinical diagnosis (GPA and MPA) as well as ANCA
specificity (PR3-ANCA and MPO-ANCA) and reanalysed. Both GPA and MPA had lower percentage of naïve CD4+ T cells compared to
HBD (p = 0 0092 and p = 0 0425, respectively), but no significant differences for the other subpopulations were found. No differences were
found between the PR3-ANCA group and MPO-ANCA, HBD, or TC. The MPO-ANCA group had a significantly smaller proportion of
naïve CD4+ T cells (p = 0 0014) and a larger percentage of EM CD4+ T cells (p = 0 0107) compared to HBD.
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3.6. Elevated Concentrations of CXCL9 and CCL20 in AAV
Patients. Cytokine and chemokine profiles were analysed in
plasma to see if we could find any association with a Th1,
Th2, or Th17 profile. Seven selected cytokines and chemo-
kines were analysed in EDTA plasma, collected at the
same time as the CD4+ T cell subsets were evaluated by
flow cytometry, from the first included 33 AAV patients
and 13 HBD.

The concentrations of the Th1-related chemokine
CXCL9 were increased in plasma from AAV patients com-
pared with HBD (Table 3). This difference remained when
dividing the AAV group in active and inactive disease, as well
as when dividing in GPA and MPA. In addition, the plasma

concentrations of the Th1-associated cytokine IFN-γ were
higher in MPA patients compared with HBD. Furthermore,
plasma concentrations of the Th17-related chemokine
CCL20 were elevated in AAV patients compared with HBD
(Table 3). Notably, there was a correlation between concen-
tration of CCL20 and absolute counts of Th17 cells calculated
from the white blood cell counts (p = 0 0125, r2 = 0 22, linear
regression analysis). No differences were found in plasma
concentrations of IL-4, CCL22, IL-23, or IL-17A in patients
with AAV compared to HBD.

3.7. Decreased T Cell Count in AAV Patients. Absolute T cell
counts were calculated from routine white blood cell counts
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Figure 2: Percentages of total number of CD4+ T cells that are characterized as (a) Th17 cells (CD183−CD196+), (b) Th1 cells
(CD183+CD196−), and (c) Th2 cells (CD183−CD196−). ANCA-associated vasculitis (AAV) and the subgroups GPA and MPA or
PR3-ANCA and MPO-ANCA are compared to healthy blood donors (HBD) and therapy controls (TC). Three statistical analyses were
done using the Kruskal-Wallis test followed by Dunn’s multiple comparison test: first, AAV was compared to TC and HBD; second, GPA
and MPA were compared to TC and HBD; third PR3-ANCA and MPO-ANCA were compared to TC and HBD. The statistically
significant differences from the first analysis are indicated in the figure. When comparing GPA and MPA against HBD and TC, we found
that the GPA patients had a higher percentage of Th17 compared to HBD (p = 0 0055) and that both GPA (p = 0 0031) and MPA
(p = 0 0125) had lower percentage of Th1 cells compared with HBD. The analysis of PR3- and MPO-ANCA patients showed similar
results; i.e., PR3-ANCA had significantly higher percentage of Th17 cells compared with HBD (p = 0 0053) and both PR3-ANCA
(p = 0 0051) and MPO-ANCA (p = 0 0085) had lower percentages of Th1 cells compared with HBD.
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Figure 3: Percentage of Th17 cells (CD183−CD196+) of the total number of CD4+ T cells in patients with ANCA-associated vasculitis. In (a),
the patients are divided according to their tendency to flare. The patients with tendency to flare also have a tendency to have higher percentage
of Th17 cells compared to the patients with one or no flares. In (b), the AAV patients are divided by their prednisolone dose at the time of
sampling. Patients with 5–10mg dose per day have significantly higher levels of Th17 cells compared to patients with 0–5mg prednisolone
per day.
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multiplied with the number of events in the CD3+ gate
divided by the number of events in the CD45+ gate. As no
blood cell counts were performed on the HBD, all compari-
sons are done against the reference intervals (based on 50
healthy blood donors and presented as the 2.5 to the 97.5 per-
centile) from the clinical immunology lab at Skåne University
Hospital. Both AAV and TC had low CD3+ T cell counts
(AAV median 0.35 IQR 0.2, 0.76, TC median 0.72 IQR
0.31, 1.26 ×109 cells/L) compared to the reference values
(0.6–2.1× 109 CD3+ cells/L 2.5–97.5 percentile). There was
a tendency that the AAV patients had lower counts than
TC, but it did not reach statistical significance. The frequency
of both AAV and TC that have CD3+, CD4+, and CD8+ T
cell counts below the lower reference value (2.5th percentile)
from the clinical immunology lab is significantly higher
than expected (p < 0 0001, chi-square test) (Supplementary
Figure 3). Nonetheless, all samples had T cell counts high
enough to give reliable results also when analysing the
smaller T cell subpopulations.

4. Discussion

The aim of this project was to phenotypically characterize
CD4+ T cells in AAV patients and to investigate if this corre-
late with clinical data, e.g., clinical diagnosis, ANCA specific-
ity, age, eGFR, disease activity, and therapy. In addition, to
indirectly estimate their function and activity, circulating
plasma concentrations of some cytokines and chemokines
associated with certain CD4+ T cells subsets were analysed.
Earlier studies have suggested an increased and persistent
T cell activation in AAV; however, these studies have
mainly focused on GPA [26, 27].

4.1. Th17 Cells, IL-17A, and CCL20 in AAV. In line with ear-
lier studies [17, 28], we found an increased frequency of cir-
culating Th17 cells in patients with GPA compared to HBD.
When dividing the patients by autoantibody specificity,
patients with PR3-ANCA had higher percentages of Th17
cells than HBD. Th17 cells and their related cytokines have
not been well studied in MPA. Gan et al. found evidence that
Th17 cells are crucially involved in development of glomeru-
lonephritis in MPO-immunized mice [20]. In our study, we
could not show elevated percentages of Th17 cells in patients
with MPA. As all our measurements are done on circulating
cells, involvement of Th17 cells in the local inflammatory
responses in MPA cannot be ruled out and further studies
at inflammatory sites are needed.

In this study, plasma concentrations of IL-17A were sim-
ilar in AAV patients compared to HBD. In contrast, the
plasma concentrations of the Th17-related chemokine
CCL20 were found to be elevated. Interestingly, concentra-
tions of CCL20 were higher in both GPA and MPA patients
compared to HBD. This is in line with the findings presented
by Eriksson et al. who also found elevated levels of circulating
CCL20 in patients with GPA compared with HBD and, in
similarity to our results, did not find any significant differ-
ence regarding levels of IL-17A [29]. In another study by
Nogueira et al., levels of IL-17A were found to be elevated
in about one third of the patients compared with HBD [18].

We could not show that the percentage of Th17 cells var-
ies with disease activity estimated by BVAS, and it was not
significantly different between patients with localized disease
compared to systemic disease. There was, however, a ten-
dency to higher levels in the group with a relapse-prone dis-
ease. Wilde et al. did not find any difference when comparing
relapsing GPA patients to relapse-free patients [28]. There
are several differences between the studies that can explain
the somewhat deviating results: in Wilde et al.’s study, all
samples came from untreated patients and the definitions
of the two groups were different. A limitation in our study
is the significant difference regarding follow-up time between
the more relapse-prone group and the group with zero or one
relapse during the follow-up time.

Regarding corticosteroid treatment, patients with a daily
dosage of >5–10mg prednisolone had higher percentages of
Th17 cells than the patients with 0–5mg a day as well as
the patients with more than 10mg a day. The group of
patients with >5–10mg prednisolone a day consisted of
GPA, MPA, and EGPA patients either in remission or with
grumbling disease. Patients with more than 10mg predniso-
lone per day were mainly patients with active disease
(Table 1). Wilde et al. found a negative correlation between
circulating levels of Th17 and steroid dosage in both active
and quiescent GPA [28]. Our group of patients was very het-
erogenic regarding treatment with other immunosuppres-
sants, and some of the patients with active disease had
received cyclophosphamide which may have affected the
results. The potential effects of cyclophosphamide on Th17
cells in AAV are, however, not well established.

4.2. Th1 and Th2 Cells and Their Main Cytokines in AAV.We
did not find any significant differences in percentages of Th1
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Figure 4: Percentage of Tregs (CD45+CD3+CD4+CD127−CD25+

CD45R0+CD194+) of the CD4+ T cell population in peripheral
blood from patients with ANCA-associated vasculitis (AAV),
divided into GPA and MPA or PR3-ANCA and MPO-ANCA,
healthy blood donors (HBD), and therapy controls (TC). Three
statistical analyses were done using the Kruskal-Wallis test
followed by Dunn’s multiple comparison test: first, AAV was
compared to TC and HBD; second, GPA and MPA were
compared to TC and HBD; third, PR3-ANCA and MPO-ANCA
were compared to TC and HBD. The only difference found was
between MPA patients and TC.
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cells between PR3- and MPO-ANCA patients, or between
MPA and GPA patients. Moreover, there was no difference
in Th1 cells in patients in remission compared to HBD and
TC. However, patients with active disease showed lower per-
centages of Th1 cells than HBD, but not compared to TC. No
differences in levels of Th1 cells were found between AAV
patients and HBD in a study by Abdulahad et al., but they
had only included patients in remission [17]. In line with
results from Nogueira et al., circulating concentrations of
the Th1-associated cytokine IFN-γ did not differ between
patients with active AAV, quiescent AAV, or GPA compared
to HBD [18]. In our study, patients with MPA had slightly
higher concentrations of circulating IFN-γ than HBD.
Interestingly, significantly higher concentrations of the
Th1-related chemokine CXCL9 were found in AAV, both
GPA and MPA—regardless of disease activity, compared
to HBD.

Percentages of Th2 cells did not differ between AAV
patients either with active disease or in remission compared
to HBD and TC. Neither was there a difference between
patients with GPA or MPA compared to HBD and TC. This
stands in contrast to findings by Abdulahad et al., who
showed an expansion of IL-4+ T cells in patients with GPA
in remission [17]. In our study, circulating concentrations
of the regulatory Th2 cytokine IL-4 and Th2-associated
chemokine CCL22 did not differ between patients with active
disease, quiescent disease, and HBD, and there were no
significant differences between patients with GPA or MPA,
respectively, compared to HBD. Eriksson et al. found
decreased levels of circulating CCL22 in patients with active
AAV compared with patients in remission as well as HBD
[29]. As mentioned above, our group of patients with active
disease was small and heterogeneous, which may explain
the differences in the results.

4.3. Memory T Cells Are Expanded in AAV. When dividing
the CD4+ T cells into subsets based on their activation and
differentiation, AAV patients had significantly lower per-
centages of naïve CD4+ T cells and higher percentages of
effector memory CD4+ T cells compared to HBD. Similar
results were found by Abdulahad et al. regarding GPA
patients in remission, and they suggested that in AAV, a
strong and continuous stimulation of naïve CD4+ T cells
entails a differentiation towards EMT cells [21]. In turn, this
could contribute to the relapsing course of the disease, which
is also suggested in a review by Wilde et al. in 2010 [30]. In
our study, CM Th17 as well as EM Th17 were expanded in
patients with AAV compared with HBD. This was true for
the AAV group as a whole but also for patients in remission
compared to HBD, supporting the idea of an expansion of
memory cells due to persistent proinflammatory stimuli.

4.4. Tregs in AAV. Functionally defect Tregs have been sug-
gested to play a role in the pathogenesis of AAV, since they
control and diminish inflammatory responses by other
T cells [22, 31]. In a recent study, Szczeklik et al. found a
decrease in Tregs in patients with active GPA compared to
HBD [32]. Abdulahad et al. found an expansion of Tregs in
patients with quiescent GPA, but these cells showed a

reduced or absent suppressive function [22]. In our study,
we did not find any differences regarding percentage of circu-
lating Tregs in AAV as compared to HBD or TC. We have
chosen to use standardized antibody panels as suggested by
the Human Immunophenotyping Consortium [25], and this
panel does not include FoxP3 as most previous studies have
included making direct comparisons hard. Moreover, in
our study, we have only measured circulating percentages
of Tregs and not the function or activity of these cells. Studies
have shown that Tregs in the presence of proinflammatory
cytokines can differentiate into IL17-producing cells, why a
reciprocal relationship between Th17 cells and Tregs has
been suggested [33, 34], but the present study is not designed
to be able to illustrate this. The diversity of and phenotypic
overlap among various T cell subsets including Tregs was
recently shown by Kunicki et al. [35] using single-cell
mass cytometry; hence, the use of different flow cytometry
strategies might explain differences between in general,
including ours.

4.5. Altered CD4+ T Cell Distribution in AAV: A Result from
Treatment or the Disease? It is of importance that even
though some CD4+ T cell phenotypes have been expanded
in AAV patients in comparison to HBD, they do not signifi-
cantly differ from therapy controls. In parallel to the group of
patients with active AAV, the TC group is also somewhat
clinically heterogenic which can influence the results. Fur-
thermore, CD4+ T cells are important in antibody-mediated
rejection of kidney transplants [36, 37] and all of the TC were
treated with calcineurin inhibitors which have earlier been
found to affect the levels of CD4+ T cells [38, 39]. One could
hypothesize that this, as in AAV, results in an altered distri-
bution of CD4+ T cells, depending on the balance between
inflammatory responses due to the transplantation and
immunosuppressive therapies. To our knowledge, earlier
studies on involvement of CD4+ T cells in AAV have not
included therapy controls. We believe that it is of great
importance to include therapy controls in order to be able
to determine whether the differences are a result of the stud-
ied disease or related to treatment and/or other factors.

5. Conclusions

In this study, we found a skewed balance of CD4+ T cells in
AAV patients, confirming previous results from studies of
GPA patients. AAV patients have elevated percentages of
Th17 cells, lower percentages of Th1 cells, larger proportion
of EM, and fewer naïve T cells compared to healthy controls.
This seems to result in, for instance, higher plasma concen-
trations of the proinflammatory chemokine CCL20.

Interestingly, almost no differences were found when
comparing the AAV group to the TC group. This leads to
the question: is the skewed balance of CD4+ T cells in AAV
patients a result of therapy rather than disease-specific mech-
anisms? To finally answer this question, new studies are
needed including larger number of AAV patients and TC
that are both age- and sex-matched.
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Lymphocyte costimulation plays a central role in immunology, inflammation, and immunotherapy. The inducible T cell
costimulator (ICOS) is expressed on T cells following peptide: MHC engagement with CD28 costimulation. The interaction of
ICOS with its sole ligand, the inducible T cell costimulatory ligand (ICOSL; also known as B7-related protein-1), triggers a
number of key activities of T cells including differentiation and cytokine production. Suppression of T cell activation can be
achieved by blocking this interaction and has been shown to be an effective means of ameliorating disease in models of
autoimmunity. In this study, we isolated specific anti-ICOSL new antigen receptor domains from a synthetic phage display
library and demonstrated their ability to block the ICOS/ICOSL interaction and inhibit T cell proliferation. Anti-mouse ICOSL
domains, considered here as surrogates for the use of anti-human ICOSL domains in patient therapy, were tested for efficacy in
a collagen-induced mouse model of rheumatoid arthritis where they significantly decreased the inflammation of joints and
delayed and reduced overall disease progression and severity.

1. Introduction

Rheumatoid arthritis (RA) is a chronic, immune-mediated
inflammatory joint disease affecting 0.5–1% of the global
population and results in cartilage and bone damage as well
as disability [1]. The root cause of this debilitating disease is
unknown; however, increased understanding of the underly-
ing pathology has resulted in the development of a number of
effective drugs, typically with one of three modes of action: (i)
neutralising the effects of inflammatory cytokines, (ii) T cell
costimulation blockade, or (iii) B cell depletion. Currently

approved biologic-based treatments for RA include TNFα
antagonists. Three of the most successful are monoclonal
antibodies targeting TNFα directly and blocking its binding
to TNFRII: infliximab or remicade [2], adalimumab or
Humira [3], and golimumab or Simponi [4]. Currently
approved therapeutics also include an antibody Fab′ frag-
ment conjugated to a polyethylene glycol (PEG) (certolizu-
mab pegol or Cimzia) [5–7] and a fifth biologic, etanercept
or Enbrel, which comprises of a fusion protein of TNFRII
and the Fc region of human IgG1 [8]. Although targeting
TNFα has been validated through proven therapeutic efficacy

Hindawi
Journal of Immunology Research
Volume 2018, Article ID 4089459, 13 pages
https://doi.org/10.1155/2018/4089459

http://orcid.org/0000-0001-7614-8261
http://orcid.org/0000-0001-5280-7090
http://orcid.org/0000-0002-0644-3860
http://orcid.org/0000-0003-1872-3373
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/4089459


(and significant commercial value), not all patients respond
with 25–40% of subjects failing to reach the desired ACR20
end point (20% improved response based on the American
College of Rheumatology) during clinical trials [9–11]. These
patients’ outcomes, coupled with the fact that a follow-on
study of patients on TNFα antagonist treatments showed that
after 5 years only 44% were still taking their original therapy
[12], are driving the current interest in alternative targets for
treatment. To help those patients that exhibit poor or no
response to TNFα blockade, there are a number of monoclo-
nal antibodies seeking to treat or control the disease through
an alternative biology (tocilizumab—a humanized anti-IL-6R
IgG1; rituximab—a B cell-directed chimeric anti-CD20 IgG1;
and abatacept—an anti-T cell costimulation inhibitor com-
prising an extracellular domain of CTLA-4 fused to IgG-Fc)
[13–15]. However, despite these additional approaches, there
still remains a significant proportion of patients that struggle
to find a suitable, long-term therapy option.

Shark Ig novel antigen receptors (IgNAR) are naturally
occurring binding proteins that play a pivotal role in the
adaptive immune system of cartilaginous fish [16, 17].
Although there are structural similarities between IgNAR
and mammalian antibodies and shared functional character-
istics such as in vivo maturation, there is evidence to show
that they are derived from a distinct evolutionary lineage
[18]. Therefore, IgNAR could be considered a unique form
of heavy chain-only antibody-like protein consisting of five
constant domains followed by the variable domain (VNAR)
which mediates antigen binding [19]. The lack of a light
chain and therefore the lack of a corresponding hydrophobic
VH-VL interface (seen in a conventional antibody) make
VNARs small and highly soluble in water. Sequence analysis
of VNARs has revealed a close relation to cell surface adhe-
sion molecules and T cell receptors (TCR) further distin-
guishing them from classical antibodies [20–22]. Moreover,
and unlike antibodies that generate a binding site composed
of three regions of high sequence diversity (CDR1, CDR2,
and CDR3) from both the variable heavy and light chain (6
in total), VNARs utilize four regions of diversity (CDR1,
HV2, HV4, and CDR3) creating a 4-loop binding site within
a single domain. The presence of additional noncanonical
cysteine residues in frameworks 2 and 4 and CDR loops
defines a series of related VNAR isotypes or structurally dis-
tinct families with diverse paratope topologies capable of
binding more cryptic or hidden epitopes [23–25]. Together,
their selectivity for target, biochemical properties, and small
size (the smallest naturally occurring immunological-like
binding domain in the vertebrate kingdom at 11 kDa) make
VNARs attractive candidates for therapeutic drug and diag-
nostic development [26–29].

Here, we provide evidence of the therapeutic potency
and potential of shark VNAR domains in collagen-
induced arthritis (CIA) in mice. This model reflects many
of the immunological, histological, and clinical hallmarks
of RA in humans including synovitis and cartilage and
bone erosion [30].

To differentiate from the existing portfolio of anti-RA
TNFα-based therapeutics in the clinic, we chose to target
and neutralise the activity of ICOSL. ICOSL, also known as

B7-related protein (B7RP-1), CD275, and B7 homologue
(B7h), is a cell surface antigen expressed constitutively on
antigen-presenting cells (APCs) such as B cells, activated
monocytes, and dendritic cells and is the ligand for the B7
family member, ICOS (CD278) [31–33]. Initially, it was
believed that its action was restricted to the activation phase
of T cells and T cell-dependent B cell responses [34–36],
but in more recent studies, the interaction between ICOS
and ICOSL has been shown to play a role in the downstream
survival and expansion of T cells (effector and regulatory)
and in germinal centre (GC) formation [37, 38]. As well as
promoting TFH development, Liu et al. have demonstrated
the importance of ICOSL within the GC where it acts as a
molecular linkage between GC TFH and B cells resulting in
positive selection of bone marrow plasma cell formation,
thereby also confirming a role in the control of long-lived
humoral immunity [39].

Importantly, the growing understanding of ICOSL biol-
ogy has now been translated into its use as a viable therapeu-
tic target. The completion of a successful phase I clinical
study in SLE patients and phase II in Sjogren’s syndrome
patients (both conducted by Amgen Inc.) demonstrated effi-
cacy of the human anti-ICOSL mAb, prezalumab [40, 41].
ICOSL and its importance in antibody-mediated disease have
also been verified in several preclinical models of human dis-
ease including RA, SLE, and uveitis [32, 36, 42–46] as well as
in other models of arthritis (proteoglycan-induced arthritis
(PGIA) and glucose-6-phosphate isomerase- (G6PI) induced
arthritis), exemplifying the utility of anti-ICOSL-binding
domains in the treatment of this immune disorder [44, 47,
48]. We have previously isolated VNAR domains from an
immunised Ginglymostoma cirratum (nurse shark) library,
which block the ICOS/ICOSL interaction, and went on to
demonstrate their efficacy in a mouse model of noninfectious
uveitis [42]. Here, we have selected and ranked domains iso-
lated from a synthetic VNAR library. This library is based on
optimized Squalus acanthias spiny dogfish frameworks and
contains significant engineered binding loop diversity. We
have demonstrated the efficacy of anti-ICOSL VNARs in a
model of RA, extending their potential as therapeutics for
treatment of a range of autoimmune diseases.

2. Materials and Methods

2.1. VNAR Phage Display Library Screening. All clones were
isolated from a synthetic VNAR library containing 100 bil-
lion unique clones. Solid-phase, phage display library anti-
gen selections were carried out as detailed previously [49]
using MaxiSorp immunotubes (Nunc, 444474) coated with
1–0.1μg/ml antigen in PBS pH7.4. Predecorated biotinylated
antigen bead selection protocols were adopted from our
previous work [42]. Outputs from each selection round
were screened for antigen-specific binders by monoclonal
phage and periplasmic extract ELISAs against human or
mouse ICOSL and unrelated protein controls at 1μg/ml
in PBS coating concentration. Phage binders were detected
using HRP-conjugated anti-M13 antibody (GE Healthcare,
27942101), and periplasmic protein was detected using
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HRP-conjugated to an anti-c-Myc antibody (Roche, 118
141 50 001).

2.2. Expression and Purification of VNAR Fc-Fusion Proteins.
Selected positive monomeric VNAR domains were PCR-
amplified and subcloned into a proprietary Fc-fusion mam-
malian expression vector. Proteins were transiently expressed
in HEK 293 cells and subsequently purified by Protein A-
Sepharose. Expression levels of VNAR-Fc fusion proteins
were generally in the region of 50–60mg per litre using
serum-free media. Postexpression cells and debris were
removed from conditioned media by centrifugation and
0.2μm filtration. Following affinity chromatography, as
detailed above, proteins were subjected to a final polishing
step by size-exclusion chromatography (SEC) using a Super-
dex 200 26/60 column equilibrated with PBS. Eluted peaks
from SEC were concentrated using Amicon ultrafiltration
units and protein concentrations determined by UV spec-
troscopy. Electrophoresis of purified protein samples was
performed on NuPAGE 4–12% Bis-Tris gels using the MOPS
buffer system (Invitrogen) in accordance with the manufac-
turer’s instructions. Proteins were then visualised by silver
staining (Life Sciences, SilverQuest LC6070) and purity
determined prior to in vivo experimental work.

2.3. Cell-Based Binding Assays. CHO cells expressing human
or murine ICOSL were grown to confluency in DMEM/F12+
5% FBS media, in 96-well cell culture plates (Greiner, Bio-
One). Anti-ICOSL-VNAR-Fc (50μl) was added to the corre-
sponding cells. Cells were incubated for 1 h at 16°C, gently
washed 3x with DMEM/F12+ 2% FBS, and incubated for
another 40min at 16°C with goat anti-human Fc-HRP
(SIGMA) diluted 1 : 10000 in the same media. Cells were
washed a further 3 times with DMEM/F12+ 2% FBS media
and once with PBS; lastly, TMB substrate was added and
allowed to develop.

2.4. Cell-Based Ligand-Receptor Blocking Assays. CHO cells
expressing murine or human ICOS receptor were used in
blocking assays as described in our previous publication [42].

2.5. Murine D10 T Cell Proliferation Assays. Tosyl-activated
magnetic Dynabeads were coated per product insert instruc-
tion with mICOSL, anti-mu CD3e, and hIgG1 filler (1μg
ICOSL/0.5μg anti-CD3/3.5μg hIgG1 per 1× 107 beads).
Prior to assay setup, beads were titred to determine the opti-
mal concentration to give a reading of approximately 8000–
40,000 CPM. Beads (50μl/well) were added to a 96-well plate
containing titred antibody diluted in 100μl of RPMI, 10%
FCS, 2mM glutamine, penicillin/streptomycin, 10mM
HEPES, 1mM Na pyruvate, 2 g/l glucose, and 50μM
BME. D10.G4.1 cells were washed 4x with assay media
and resuspended in the above medium plus 10% rat T stim-
ulatory factor with Con A (BD cat#354115), 2.5 ng/ml IL-2,
and 10 pg/ml IL-1 alpha to 8× 105 cells/ml and added at
50μl/well = 40,000 cells/well. All wells were brought up to a
final volume of 200μl and incubated for 48 h. 3H-thymidine
(1μCi/well) was added and incubated for 5–7h. Cells were
then harvested and counts taken. T cell proliferation assays
to assess anti-hICOSL VNAR domains were conducted using

primary human T cells isolated from normal healthy donors.
The method, in brief, was as follows: for the primary plate
coating, 1μg/ml anti-huCD3 clone OKT3 (eBioscience cat.
#16-5889aCD3) plus 10μg/ml anti-hIgG (Jackson Immu-
noResearch cat. #109-006-098) in PBS in a total of 100μl/
well was added to a 96-well plate and incubated overnight
at 4°C. Residual solution was removed and the plate washed
twice with PBS. For the secondary coating, 4μg/ml rhB7-2/
CD86-Fc (R&D Systems cat. #141-B2-100) plus 500ng/ml
rhB7-H2-Fc (R&D Systems cat. #165-B7-100) was added in
PBS at 100μl/well and incubated for 3 h at room temperature
followed by washes with PBS. Media (50μl) were added to all
wells of the assay plate in addition to 50μl CD4+ T cells
(diluted to give 2× 106 cells/ml) and 50μl of test antibodies
diluted to 3x, with the desired final concentration in media
giving a final cell concentration of 1× 105 cells/well. The sam-
ples were incubated for 3 days then pulsed with 1μCi/well of
3H-thymidine for 6–8h on day 3 and counts measured.

2.6. FACS Analysis. Parental and mICOSL and hICOSL
ligand-expressing CHO cells were washed in PBS and
removed from flasks by the addition of PBS and 5% EDTA
at 37°C for 10–15min. Cells were monodispersed by pipet-
ting up and down against the surface of the flask, spun down
at 1200 rpm, and resuspended in DMEM plus 5% FCS. Cells
were aliquoted at a density of 0.5–1× 106 cells/well into a 96-
well U-bottomed plate. Cells were incubated with 100μl
tissue culture supernatant containing HEK293 VNAR-Fc
expressed proteins for 30min at 16°C followed by 3x washes
with PBS plus 2% FCS. Cells were then incubated with 100μl
anti-hFc biotin (eBioscience #13-4998) at 1μg/ml for 30min
at 16°C. After 3x washes with PBS plus 2% FCS, streptavidin
APC (eBioscience #17-4717) was added at 1μg/ml for 30min
at 16°C. After 1x wash with PBS plus 2% FCS, cells were
resuspended in 400μl PBS plus 2% FCS and transferred into
FACS tubes for analyses on a FACSCanto 2.

2.7. PK/PD Study. Test protein (CC3-Fc) was assessed for
endotoxin, viral, mycoplasma, and bacterial contamination
to ensure quality standards required for animal testing were
achieved. A group of six DBA1 mice were injected with
4mg/kg of CC3-Fc either intravenously or subcutaneously.
Blood samples (0.3ml) were collected after 1, 3, 6, 24, 48,
120, 168, 336, and 340 hours via the saphenous vein into
EDTA tubes following a spin at 3000 × g, 4°C for 10min
for plasma recovery.

2.8. Plasma Pool down and LC-MS Analyses of PK Samples.
CC3-Fc concentrations in plasma were analysed by quantita-
tive LC-MC method described by Steven et al. [50]. Briefly,
50μl Protein A-Sepharose was added to wells of a Millipore
filter plate and conditioned with PBS pH7.4. Plasma samples
were diluted 1 : 4 with PBS and added to the filter plate, incu-
bated at room temperature and agitated at 700 rpm for 1 h.
Wells were washed four times with 200μl PBS using a vac-
uum manifold. Bound Fc protein was eluted twice with
25μl of 100 nM glycine pH2.0 into a low-bind deep-well
block and neutralised by adding 7.5μl 2M Tris pH8.0. Eluted
protein samples were then trypsin-digested by addition of
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20μl of proteomics-grade trypsin (made up at 20μg/mL in
10mM CaCl2, 50mM Tris-HCl, pH8.0) followed by incuba-
tion at 37°C for 18 h prior to LC-MS/MS analysis. Samples
were analysed using LC-MS/MS by monitoring tryptic signa-
ture peptides resulting from CC3-Fc present in the samples.

2.9. Murine Collagen-Induced Arthritis Model. All animal
work was conducted by Charles River Laboratories, Ann
Arbor, Michigan. All animal studies were carried out under
the Animals (Scientific Procedures) Act 1986 regulations
(Home Office UK). Test proteins were assessed to ensure
quality standards required for animal testing were achieved
(as above). In vivo efficacy of anti-mICOSL hits were deter-
mined in a mouse model of rheumatoid arthritis (RA) based
on Iwai et al. [51], where groups of 10 female DBA1 mice
were injected with bovine collagen in Freund’s Complete
adjuvant (day 0) followed by a boost on day 20. Anti-
mICOSL VNAR-Fc domains and positive (HK5.3 mAb)
and negative controls (2V-Fc and rat CHOCK IgG2) were
dosed intraperitoneal on days 19, 21, 23, and 25 at 15mg/
kg in PBS. Clinical scores and weight were measured twice
weekly. Clinical scores were based on calliper measurements
of footpad and digit inflammation: 1 pt/digit, 5 pts/swollen
footpad, and 5pts/swollen ankle therefore giving a possible
total of 15 pts/foot and 60 pts/animal. Histology was con-
ducted on the back left foot of each animal where sections
of 100μm steps were taken and stained with haematoxylin
& eosin and scored for inflammation, pannus formation, car-
tilage damage, bone resorption, and periosteal change.

2.10. Statistical Analysis. Significant differences between
experimental groups were analysed by the Mann-Whitney
U test. Values of p = 0 05 were considered to be significant.

3. Results

3.1. Isolation of ICOSL-Specific VNAR Domains. ICOSL-spe-
cific domains were isolated from a synthetic VNAR library
using phage display technology. Three selection rounds were
sufficient to obtain panels of VNARs specific to mouse
ICOSL, human ICOSL, or cross-reactive clones (Figure 1).
We have previously reported the isolation of anti-mouse
ICOSL binders from a Ginglymostoma cirratum-immunised
library which were cross-reactive with human and mouse
ICOSL. Although these binders could recognise both species
forms, they could only block mouse ligand-receptor interac-
tions and not the interaction between human ligand and its
receptor [42]. In an attempt to bias the selection of VNARs
from the synthetic library that showed both receptor-ligand
blocking and species cross-reactivity, a cell-based blocking
assay as well as a cross-reactive selection campaign were
introduced at an early stage of screening, with parallel selec-
tion and screening for mouse only or human only targets also
included. In addition, two different antigen presentation
regimes were utilized, with biotinylated antigen immobilised
on streptavidin-coated beads and direct immobilisation of
antigen on immunotubes, both conducted to explore the full
diversity of the library. A total of 24 unique anti-murine
ICOSL VNAR clones which block the mICOS/mICOSL

interaction and 12 unique anti-human ICOSL blocking the
hICOS/hICOSL interaction were identified. In this instance,
and despite the stringency of the selection conditions,
selected cross-reactive clones were again not able to block
either murine or human receptor/ligand interactions (data
not shown).

To determine the efficacy of VNAR domains in an in vivo
mouse model, all selected VNAR clones were converted into
an Fc-fusion format to facilitate an extension of serum half-
life and binding avidity. VNAR domains alone are cleared
rapidly in vivo, and whilst this may be useful for some thera-
peutic applications, an extended half-life was expected to be
required for full efficacy [17]. VNAR-Fc proteins were
expressed transiently in HEK-293 cells and purified by pro-
tein A affinity chromatography followed by size exclusion
chromatography. All converted clones expressed protein at
levels of 50–60μg/ml.

3.2. VNAR Domains Assessed by In Vitro Cell-Based Binding
Assays. The ability of purified anti-ICOSL VNAR-Fc
domains to retain their ability to bind to cell surface express-
ing ICOSL ligand was confirmed by titration in cell-based
ELISAs. Of the 24 anti-mICOSL VNAR-Fc proteins assessed,
domains AG2, AG12, A1, CC3, and C4 were the most potent
with IC50 values ranging from 0.15 to 0.35 nM. Conse-
quently, these were selected as the lead anti-mICOSL VNARs
based on both their cell binding (Figures 2(a)) and potent
inhibition of the interaction between ICOSL and ICOS
(Figure 2(c)). Similarly, the 12 selected anti-hICOSL clones
were ranked based on binding (Figure 2(b)) and potency of
neutralisation (Figure 2(d))—of these, 2D4, 1A1, 1C8, 1H2,
and 1D12 (IC50 values ranging from 0.5 to 9.9 nM) were
selected as leads. The VNAR domain 2V was included as
an isotype control for all in vitro and in vivo assays. This
clone, originally isolated from the dogfish Squalus acanthias,
was part of a sequence analysis of naïve VNARs from this
species and has no known target, making it an ideal negative
control for these and other published studies [17].
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Figure 1: Selection of ICOSL-specific VNAR domain outputs from
selection against mICOSL or hICOSL tested for binding to both
ligands in ELISA. Each triangle and circle denote a clone; black fill
triangles are clones binding to mICOSL only, and grey fill circles
are clones binding to hICOSL only; open circles are cross-reactive
clones binding to hICOSL, and open triangles are the same clones
binding to mICOSL.
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Cell surface target selectivity was assessed by flow cytom-
etry analysis with CHO cells overexpressing human ICOSL
or murine ICOSL. All of the anti-mICOSL domains showed
clear binding to mICOSL-CHO cells and negligible binding
to hICOSL-CHO compared to the parental CHO control,
with the exception of clone C4 that showed a modest level
of binding to hICOSL-CHO and control cells (Figure 3(a)).
A similar range of specificities was seen for the anti-
hICOSL domains. They all showed strong binding to
hICOSL-CHO cells with clones 1A1 and 1C8, also displaying
weak binding to control CHO cells (Figure 3(b)).

3.3. Suppression of T Cell Proliferation by Anti-ICOSL VNAR
Domains. ICOSL, on the surface of antigen-expressing cells,
plays an integral role in the activation of CD4+ T cells
through its interaction with ICOS. This cell-cell interaction
results in a cascaded proliferation of helper T cells. To recre-
ate this effect in vitro and determine whether the identified

lead domains could block this downstream intracellular sig-
nalling, T cell assays were performed where murine or pri-
mary human T cells were activated by the addition of
ICOSL and costimulators. All five anti-mICOSL VNAR-Fc
proteins inhibited T cell proliferation in a dose-dependent
manner compared to the 2V isotype control (Figure 4(a)).
Domain CC3 consistently showed the greatest efficacy with
an average EC50 of 792 pM± 143 (n = 11). The ability of the
anti-hICOSL VNAR domains to inhibit T cell proliferation
was determined using primary cells isolated from individual
donors (Figure 4(b)). All five lead domains demonstrated
picomolar EC50 values in this assay with the best clones hav-
ing values of 8.5± 3.6 pM (1A1), 9± 2 pM (1C8), and 7.5
± 2.1 pM (2D4).

3.4. Pharmacokinetics, Dynamics, and Metabolism of Anti-
mICOSL VNAR Domain. A preliminary PK/PD study was
conducted within the mouse strain matched to the intended
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Figure 2: Cell-based binding and ICOS/ICOSL blocking assays. Lead anti-mICOSL and anti-hICOSL VNAR-Fc proteins were tested for
binding to the CHO cell surface expressed ICOSL and their corresponding efficacy in an ICOS/ICOSL blocking assay. (a) Titration
curves of anti-mICOSL VNAR-Fc domains binding to mICOSL-CHO cells. (b) Titration curves of anti-hICOSL VNAR-Fc domains
binding to hICOSL-CHO cells. (c) Concentration-dependent inhibition of mICOSL-Fc binding to cell surface expressing mICOS by
the addition of serial dilutions of anti-mICOSL VNAR-Fc domains. (d) Concentration-dependent inhibition of hICOSL-Fc binding
to cell surface expressing hICOS by the addition of serial dilutions of anti-hICOSL VNAR-Fc domains. 2V-Fc is the VNAR isotype
control in each experiment.
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arthritis model, DBA1, with a single dose at 4mg/kg of CC3-
Fc administrated either intravenously (i.v.) or subcutane-
ously (s.c.). The Fc part of the CC3-Fc molecule was utilized
for sample enrichment using the Protein A-Sepharose cap-
ture step, and protein concentrations were determined in
plasma samples. A quantitative LC-MS/MS method previ-
ously described by Steven et al. [50] was used for analysis

and PK assessment. The PK profiles are shown in Figure 5
and the pharmacodynamic parameters summarised in
Table 1.

3.5. Evaluation of Anti-mICOSL VNAR Domains in a Murine
Model of Collagen-Induced Arthritis (CIA). Protein homol-
ogy between mouse and human ICOSL is approximately
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Figure 3: Flow cytometry analysis of lead domains binding to CHO cells. Lead anti-mICOSL and anti-hICOSL VNAR domains were tested
for binding to cell surface expressing hICOSL, mICOSL, and parental CHO cells. (a) Anti-mICOSL VNAR domains were incubated with
different CHO cell populations overexpressing either human or mouse ICOSL. (b) Anti-hICOSL VNAR domains were incubated with
different CHO cell populations overexpressing either human or mouse ICOSL. To assess any nonspecific binding events, parental CHO
cells were included as a cell control and 2V-Fc as a nonbinding VNAR domain control. Assays were repeated 3 times with representative
data shown.
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43%; therefore, only the anti-mouse domains could be tested
in this surrogate RA model. The CIA model was carried out
by Charles River Laboratories, Ann Arbor, Michigan as fol-
lows. DBA/1J mice were immunised with bovine collagen
in Freund’s complete adjuvant (day 0) and then boosted with
a second administration of collagen on day 21. Fc-fusion
versions of anti-mICOSL VNAR, together with the isotype
format control 2V, were administered intraperitoneally
(i.p.) at 15mg/kg on days 19, 21, 23, and 25, except for clone
C4 which was administrated at a concentration of 8.4mg/kg.
Clinical scores were measured twice weekly as described in
the Materials and Methods. The average clinical score was
measured in each experimental group (10 animals) over the

50-day time period of the study with a score of 60 represent-
ing the maximum level of inflammation (Figures 6(a) and
6(b)). Administration of A1 and CC3 VNAR-Fc proteins
resulted in a significant decrease (p < 0 05) in overall clin-
ical score and a clear lag in the onset of any disease com-
pared to the relevant isotype control. The anti-murine
ICOSL monoclonal IgG HK5.3 was used as the positive
biologic control [51]. The calliper measurements of foot-
pad and digit inflammation (clinical score) were similar
for A1, CC3, and the positive control (HK5.3) groups.
The reduction in inflammation translated into visible his-
topathology differences at the tissue level in the left hind
limb of each animal. Animals treated with dexamethasone,
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Figure 4: T cell proliferation assays mouse T cell line (a) and human primary T cell (b and c) proliferation assays were conducted to
determine the efficacy of anti-mICOSL and anti-hICOSL VNAR-Fc proteins to block ICOS-ICOSL-induced cell proliferation, respectively.
(a) Concentration-dependent inhibition of proliferation by lead anti-mICOSL VNAR-Fc proteins (n = 3). 2V-Fc was included in each
experiment as the VNAR isotype control. (b, c) Efficacy of lead anti-hICOSL VNAR-Fc domains in two independent primary human T
cell proliferation assays from two different donors. The positive controls in each experiment were in-house developed anti-human and
mouse ICOSL monoclonal antibodies. Assays were repeated 3 times with representative data shown.
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a potent anti-inflammatory corticosteroid, presented with
no apparent disease pathology (vi) compared to the vehi-
cle control (vii) which exhibited extensive cartilage
destruction, bone erosion, pannus formation, and granulo-
cyte infiltration (Figure 6(d)). These hallmarks of arthritis

were also evident in both isotype control groups (iii and v)
whereas A1- (i) and CC3- (ii) treated animals show greatly
reduced joint damage similar to the levels seen in HK5.3-
treated samples (iv). Based on the histopathology sections,
an analysis of the ankle RA scores from the left hind joint
from each animal was conducted by measuring the level of
inflammation, pannus formation, cartilage damage, bone
resorption, and periosteal change. Each of these parame-
ters was allocated a score from 1 to 5 and the summarised
histopathology scores plotted in Figure 6(c).

4. Discussion

According to the latest population studies of people aged 18
to 64, about one in three (both men and women) will have
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Figure 5: The PK profiles for an anti-mICOSL VNAR-Fc CC3-Fc dosed at 4mg/kg i.v. and s.c. Composite profiles derived from 6 animals per
route of administration: curve-fitted subcutaneously (a) and curve-fitted intravenously (b).

Table 1

Parameter Intravenous dose Subcutaneous dose

Clearance (ml/h/kg) 17.1 28.1

Half-life (h) 52 38

AUC (h∗μg/ml) 234 142

Bioavailability 61%
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doctor-diagnosed arthritis and/or report joint symptoms
consistent with a diagnosis of arthritis [52]. In the last
decade, our knowledge of the underlying pathobiology of
rheumatoid arthritis has significantly increased with targeted
biological therapies providing clear evidence that multiple

immunological and inflammatory pathways operate. Each
year, new roles for cytokines, mediators, and pathways that
show additional promise in unravelling the full complexity
of the pathways driving RA disease are published [53–55].
ICOSL induces important costimulatory signals delivered
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Figure 6: Clinical scores and histopathology sections from the CIA study CIA study results. (a, b) Average clinical scores for each
experimental group of 10 animals measured twice weekly for the duration of study. A collagen boost was given at day 20 and dosing of
test samples at 15mg/kg at days 19, 21, 23, and 25. Data shown as an average clinical score ± SEM and comparisons were made using the
Mann-Whitney test. (c) Analysis of the ankle RA scores from the left hind joint from each animal: the level of inflammation, pannus
formation, cartilage damage, bone resorption, and periosteal change was measured, and each of these parameters was allocated a score
from 1 to 5. The summarised histopathology scores were plotted. (d) Left hind paws from each experimental animal were sectioned and
stained with H&E. (i) A1-Fc, (ii) CC3-Fc, (iii) 2V-Fc, (iv) HK5.3, (v) IgG2a, (vi) dexamethasone, and (vii) vehicle control. Black arrow: an
example region of bone erosion; grey arrow: an example region of bone resorption; white arrow: cellular infiltrate; yellow arrow: pannus
formation. The size bar represents 2mm.
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through ICOS receptor molecules on the surface of the T cell,
resulting in T cell activation. Therefore, it follows that inter-
ruption or blocking of this costimulatory signal pathway may
provide a potential biological target and therapy option to
treat RA.

Anti-ICOSL VNARs, derived from a synthetic Squalus
acanthias library, were ranked based on their ability to
inhibit the ICOS-ICOSL interaction. Five lead candidates
were selected, and two of them showed comparable efficacy
in a murine CIA model resulting in delayed onset of disease
and reduced overall disease burden.

An important step in the development of biologics is
the study of preclinical efficacy usually using rodent
models. In some cases, a candidate molecule recognises
and neutralises both the human and the orthologous pro-
tein in rat or mouse. For some targets, however, low spe-
cies homology precludes the use of the same candidates in
rodent models of preclinical efficacy with a second panel
of rodent-specific binders used as surrogates to predict
efficacy in a human setting [56–60]. We have tried previ-
ously and unfortunately failed to select neutralising species
cross-reactive anti-ICOSL VNAR derived from an immu-
nised shark library. Here, using a synthetic VNAR library,
the introduction of cross-reactivity and blocking assays
into the screening regime again generated VNAR domains
capable of binding to both human and murine targets, but
lacking the ability to block ICOS/ICOSL in both species.
Therefore, the in vivo activity of anti-mICOSL-specific
VNAR domains must again be considered as surrogates
for the use of anti-hICOSL VNARs in patient therapy. It
is also worth noting that in T cell proliferation assays,
the selected anti-hICOSL VNAR domains demonstrate
100x higher levels of potency (EC50) than lead anti-
mICOSL domains do, reinforcing the expectation that they
would show excellent in vivo efficacy.

In the mouse CIA model HK5.3, a control rat anti-mouse
ICOSL mAb, known to inhibit both Th1 and Th2 immune
responses and ameliorate inflammatory arthritis [51], was
used. When compared to HK5.3, the reduction in clinical
score with A1 and CC3 VNAR-Fc domains was equivalent
and significantly better than the 2V-Fc isotype control. In
histopathological analysis, A1 and CC3 VNAR-Fc reduced
cartilage destruction, bone erosion, pannus formation, and
granulocyte infiltration, to the same extent as HK5.3
(Figure 6(d)). CC3 was administrated at ~50% lower dose
but still had comparable efficacy.

The flexible reformatting of VNAR domains was exem-
plified by the addition of a human Fc region to facilitate an
increase in serum half-life and avidity of binding. Prelimi-
nary, single-dose, pharmacokinetic/pharmacodynamic stud-
ies administrated intravenously or subcutaneously resulted
in considerable bioavailability and serum half-life for both
routes of administration (Figure 5). At only 80 kDa, VNAR-
Fc provides a valuable therapeutic format for systemic
administration. A new VNAR structure known as a Quad-
X™ delivers an Fc fusion and quadravalency (100 kDa) and
has shown even greater potency (10x) than that of the equiv-
alent bivalent Fc format, for an anti-TNFα VNAR domain
[61]. It would be interesting to determine if a Quad-X™

version of candidate anti-ICOSL domains would see a similar
uplift in potency.

5. Conclusion

Anti-ICOSL VNAR domains selected from a synthetic
library have been shown to block receptor/ligand interac-
tion in vitro and in cell-based assays as well as to inhibit
human T cell proliferation with pM potency. When this
in vitro bioassay potency is combined with the use of
anti-mICOSL VNAR-Fc in vivo as surrogate drugs for
accelerated development, these biologics exhibit excellent
efficacy in a predictive mouse model of CIA demonstrat-
ing their ease of reformatting, simplicity of production,
and potential to bring relief to the 40% of patients that
do not respond to first-line anti-TNF therapies in RA
and other debilitating autoimmune diseases.
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Aberrant histone acetylation and deacetylation are increasingly thought to play important roles in the pathogenesis of rheumatoid
arthritis (RA). However, limited data from studies about the activity of histone deacetylases (HDACs) and histone acetyltransferase
(HAT) in RA are controversial. Those conflicting results may be caused by sample size, medication, and age- and sex-matched
controls. The aim of this study is to investigate the expression and activity of class I HDACs (1–3.8) and their effects on histone
acetylation in peripheral blood mononuclear cells (PBMCs) from RA patients. The expression of class I HDACs in PBMCs from
RA patients was decreased in both mRNA and protein levels in comparison with HCs. The nuclear HAT activities were
dramatically increased. Further, we found HDAC3 activity to be the most significantly reduced in overall reduction of HDACs
in the RA group. The extent of total histone H3, but not H4, acetylation in PBMCs from RA patients was increased compared
to that in healthy controls (HCs) (p < 0 01). In RA PBMCs, the activity and expression of class I HDACs are decreased, which is
accompanied with enhanced HAT activity. An altered balance between HDAC and HAT activity was found in RA PBMCs.

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease
mostly of unknown etiology, and a key characteristic of the
disease is progressive destruction of articular cartilage [1].
Immune dysfunction, especially PBMCs secreting abnormal
levels of pro- and anti-inflammatory cytokines infecting T
helper (Th) cells differentiating towards Th1, Th2, Th17,
and Treg cells, was involved in the evolution of the disease
[2]. Accumulating evidence suggests that epigenetic changes,
including histone modifications, play an important role in
proinflammatory cytokine secretion in RA [3–5].

Acetylation and deacetylation of histones are controlled
by histone acetyltransferases (HAT) and histone deacety-
lases (HDACs), respectively. HDACs promote a condensed
chromatin state and restrain transcription factors and the
RNA polymerase complex to gene promoter regions [6, 7].
There are at least eighteen HDACs in mammal cells that
are categorized into four classes: class I (HDAC 1, 2, 3,
and 8), class II (HDAC 4, 5, 6, 7, 9, and 10), class III (SIRT
1–7), and class IV (HDAC 11) [8]. Class I HDACs are ubiq-
uitously expressed and enzymatically active to deacetylase his-
tones and play an important role in modulating general
cellular processes suchas cell survival, apoptosis, proliferation,
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and differentiation [8, 9]. Therefore, in this study, we focus
on class I HDACs.

Disruption of the physiological equilibrium between
HAT, HDAC, and reader proteins can deregulate the tran-
scription of key proinflammatory genes, such as tumor
necrosis factor (TNF) and interleukin-8 (IL-8), leading to
pathological conditions [10–12]. Since RA is an inflamma-
tory disorder with overexpressed proinflammatory factors,
therefore, an unbalance between HDAC and HAT activity
may contribute to RA pathogenesis. Published data revealed
relationships of HDACs and HAT with RA. However, results
are controversial. Wada et al. reported that the level of
histone H3 acetylation (H3ac) in the IL-6 promoter was sig-
nificantly higher in RA synovial cells (SF) than in osteoarthri-
tis (OA) SF [13]. Kawabata and colleagues reported that
HDAC activity is increased in SF and in fibroblast-like syno-
viocytes (FLSs) of patients with RA and is accompanied by
increased HDAC1 expression and synovial TNF-α produc-
tion [14]. In stark contrast, another report showed reduced
synovial HDAC activity in RASF compared with OASF,
and the expression of HDAC1 and HDAC2 was corre-
spondingly low [15]. Those results indicate that the exact
role of HDACs in the pathogenesis of RA need to be fur-
ther investigated.

In the few studies of overall HDAC activity in PBMCs
from RA, discrepant results have also been reported [16,
17]. In RA, a global increase in HDAC activity was shown
in PBMCs, and this activity was not affected after 12 weeks
of etanercept therapy. By contrast, HAT activity levels did
not differ between PBMCs of RA cases and HCs [17]. This
report suggested that an unstable HAT/HDAC balance in
RA may be due to saturation of HDAC activity. In contrast,
Toussirot et al. reported that there are no major changes of
both HDAC and HAT in PBMCs of RA patients [16]. Since
the relationship of HDAC/HAT with RA is important in
determining whether they can be therapeutic targets for
RA, further studies to clarify are necessary.

Class I HDAC family members (HDAC1–3, 8) are
thought to have a major role in regulating the expression of
inflammatory genes and signaling pathways, both in arthritis
models and in other inflammatory diseases [18–20]. There-
fore, this study will focus on class I HDACs (1–3 and 8).
Because RA is an autoimmune disease, and immune deregu-
lation has been proven to be critical in its pathogenesis, we
will study HDAC/HAT in PBMC of RA patients.

2. Materials and Methods

2.1. Patients and Healthy Donor Samples. Peripheral blood
was obtained from 48 patients who were primarily diagnosed
as RA and 48 HCs. All RA patients fulfilled the 1987 RA cri-
teria of ACR and 2010 classification criteria of the ACR/
EULAR [21]. None of the patients had ever taken disease-
modifying antirheumatic drugs (DMARDs). Patients taking
corticosteroids or vitamin D and those who had other dis-
eases were excluded. The control group consisted of 48 age-
and sex-matched HCs that did not have inflammatory or
autoimmune disease. The study was performed in the Key
Laboratory of Rheumatology and Immunology in Xiamen

University after obtaining approval from the Ethics Commit-
tee of the First Affiliated Hospital of Xiamen University and
informed consent from all of the patients.

Disease activity was scored in 28 joints (DAS28) [22],
which have been widely used in clinical trials and for the
assessment of patients in the clinic to monitor disease activity
in patients with RA [23, 24]. The demographic and clinical
features of HCs and patients with RA are summarized in
Table 1.

2.2. Isolation of PBMC. PBMCs were isolated by Ficoll gra-
dient centrifugation (Axis-Shield PoC AS, Oslo, Norway),
washed, resuspended in phosphate-buffered saline (PBS),
and treated with red blood cell lysis buffer to remove red
blood cells. PBMCs were frozen in fetal bovine serum
(Thermo Fisher) with 10% DMSO (Solarbio) and stored
at −80°C.

2.3. Quantitative RT-PCR (qRT-PCR) Analyses. Total RNA
was extracted from PBMCs using TRIzol Reagent (Ambion
by Life Technologies) and was reverse-transcribed to cDNA
with reverse transcription reagent kits according to the man-
ufacturer’s instructions (Bio-Rad, Hercules, CA, USA). The
mRNA expression levels of class I HDACs and GAPDH were
determined by real-time quantitative PCR. The primers used
were HDAC1: forward 5′-AGACAGCTGTGGCCCTGGA
TAC-3′ and reverse 5′-CGGCAGCATTCTAAGGTTCTC
AA-3′, HDAC2: forward 5′-TGCAGTTGCCCTTGATTGT
GA-3′ and reverse 5′-ATCTGGACACCAGGTGCATGAG-
3′, HDAC3: forward 5′-AGAGTGGCCGCTACTACTGTC
TGAA-3′ and reverse 5′-TGGGTTGGTAGAAGTCCAC
TACCTG-3′, HDAC8: forward 5′-TGACGGAATGTGCA
AAGTAGCAA-3′ and reverse 5′-TCAAATTTCCGTCGCA
ATCGTA-3′, and GAPDH: forward 5′-GTGAACCATGA
GAAGTATGACAAC-3′ and reverse 5′-CATGAGTCCTT
CCACGATACC-3′. 25μL SYBR Green II PCR reaction mix-
ture containing 2μL of cDNA, 1μL of forward primer, 1μL
of reverse primer, and 12.5μL of SYBR master mix (TaKaRa
Shuzo) was used. Quantitative PCR was performed with the
iQ™5 and MyiQ™ Real-Time PCR Detection Systems (Bio-
Rad, Hercules, CA, USA). The mRNA expression was nor-
malized to the expression levels of GAPDH, and relative
expression was calculated with the 2−ΔΔCt method.

2.4. Immunoblotting Analysis.Cells were lysed in RIPA buffer
(Solarbio) including a complete protease inhibitor cocktail
(Roche) to prevent proteolysis. After complete cell lysis, the
cell debris was pelleted by centrifugation (12,000g (gravity)
revolutions per minute at 4°C), and the supernatants
containing total protein extracts were collected and stored
at −80°C. These samples were subsequently used for Western
blotting. An equal amount of protein (20 μg) in each sample
was separated on a 12.5% SDS-PAGE gel and was transferred
to a nitrocellulose membrane. The membranes were incu-
bated with primary antibodies overnight at 4°C. The fol-
lowing primary antibodies were used: HDAC1 (mouse
monoclonal, 1 : 1000 dilution), HDAC2 (mouse monoclonal,
1 : 1000 dilution), HDAC3 (mouse monoclonal, 1 : 1000
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dilution), HDAC8 (rabbit monoclonal, 1 : 1000 dilution), and
GAPDH (rabbit monoclonal, 1 : 2000 dilution). Goat anti-
mouse and goat anti-rabbit secondary IgG antibodies were
used and incubated for 1 hour at room temperature. All anti-
bodies were purchased from Cell Signaling Technology.
Immunoreacted proteins were detected with a chemilumi-
nescence reagent. Protein signals were quantified by Chemi-
Doc and after being normalized to GAPDH. Western blots
were quantified using Image Lab.

2.5. HDACs and HAT Activity Assay. To separate the nuclear
extracts from the cytoplasmic fraction of PBMCs, we used
the nuclear/cytosol extraction kit (BioVision, USA). We next
used the EpiQuik™ total HDAC activity and HDAC (1–3, 8)
activity assay colorimetric kit (EpiGentek, Farmingdale, NY)
and the HAT activity assay kit (Enzo Life Sciences, Koropi,
Greece) to evaluate HAT and HDAC activities in PBMC
nuclear extracts.

2.6. Total Histone Extraction and Measurement of Histone
H3 and H4 Acetylation Levels. The EpiQuik Total Histone
Extraction Kit was used to extract histone proteins for analy-
sis. We used the colorimetric histone H3 and H4 acetylation
assay (EpiQuik) to determine the extent of histone acetyla-
tion in PBMCs.

2.7. Detection of Apoptosis. PBMCs (2× 106/mL) were
remained untreated or treated with TSA (300 nmol) for
24 h. The cells were washed in cold phosphate-buffered saline
(1x PBS), the supernatant was discarded, and 106 PBMCs
were resuspended in 1mL 1x annexin binding buffer. 5μL
of annexin V and PI (BD Pharmingen™, San Diego, CA)
were incubated in 100μL of resuspended PBMCs. After
15min incubation at room temperature in the dark, 400μL
of 1x annexin binding buffer was added and cells were
acquired by a flow cytometer (Cytomics FC 500; Beckman
Coulter, Fullerton, CA, USA). Results were analyzed and pre-
sented with CXP software (Beckman Coulter).

2.8. TNF and IL-6. Circulating TNF was evaluated in sera
from patients using an ELISA assay (Quantikine assay,
R&D Systems, Minneapolis, MN).

2.9. Statistical Analysis. Data were analyzed with Prism 5.01
software (GraphPad Software, San Diego, CA). The Mann–
Whitney test was used to compare class I HDAC mRNA
expression, HAT activity, HDAC activity, and total histone

H3 and H4 acetylation levels between RA and HC. The cor-
relation between the levels of class I HDACs and clinical
characteristics was analyzed using the Spearman test. Results
were expressed as the mean ± standard error of the mean
(SEM). p values less than 0.05 were considered significant.

3. Results

3.1. Decreased mRNA and Protein Expression of Class I
HDACs in PBMCs from Patients with RA. To assess the activ-
ity of HDACs in PBMCs from patients with RA, we mea-
sured the mRNA expression of HDACs in PBMCs from RA
patients and HCs by real-time PCR. The data presented in
Figure 1 shows that the mRNA expression of all class I
HDACs (HDAC1, 2, 3, and 8) was significantly decreased
in PBMCs of the RA group compared to those of the HC
group (p < 0 0001) (Figure 1(a)). We performed Western
blotting for total class I HDACs in PBMCs. The protein
expression levels of total HDAC1, HDAC2, HDAC3, and
HDAC8 were lower in RA PBMCs when compared with
HC PBMCs (Figures 1(b) and 1(c)).

3.2. The Correlation between Class I HDAC Expression and
RA Disease Characteristics.Our data show that class I HDAC
expression was decreased in the PBMCs of patients with RA.
To further study the association of class I HDACs with RA,
we analyzed the relationship between the mRNA expression
levels of class I HDACs and RA disease characteristics. We
found strong negative correlations between the class I HDAC
expression level and CRP, ESR, and DAS28 (Figure 2).

3.3. Increased Nuclear HAT Activity and Decreased Total
Nuclear HDAC Activity in Patients with RA. We further
investigated HAT and HDAC activity in the nuclear extracts
of PBMCs in patients with RA compared to HCs. HAT activ-
ity was significantly increased in RA patients (n = 26) com-
pared to HCs (n = 24, p < 0 0001). Total nuclear HDAC
activity in PBMCs in RA patients (n = 18) was significantly
decreased compared with that of HCs (n = 18). (p ≤ 0 0001)
(Figure 3). Therefore, there was an imbalance in the
HDAC/HAT ratio that promoted histone hyperacetylation.

3.4. Nuclear HDAC3 Activity in the PBMCs of RA Patients
Was Significantly Decreased Compared to That in HCs. The
level of HDAC3 activity in PBMCs from RA (n = 12) was sig-
nificantly lower than that in PBMCs from the HCs (n = 13,
p < 0 0001) (Figure 4). There was no significant difference

Table 1: Demographic and clinical characteristics of patients with RA and HCs.

RA patients (n = 48) HCs (n = 48)
Age, mean (range) years 44.1 (24–69) 42.9 (26–63)

No. of women/no. of men 38/10 36/12

Anticyclic citrullinated protein antibodies (RU/mL) 57 (3–200)

Rheumatoid factor (IU/mL) 287 (11–1580)

C-reactive protein (mg/L) 52.3 (3.6–127.4) 0.8 (0.2–1.9)

DAS28 score 4.92 (1.97–8.73)

Disease duration, mean (range) months 10.5 (1.3–17.8)

DAS28 = 28-joint disease activity score.
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Figure 1: Decreased mRNA and protein expression of class I HDACs in PBMCs from patients with RA. (a) The mRNA expression of class I
HDACs in the PBMCs of patients with RA (n = 46) and HCs (n = 46) was detected by real-time PCR. (b) Expression of class I HDAC proteins
was detected using Western blot. (c) Relative protein expression of class I HDACs in PBMCs of patients with RA and HCs was normalized to
GAPDH. The p values were determined using the Mann–Whitney test.
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Figure 2: The mRNA expression of class I HDACs negatively correlates with CRP, ESR, and DAS28 levels. The correlations between the
mRNA expression levels of class I HDACs and RA disease characteristics were determined by using the Spearman test and are shown for
(a) C-reactive protein (CRP), (b) erythrocyte sedimentation rate (ESR), and (c) disease activity score (DAS28).

5Journal of Immunology Research



in HDAC1, HDAC2, or HDAC8. We therefore propose that
the total HDAC activity was reduced mainly due to a
decrease in HDAC3.

3.5. Increased Total Histone H3 Acetylation in the PBMCs of
Patients with RA Compared to HCs. The nucleosome
includes H2A, H2B, H3, and H4. Histones undergo post-
translational modifications, which alter their interaction with
DNA and histones. The H3 and H4 histones have long tails
that protrude from the nucleosome, which can be covalently
modified through methylation, acetylation, and phosphory-
lation more easily than H2A and H2B [25]. Acetylation of

H3 and H4 histone proteins was measured in PBMCs from
patients with RA compared to those from HCs (Figure 5).
The data showed an increase in total histone H3 acetylation
in the PBMCs of patients with RA. However, there was no
significant difference in total H4 histone acetylation levels
between HCs and RA.

3.6. Detection of Apoptosis in PBMCs from HC and RA. Apo-
ptosis was then assessed in HC and RA PBMCs treated with
TSA using annexin-V and PI assay. TSA triggered apoptosis
in PBMCs (Figure 6).
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Figure 4: Individual class I HDACs activity in the nuclear extracts of PBMCs in RA patients and HCs. The HDAC3 activity level was
significantly reduced in patients with RA compared to those of HC.
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RA patients compared with HCs. HDAC activity was significantly decreased in RA patients compared to that in HCs.
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3.7. The Correlation about TNF-α Expression and HDAC
Activity in RA Patients. We also detected the IL-6 and
TNF-α expression in RA serum by ELISA. HDAC activity

has a negative correlation with IL-6 (n = 11) and TNF-α
(n = 13), although not statistically (Figures 7 and 8). HDAC
activity decrease in RA as a factor of hyperacetylation can
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Figure 5: The level of total histone H3 and H4 acetylation in PBMCs of RA patients compared to HCs. The total histone H3 and H4
acetylation levels were measured using the colorimetric histone H3 and H4 acetylation assay. (a) A significant increase in total histone H3
acetylation levels in RA (n = 12) PBMCs compared to HCs (n = 10). (b) Lower but not statistical significance in the total histone H4
acetylation levels between RA patients and HCs.
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contribute to the activation of gene coding for proinflamma-
tory cytokines and thus to the pathogenesis of RA.

4. Discussion

Specific class I HDAC family members have a major role in
regulating the expression of inflammatory genes and signal-
ing pathways, both in arthritis models and in other inflamma-
tory diseases [18–20]. Here, we determined the expression of
class I HDACs in the PBMCs of patients with RA and inves-
tigated the correlation between HDAC expression and dis-
ease characteristics (ESR, CRP, and DAS28). Our results
indicate that the mRNA and protein expressions of all class
I HDACs in PBMCs were significantly decreased in patients
with RA compared to HCs. In addition, we observed a neg-
ative correlation between the mRNA expression of class I
HDACs and disease characteristics. Taken together, this
suggests that class I HDACs might play an important role
in RA pathogenesis.

Few studies have evaluated the equilibrium between total
HAT and HDAC activity in RA [26–28]. Our results showed

that the expression of class I HDACs in RA patients was
reduced; thus, it is speculated that the activity of class I
HDACs in RA patients would be decreased, and they will fur-
ther affect the balance of HDACs to HAT activity. We found
that the total activity of HDACs was significantly decreased;
as expected, the activity of HAT was increased compared to
HCs. This fits with our hypothesis that the HDAC-to-HAT
ratio is disturbed in RA.

Although there have been several studies of HDAC activ-
ity in SF and FLs [14, 15], limited data were available on the
levels of HAT or HDAC activities in PBMC extracts from
patients with RA. Gillespie et al. evaluated HAT and HDAC
activities in the PBMCs of a small number of patients with
RA (N = 8) and found increased HDAC activity but no
changes in the levels of HAT compared to HC [17]. Toussirot
et al. found that HAT and HDAC activities were altered in
ankylosing spondylitis while there were no major changes
in RA [16]. The controversial conclusions drawn from these
studies may be due to small sample size, disease stages, age-
and sex-matched controls, and medications. In this study,
we measured the activity of HDAC and HAT in PBMCs from
a relatively larger group of patients (n = 48) with RA, and our
results yielded divergent conclusions.

Several studies reported HDAC activity in synovial tissue
samples, one study showed decreased HDAC activity [15],
and another suggested that HDAC activity was increased in
patients with RA compared to those with OA [14, 29].
Despite that these two studies had small sample sizes, one
study used age unmatched controls (The normal controls
comprised of a small sample size of men aged approximately
19 years, while the patient group comprised mostly of female
RA with an average age of 65 years) [14]. RA is considered as
a systemic autoimmune disease, and synovial tissue change is
a local pathology of the systemic disease; therefore, the
HDAC activity changes in RASF may not represent those
in PBMCs. As a systemic autoimmune disease, the pathogen-
esis of RA is mainly immune deregulation. In this point of
view, immune cells, such as T, B, and monocytes, are major
players in the pathogenesis of RA [30]. The traditional treat-
ments for RA are immune suppression reagents, such as
DMARDs. Since the majority of PBMCs are lymphocytes
and monocytes, studying the role of HDAC/HAT in PBMCs
of RA might be more relevant to the pathogenesis of RA. In
this study, we recruited an age- and gender-matched control
group, with a relatively larger sample size of RA which are all
DMARD-free, and the HDAC activity and levels of HAT in
PBMC were studied.

Currently, there is no available data on the activity of
each individual member of class I HDACs in RA. We found
that the activity of HDAC3 was significantly decreased com-
pared to HDAC1, 2, and 8 (Figure 4). Thus, we speculate that
the overall reduction in HDAC activity was mainly due to a
reduction in HDAC3 activity. Our data suggest that either
the expression or the function of HDAC3 may be altered in
RA PBMCs, or the key pathways associated with HDAC3
activity are preferentially utilized in RA PBMCs. Since the
Th17/Treg axis is critical in the pathogenesis, consistent with
our results, studies with HDAC3 knockout mice demon-
strated that HDAC3 plays important roles in development
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and function of Tregs and the differentiation of Th17 [31,
32]. Periphery CD4 T cells of HDAC3 knockout mice were
skewed toward RORgammat(+) IL-17-producing Th17 cells,
leading to inflammatory bowel disease [31]. Another study
demonstrated that FOXP3+ regulatory T cell development
and function require histone/protein deacetylase 3, and
HDAC3-deficient mice died from autoimmunity by 4–6
weeks of age [32].

Low HDAC activity in RA has previously been shown to
result in hyperacetylation, which can contribute to the activa-
tion of genes coding for proinflammatory cytokines, includ-
ing TNF-α and interleukin-8 (IL-8), and thus to the
pathogenesis of RA [5, 15, 29, 33]. Our data demonstrated
that the activity of HDAC especially HDAC3 is significantly
reduced in RA PBMCs, which results in hyperacetylation of
H3 histone, supporting the role of HAT as potential targets
in RA. Curcumin, a HAT inhibitor, significantly suppressed
inflammatory signaling by reducing the level of H3ac in the
IL-6 promoter, as well as IL-6 mRNA expression and IL-6
protein secretion by RASFs [13]. This suggests that chroma-
tin structure is in an open or loose state in the IL-6 promoter
in RASFs. Delphinidin (DP), which specifically inhibited the
HAT activities of p300/CBP, may be useful in preventing
inflammatory arthritis by blocking anti-inflammatory signal-
ing: p65 acetylation and this compound [34]. Taken together,
it is suggested that hyperacetylation of histone H3 induces
the increase in inflammation factors and thereby participates
in the pathogenesis of RA.

5. Conclusion

In conclusion, our results suggest that the decreased expres-
sion and activity of class I HDACs disturbed the balance of
HDACs and HAT activity in patients with RA. This hypera-
cetylation status may support proinflammatory processes
and ultimately contribute to RA pathogenesis. The HDAC
activity levels and histone H3 acetylation status in PBMCs
have potential as a biomarker of disease activity. It also indi-
cates that HAT inhibitions other than HDAC inhibitors
might be a potential target in RA therapy.
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TNIP1 protein is increasingly being recognized as a key repressor of inflammatory signaling and a potential factor in multiple
autoimmune diseases. In addition to earlier foundational reports of TNIP1 SNPs in human autoimmune diseases and TNIP1
protein-protein interaction with receptor regulating proteins, more recent studies have identified new potential interaction
partners and signaling pathways likely modulated by TNIP1. Subdomains within the TNIP1 protein as well as how they
interact with ubiquitin have not only been mapped but inflammatory cell- and tissue-specific consequences subsequent to their
defective function are being recognized and related to human disease states such as lupus, scleroderma, and psoriasis. In this
review, we emphasize receptor signaling complexes and regulation of cytoplasmic signaling steps downstream of TLR given
their association with some of the same autoimmune diseases where TNIP1 has been implicated. TNIP1 dysfunction or
deficiency may predispose healthy cells to the inflammatory response to otherwise innocuous TLR ligand exposure. The
recognition of the anti-inflammatory roles of TNIP1 and improved integrated understanding of its physical and functional
association with other signaling pathway proteins may position TNIP1 as a candidate target for the design and/or testing of
next-generation anti-inflammatory therapeutics.

1. Introduction

Autoimmune diseases are chronic, relapsing disorders char-
acterized by immune dysregulation featuring loss of toler-
ance, generation of autoreactive T and B cells, circulating
autoantibodies, and chronic inflammation. For those pathol-
ogies with genetic variant or expression level differences in
the anti-inflammatory protein TNIP1 (TNFα-induced pro-
tein 3- (TNFAIP3-) interacting protein 1), this can be associ-
ated with increased immune cell activation and infiltration
leading to tissue-specific defects including but not limited
to loss of serum protein to the urine (lupus nephritis), failure
of the epidermal barrier (psoriasis), or diminished lung func-
tion (systemic sclerosis). These cases occur in the larger
cohort of autoimmune diseases. When considered together,
these include about 30 diseases with an estimated prevalence
of ~9% which in turn is modulated by gender, age, and

ethnicity [1, 2]. Compounding these numbers, the incidence
of autoimmune disease in westernized countries appears to
be increasing [3, 4]. Costing over 100 billion dollars in
healthcare expenses and as a leading cause of morbidity espe-
cially in women under sixty-five [5], autoimmune diseases
are devastating to patients. While major histocompatibility
complex (MHC) genes [6] are central to many of these dis-
eases, environmental factors including diet, UV irradiation,
drug exposure, and infectious agents [3, 7] as well as numer-
ous non-MHC susceptibility loci [8] are being recognized as
players in the complex etiology of autoimmune diseases.
Treatment for autoimmune disease has revolved around
managing immune-mediated hyperactivity by dampening
inflammatory responses and immune cell proliferation.
However, this approach leaves patients vulnerable to oppor-
tunistic infections which can be life-threatening [9]. Thus,
there is a continuous need to discover and define potential
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inflammatory signal suppressors, some of which are present
in those disease-associated non-MHC loci, whose deficiency
or dysfunction could contribute to autoimmune disease.
There is significant building evidence that TNIP1 (also known
as ABIN-1, Naf1, and VAN) [10–12] fits this description.
As a suppressor of inflammatory signaling downstream of
Toll-like receptors (TLRs), TNIP1 could play a pivotal role
in specific autoimmune diseases. TNIP1 genetic association
with certain autoimmune diseases and its negative regulation
of inflammatory signaling will be explored in this review.
Mechanistic understanding of signaling regulators such as
TNIP1 could lead to them becoming therapeutic targets.

2. TNIP1 (TNFAIP3-Interacting Protein 1)

2.1. Genome-Wide Association and Expression-Regulating
Studies: Implications in Inflammatory Disease. Over the last
decade, TNIP1 has been reported among the highest scoring
non-MHC genes across multiple genome-wide association
studies (GWAS), spanning multiple populations and dis-
eases including psoriatic arthritis [13–16], systemic sclerosis
[17, 18], systemic lupus erythematosus [19–24], and psoria-
sis [25–27]. TNIP1 sequence variations (single nucleotide
polymorphisms (SNPs)) in these populations implicate it
in what are nevertheless diseases with likely multiple genetic
and environmental factors. However, even with the identifi-
cation of the heritability of autoimmune disease through
twin and familial studies [28, 29], no single gene has been
established as the culprit. In common with other disease-
associated SNPs [30], those identified for TNIP1 are more
likely intergenic and intronic [16, 18, 23, 26]. In general,
such nucleotide changes may lessen transcription factor
binding at a gene promoter, mRNA processing efficiency,
and/or mRNA half-life, leading to decreased protein [31].
Additionally, two microRNAs, miR-517a/c, targeting TNIP1
message, significantly decrease TNIP1 protein levels when
transfected in HEK293 cells [32]. In contrast, an apparently
phenotypically silent SNP in the TNIP1 mRNA 3’UTR can
reduce the negative effect of miR-517a/c. Together, these
studies suggest multiple processing and turnover events that
contribute to TNIP1 message abundance where those leading
to decreased steady-state levels would allow for greater activa-
tion of NF-B and hyperresponsiveness to TLR stimuli. While
such laboratory investigations functionally link TNIP1 pro-
tein levels to the regulation of inflammatory pathway signal-
ing, more study is required to determine what expression
steps (mRNA processing, mRNA and protein half-life) are
normally or pathologically contributing to these levels.

Parallel to genetic studies, expression microarray experi-
ments have implicated TNIP1 in disease pathogenesis
although seemingly paradoxically as its increased transcrip-
tion was reported for the inflammatory diseases of rheuma-
toid arthritis and psoriasis [26, 33]. Increased TNIP1
transcription also occurs in B cells following the occupation
of cell surface CD40 [34]. These results are actually consis-
tent with positive regulation of TNIP1 expression by NF-κB
and its corresponding binding sites in the human TNIP1
gene promoter [35, 36] and the activation of B cell NF-κB
post CD40 occupation [37]. However, such mRNA increases

are not universally predictive of disease state protein levels as
Chen et al. showed decreased TNIP1 protein in psoriatic
plaques [38] consistent with loss of its repressive effect and
promotion of inflammatory skin disease. In complementary
studies, we showed overexpression [39] of TNIP1 protein
in HaCaT keratinocytes that led to decreased expression
of multiple inflammation-associated genes including inter-
leukin (IL)-6 while TNIP1 reduction [40] promoted expres-
sion of numerous cytokine and chemokine genes. Together,
these studies demonstrate TNIP1 as an important inflam-
matory signal response and regulator gene in diverse cell
types. It also corroborates the spontaneous systemic auto-
immunity observed with TNIP1 deficiency or loss-of-
function mutations characterized in part by increased NF-κB
activation [41, 42].

2.2. Cellular Location and Role in Cell Activation. TNIP1 is
found ubiquitously throughout the body in both the nuclear
and cytoplasmic compartments of cells [43] where it has been
implicated as a mediator of multiple pathways. For example,
it functions in the nucleus where it can act as a corepressor of
ligand-bound retinoic acid receptors (RARs) [44] and perox-
isome proliferator acid receptors (PPARs) [45]. TNIP1 is
found in the cytoplasm as well where it is able to interact with
HIV-encoded proteins nef [11] and matrix [12], modulate
signaling downstream of epidermal growth factor receptor
(EGFR) via interactions with ERK2 [46], and interact with
the ubiquitin-editing protein TNFAIP3 (alias A20 with roles
in inflammation and autoimmunity that have been reviewed
elsewhere [47]). The interaction between A20 and TNIP1,
mediated by the ABIN-homology domain 1 (AHD1) domain
of TNIP1 [48], promotes negative regulation of MAPK acti-
vation as well as NF-κB-mediated gene transcription down-
stream of TNFR and TLRs [10, 42]. TNIP1 function as a
negative modulator downstream of select cell membrane
receptors and its loss or dysfunction could lead to initiation
and perpetuation of an autoimmune phenotype.

2.3. Identification of Ubiquitin-Sensing Domain: Importance
in Mediating Inflammation. TNIP1 does not possess
enzymatic activity and is thought to influence intracellular
signaling through association with its binding partner
ubiquitin-editing enzyme A20 (alias TNFAIP3) [49, 50].
The TNIP1-A20 complex then utilizes the ubiquitin-binding
domain of ABIN and NEMO (UBAN, alias AHD2) within
TNIP1 for the recognition of linear (Met1) and K62-linked
polyubiquitin chains [48]. The homologous UBAN domains
also occur in TNIP2, TNIP3, and optineurin with a presumed
similar role in the control of cytoplasmic signaling. Expected
UBAN functionality stems from earlier reports that polyu-
biquitin binding by NEMO was a key to NF-κB-mediated
transcription downstream of TNFα [51–53]. Current under-
standing of polyubiquitin in signaling downstream of TLRs
(among other receptors) describes two roles of polyubiquitin.
Firstly, polyubiquitin acts as an activator of kinases by induc-
ing conformational changes in those enzymes when bound
(e.g., TAB2/TAB3 binding K63-ubiquitin then activating
TAK1 within the TAB2/3/TAK1 complex). Secondly, polyu-
biquitin may act as a scaffold for colocalization of different
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complexes associated with TLR activation (e.g., TAB2/
TAB3/TAK1 complex activation of the NEMO/IKKα/β
complex through K63/Met1 hybrid polyubiquitin chains)
[54] (Figure 1(a)). These interactions promote eventual
phosphorylation of targets including MAPKs and the inhib-
itor of NF-kappa Bα (IκBα) [55]. Initial studies described
TNIP1 as capable of increasing the rate of A20-mediated
removal of polyubiquitin; with decreased expression of
TNIP1 via siRNA knockdown, the rate of A20-mediated
de-ubiquitination of NEMO was decreased [56]. However,
more recently it has been shown that knock-in mice with
A20 mutants featuring no de-ubiquitinase activity presented

phenotypically normal and showed normal responsiveness to
both TLR (LPS) and TNFR (TNF) ligands [57]. TNIP1 has
also been shown to function in signal repression even in the
absence of A20 [41, 58]. In the latter study, floxed alleles of
A20 and TNIP1 (ABIN-1) in a villin-ER/Cre +mouse system
were used to examine intestinal epithelial cell responses to
tamoxifen-induced TNIP1 and/or A20 deletion. With the
loss of A20 alone, TNIP1 seems to function independently
and provide some compensatory response limiting the exten-
sive mortality observed with the dual A20/TNIP1 knockout.
As those investigators concluded, there appears to be a
“synergistic, though asymmetric, relationship” between A20
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Figure 1: Toll-like receptor signaling—regulation by TNIP1. (a) With TLR dimerization and recruitment of adaptor proteins at the
membrane level, ubiquitination of target proteins promotes activation of kinase activity and complex formation. Diverse consequences
occur depending on the TLR activated. In the case of TLR3-TRAF3-TRIF, TBK1 becomes ubiquitinated and, in combination with IKKε,
promotes phosphorylation of transcription factors (IRF3) upstream of interferon secretion. TLR3 activation may also promote RIP1
ubiquitination, which allows for RIP1 to interact with TAK1/TAB2/3 or NEMO, resulting in gene transcription events regulating
inflammation and apoptosis. IRAK1 becomes ubiquitinated followed by TAK1 activation with TAB2/3 binding K-63 linked ubiquitin
which forms a hybrid complex with linear (Met1-linked) ubiquitin on NEMO allowing for TAK1 to phosphorylate IKKβ. This eventually
results in the release of NF-κB subunits from IκBα. TNIP1 regulation of these events is believed to occur by (b) removal of K63-linked
ubiquitin chains via TNIP1/A20 binding and A20 de-ubiquitinase activity and/or (c) inhibition of complex formation by competition for
polyubiquitin binding.
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and TNIP1 (ABIN-1) [58]. This points to TNIP1 promoting
repression of signaling not only due to increased A20
ubiquitin-editing activity but also due to a potential mech-
anism where TNIP1 disrupts scaffold formation dependent
on polyubiquitination and complex formation through
binding and prevention of protein-protein interactions
(Figures 1(b) and 1(c)).

Aside from NEMO, other targets of polyubiquitin down-
stream of TLR activation have been described as negatively
regulated by TNIP1 including TANK-binding kinase 1
(TBK1) [59], receptor-interacting serine/threonine kinase 1
(RIP1 or RIPK1) [41], and interleukin-1 receptor-associated
kinase 1 (IRAK1) [42]. Association of TNIP1 with IRAK1
was abolished with a loss of function mutation in its UBAN
domain despite the presence of TLR4 agonist LPS. Loss of
UBAN function promoted increased IRF3-mediated tran-
scription downstream of K63 ubiquitin target TBK1 in the
presence of TLR3 agonist. RIP1, another TNIP1 interaction
partner, participates in signaling downstream of both TLR
and TNF receptors, mediating inflammatory responses [60]
and cell-death signals [61]. Loss of TNIP1 UBAN functional-
ity (QQ477EE mutation) prevents this interaction and asso-
ciated regulation of programmed cell death (PCD) [41].
More recently, RIP1 regulation by TNIP1 has been deter-
mined to be dependent on both Met1 ubiquitination and
K63 ubiquitination, ultimately promoting de-ubiquitination
of RIP1 by a more stable A20 [62]. The importance and
widespread effects of TNIP1 repression on inflammatory
pathways are clearly based on diverse targets of TNIP1-
mediated regulation described above. Beyond inflammatory
signaling pathways, polyubiquitination affects structure,
function, and stability of almost innumerable proteins
and thus the related biological consequences of those
proteins [63]. We suggest that future studies of TNIP1
interacting with these ubiquitinated proteins are likely to
reveal the new and wide-reaching significance of the
TNIP1 protein.

3. Toll-like Receptors (TLR)

3.1. Structure and Role in Cell Activation. Following exposure
to microbes, cellular mechanisms are activated to recognize
these foreign pathogens and eliminate them. These mecha-
nisms rely on both innate and adaptive immunity through
recognition by antigen-specific and nonspecific receptors.
During innate immunity, foreign pathogens are recognized
by pattern-recognition receptors (PRRs) which include
Toll-like receptors, a family of type 1 transmembrane recep-
tors capable of forming hetero- or homodimers on the cell
membrane (TLR1, 2, 4, 5, and 6) and intracellularly (TLR3,
7, 8, and 9) within endosomes, lysosomes, or the endoplasmic
reticulum [64]. TLRs are commonly expressed on sentinel
inflammatory cells such as macrophages and dendritic cells
as well as on nonimmune cells such as fibroblasts and epithe-
lial cells [65]. As a component of the innate immune system,
TLRs allow for a rapid response to environmental triggers in
defense against microbial infections [66]. These receptors
are capable of recognizing environmental cues, known as
pathogen-associated molecular patterns (PAMPs), associated

with foreignpathogens (bacteria, fungi, parasites, andviruses).
TLRs are also capable of recognizing host-derived endoge-
nous ligands referred to as damage-associated molecular
patterns (DAMPs) which include free fatty acids, oxidized
lipids as well as heat-shock proteins (HSP60 and HSP70)
and extracellular membrane (ECM) components released
during cell injury and apoptosis [64, 67]. PAMPs recognized
by TLRs can be separated into two types based on whether
they are sensed externally (e.g., bacterial lipids and lipo-
polysaccharide (LPS) and flagellin) or within intracellular
compartments (e.g., nucleic acids including viral dsRNA,
ssRNA, and CpG-DNA).

3.2. Key Components and Divergent Pathways. Common to
TLR is an extracellular domain featuring leucine-rich repeats
(LRRs), which allow for diversity in recognizing agonists, and
a cytoplasmic Toll/IL-1 receptor (TIR) domain involved in
adaptor protein recruitment associated with receptor activa-
tion/dimerization [68]. With binding of PAMP or DAMP by
the LRR domain, downstream consequences include secre-
tion of chemokines, proinflammatory cytokines, and/or
type I/II interferons. This is mediated by a number of
recruited TIR domain-containing proteins (Figure 1(a))
including myeloid differentiation primary-response protein
88 (MyD88), TIR-domain-containing adaptor protein induc-
ing β interferon (TRIF), TIR-domain-containing adaptor
molecule (TIRAP), or TIR-domain-containing adaptormole-
cule (TRAM). Excluding TLR3, all other TLR initiate signal-
ing by recruiting MyD88 (with TLR1, 2, 4, and 6 recruiting
intermediate adaptor protein TIRAP along with MyD88)
[69]. TLR3 acts through recruitment of TRIF, with TLR3
requiring secondary adaptor protein TRAM. Although
shared signaling events such as phosphorylation and ubiqui-
tination occur, there is a divergence in the use of receptor
adaptor protein MyD88.

3.2.1. MyD88-Dependent Signaling Pathway. Loss of MyD88
expression has been associated with decreased ability to
mount an immunological response to certain types of
infections in mice and humans [70–72]. MyD88 acts as a
key bridge between the death domain (DD) containing
IL-1R-associated kinase (IRAK) 4 and the TIR domain of
TLRs. IRAK-4, a serine/threonine kinase, drives signaling
by promoting the activation of two other IRAK proteins,
IRAK-1 and IRAK-2, forming what is called the Myddosome
[73]. Due to its importance in signaling, efforts have been
ongoing to target IRAK-4 therapeutically [74]. With activa-
tion of IRAK-1 and IRAK-2, the IRAK proteins dissociate
and form a complex TNFR-associated factor 6 (TRAF6)
which acts as an E3 ligase in concert with E2 ubiquitin-
conjugating enzyme complex UBC13 and UEV1A, pro-
moting auto-K63-linked ubiquitination and activation of
mitogen-activated protein kinase kinase kinase 7 (TAK1).
TAK1 plays a central role in the activation of both canon-
ical pathways resulting in NF-κB-mediated transcription and
noncanonical pathways leading to AP-1-mediated transcrip-
tion via ERK/JNK/P38 [69]. TAK1 activation is believed to
occur following TAK1 complex formation with TAK1-
binding protein 1 (TAB1), TAB2, and TAB3. This complex

4 Journal of Immunology Research



formation (Figure 1(a)) is dependent on TAB2/3 interaction
with K63-linked polyubiquitin [75]. Activation of TAK1 pro-
motes further activation of the IκB kinase (IKKβ) and MAP
kinase kinase 6. IKKβ is associated with IKKα and NEMO
(known as IKKγ) and leads to phosphorylation, K48-linked
ubiquitination of NF-κB inhibitor alpha (IκBα), and protea-
somal degradation freeing NF-κB subunits to translocate into
the nucleus. NEMO association with linear polyubiquitin via
the linear ubiquitin chain assembly complex (LUBAC) is a
key to the eventual IκBα degradation via the IKK complex
(IKKα, IKKβ, NEMO) [76]. Compartmentalized TLR7
and 9 are distinct from other MyD88-dependent TLRs in
that they can promote interferon secretion (mainly IFNα),
making them powerful tools against invading microbe-
associated nucleic acids. This occurs through IRF7 activation
by IRAK-1 phosphorylation in a MyD88, IRAK-1, TRAF3,
IKKα, and IRK7 complex [77].

3.2.2. Non-MyD88-Dependent Signaling Pathway. TLR3
signaling was reported as one of the two TLRs sensitive to
TRIF-deficiency in mice [78]. MyD88 deficiency in bone
marrow-derived macrophages (BMDM) promoted increased
TLR3-mediated cytokine secretion [79]. Through TRIF,
TLR3 is capable of inducing TRAF6-mediated gene expres-
sion, as in MyD88-dependent signaling, by promoting
K63-linked ubiquitination of RIP1 (Figure 1(a)), with pel-
lino1 being a key in the activation of RIP1 [80]. RIP1 can then
promote activation of the TAK1 complex and subsequent
events leading to IκBα degradation. TRAF3, an E3 ligase like
TRAF6, promotes TRAF6-independent [81] IRF3 phosphor-
ylation by ubiquitination of TANK-binding kinase 1 (TBK1)
and formation of IKKε/TBK1 complex. Activated IRF3 forms
a dimer and enters the nucleus where it promotes type I
IFNs secretion.

4. TNIP1 in Inflammation and Disease

With all the unknown factors remaining in regard to the
initiation of autoimmune or hyperinflammatory conditions,
it is clear that there are multiple simultaneous factors con-
tributing to these diseases. One such factor is a genetic com-
ponent such as DNA sequence variants found in association
with specific disease states. As presented below, TNIP1 is an
oft-cited gene in GWAS studies with SNPs in certain popula-
tions suffering from systemic lupus erythematosus, psoriasis,
and systemic sclerosis [13–16]. For recent consideration of
possible genetic association of TNIP1 with other autoim-
mune diseases such as Sjögren syndrome and psoriatic
arthritis, the reader is directed to [82, 83].

4.1. Systemic Lupus Erythematosus. In SLE, the loss of
immune tolerance and with it, triggering of autoreactive
T and B cells appears as a key to the development and progres-
sion of the disease state which is compounded by genetic pre-
dispositions and exposure to environmental risk factors.
Plasmacytoid dendritic cells (pDCs) are antigen presenting
cells (APC) capable of sensing ssRNA and unmethylated
CpGDNAsequences through endosomal TLR7 and 9, respec-
tively [84]. When activated by these ligands, pDCs produce

high levels of type I interferons (IFNα/β) (Figure 2). IFNα
has been implicated in many clinical manifestations of SLE
[85] and, interestingly, when used therapeutically, IFNα has
been shown to induce a SLE-like phenotype [86]. pDC activa-
tion by host DAMPs is avoided as these cells can distinguish
between microbial and self-nucleic acids [87]. However, such
tolerance is believed to be compromised with generation and
accumulation of increased protein and nucleic acid associated
DAMPs from apoptosis-associated proteases and nucleases.
Circulating pDCs internalize these new DAMPS with com-
plexes formed with IgG leading to potent activation of endo-
somal TLR7 and 9 [88, 89] and increased IFNα production
[90–92]. TLR7 null mice were partially protected from similar
effects due to decreased pDC responsiveness and in-turn
reduced IFNα and IL-6 expression [93]. Conversely, increased
expression of TLR7 in transgenic mice overexpressing TLR7
spontaneously developed fatal and acute immune dysregula-
tion and autoimmunity [94]. With these observations in
human SLE patients and mice experiments, the importance
of TLR activation in the progression of the SLE phenotype
becomes clear.

The GWAS correlation of TNIP1 sequence variants to
several autoimmune diseases [17–19, 22, 26], for example,
and evidence of NF-κB signaling possibly under TNIP1 con-
trol post-TLR signaling [10, 19, 26, 50, 95] provided rationale
for investigating SLE-like characteristics in knockout or
mutant knock-in mouse models, respectively, with missing
or dysfunctional TNIP1 protein. Such mouse experimental
systems set the stage to study TNIP1 functional differences
underlying likely contribution to phenotypes of the whole
animal activated immune systems.

To address the high proportion of late embryonic
Tnip1 −/− lethality seen earlier [41], Zhou and colleagues
crossed 129S2 ES-cell-derived Tnip1 +/− mice to a C57BL/6
background [96]. Although the influence of mouse genetic
strain remains unresolved, there is an increase in phenotypi-
cally normal live-born pups; however, by four months of
age, these mice develop a wasting syndrome along with
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Figure 2: IL-23/Th17 axis of psoriasis. Proposed paracrine signaling
with TNIP1 regulation in psoriasis where nonimmune cells are
keratinocytes [111]. We would suggest that variations of this could
be relevant for SLE and SSc, where the nonimmune cells are a
podocyte or fibroblast, respectively. For instance, following TLR7
or 9 activation of APCs in SLE, paracrine signaling would include
type I interferons.
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leukocyte infiltration of kidneys, liver, and lungs. Echoing a
SLE phenotype, there are increased levels of autoreactive anti-
bodies against dsDNA and development of significant glo-
merulonephritis which are not rescued by a TNFR null
background. In contrast to the expected NF-κB-mediated
transcriptional increases, CpG occupation of TLR9 in
Tnip1 −/− bone marrow-derived macrophages [96], strik-
ingly activates C/EBPβ-regulated promoters including that
of proinflammatory SLE severity-correlating S100A8 [97].
Strikingly, knock-in mice engineered with a Tnip1 mutant
[D485N] [42] defective in binding both K63-linked and
linear polyubiquitin chains (see UBAN section above), and
therefore with predicted increased TNFα sensitivity, are born
at the same size and frequency of Tnip1 +/+ mice. These
Tnip1 [D485N] mice show age-associated autoimmunity
marked by enlarged spleens and circulating levels of antinu-
clear and anti-DNA antibodies, the latter consistent with
the development of severe glomerulonephritis [42]. For
cultured cells, Tnip1 [D485N] MEF do not display TNFα-
enhanced activation of MAPKs but do show exaggerated
responses via activation of JNK, p38, and NF-κB in B cells
and BMDC exposed to several TLR ligands including LPS
(TLR4), lipoteichoic acid (TLR2/6), and R848 (TLR7). Along
these lines, when challenged with TNFα, human immor-
talized kidney podocyte cells recombinantly expressing
the human ubiquitin-binding deficient homologue mutant
[D472N] but not human wildtype TNIP1 [98] have increased
expression of numerous chemokine genes echoing increased
NF-κB-regulated inflammatory signaling in SLE and glomer-
ulonephritis patient kidney samples. Further complementary
studies of both receptors’ cytoplasmic activation steps should
help determine the full range of TNIP1 protein suppressive
capabilities. For instance, in Tnip1 [D485N] mice, a lupus
nephritis-like presentation is prevented when crossed to
backgrounds with catalytically inactive signaling proteins
downstream of TLRs such as IRAK-1 or IRAK-4 [99].

The range and sometimes divergence of TNIP1 effects on
postreceptor signaling interpreted from overexpression stud-
ies, whole animal null or knock-in, and cell-specific deletion
[100–103] may be reflecting its as yet uncharacterized quan-
titative and/or qualitative characteristics. These may arise
from mouse strain influences, varying expression levels of
TNIP1 protein and/or its varying interacting partners in
different cells [11, 43, 104, 105] and cell- or organ-specific
sensitivity to various cytokine and PAMP/DAMP receptor
agonists. Further study in these complementary systems will
help to advance our understanding of a role for TNIP1 in SLE
pathology. Reconciling such differences will be central to
considering any possible therapeutic targeting of TNIP1’s
repression of the multiple signaling pathways downstream
of distinct membrane receptors.

4.2. Psoriasis. Psoriasis is a chronic skin disorder affecting
about 2% of people in the United States, most commonly
manifested as plaque psoriasis (psoriasis vulgaris) and
accounting for about 90% of all cases. Psoriasis is an
immune-mediated disorder that manifests in the skin or
joints, which is influenced by both environmental and
genetic components [106]and characterized by aberrations

in the skin epithelium specifically hyperproliferation in the
epidermis and hyperactive keratinocytes with increased
mitotic rates. This increased replication of keratinocytes
results in poormaturation leading to incomplete cornification
observed clinically as poor barrier function and histologically
as retained nuclei in the stratum corneum (parakeratosis) and
thickening of the epidermis (acanthosis) with elongated rete
ridges. Immune infiltration is a hallmark of psoriasis featuring
increased dendritic cells (DCs) and macrophages in the der-
mis and neutrophils in the epidermis. T cells are found in
increased numbers in both with higher numbers of Th1,
Th17, and Th22-polarized T cells [107]. Family-based linkage
studies have established the strongest genetic links to psoriasis
with the class 1 region of theMHC cluster near the HLA-Cw6
allele. These studies are consistent with GWAS studies which
have identified the same HLA region as well as other genes
including IL-23R, IL-12β (p40), and TNIP1 [26, 108, 109].

Differential TNIP1 expression in psoriatic patients versus
healthy controls has been described previously [26] with
observed increases in mRNA expression coupled with a
2-fold decrease in protein expression in the patients [38].
To establish models of TNIP1 loss in psoriasis, various cell
culture models and in vivo approaches have been taken.
Chen et al. used TNIP1 shRNA injection to promote local
TNIP1 deficiency in a region of the skin followed by topical
exposure to the TLR7 agonist imiquimod (IMQ), which is a
compound used frequently to promote psoriasis-like pheno-
type in mice [110]. In these mice, tissue with reduced TNIP1
had a significantly higher overall psoriasis disease score, as
compared to wild-type IMQ treated. This included increased
raised, scaly, erythematous plaques marked by epidermal
thickening, hyperkeratosis, and parakeratosis. These charac-
teristics closely mimic the presentation of psoriasis in human
patients. Using a TNIP1 null line challenged with IMQ,
Ippagunta et al. demonstrated that skin inflammation has
more characteristic of psoriasis than atopic eczema via com-
parison with microarray analysis of corresponding human
disease samples [111]. These mouse models suggest that
human disease may be a combination of genetic predisposi-
tion (TNIP1 SNPs) coupled with environmental assault
(TLR ligands).

Psoriasis is believed to be a disease of both epithelial cell
dysfunction coupled with immune cell over-activation. This
mechanism centers around T Helper (Th) 17 cells which
secrete IL-17α and IL-22, potent inducers of keratinocyte
activation and proliferation [112]. Interestingly, cultured
cells experimentally exposed to IL-17a showed increased
rates of TNIP1 protein degradation [113]. IL-23 secreted by
activated DCs promotes the expansion of already differenti-
ated Th17 cells (from naive CD4+ T cells in the presence of
TGFβ, IL-1β, and IL-6) [114, 115]. Increased keratinocyte
activation promotes increased chemokine, cytokine, and
antimicrobial peptide secretion resulting in increased DC
activation leading to increased IL-23 which promotes Th17
proliferation leading to subsequent keratinocyte activation
and completing the cycle (Figure 2) [112, 116]. Most of the
mechanistic understanding of psoriasis is in the propagation
and worsening of the disease state. Still lacking is an under-
standing of what promotes initiation of the disease. One
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proposed mechanism for initiation begins with external stim-
uli such as microbial infections or physical trauma leading to
RNA/DNA-LL-37 (antimicrobial peptide) complex forma-
tion and internalization by circulating pDCs, where it acts
as an agonist for endosomal TLRs 7 and 9, resulting in IFNα
secretion. IFNα expression promotes DC activation which
would allow for antigen presentation, T cell differentiation,
etc. [106]. Under normal conditions, this would lead to an
appropriate immune response and activation. Under condi-
tions with genetic polymorphisms in PSORS1, IL-23R, A20,
TNIP1, and/or other genes implicated in association studies,
this response may become exaggerated. Our group and
others have shown that TNIP1 reduction alone does not pro-
mote a chronic hyperinflammatory state [38, 40]. However,
when coupled with an external stimulus, there is a clear exag-
gerated response [38, 40]. Thus, keratinocytes deficient for
TNIP1 may contribute to hyperactivation of local immune
responses when exposed to TLR environment- or skin
cell-derived agonists.

For studies of cell signaling in a psoriasis-relevant model,
Callahan et al. used CD11c-Cre LoxP system to engineer a
TNIP1 DC-specific knockout [103]. When exposed to TLR
ligands, these mice developed splenomegaly and lymphade-
nopathy with an accumulation of myeloid cells suggesting a
systemic activation of the immune system, as previously
observed in the whole mouse TNIP1 knockout [41, 96].
Topical exposure to IMQ, a TLR7 ligand, instigated a higher
overall psoriasis phenotype score (higher levels of epidermal
hyperplasia, hypogranulosis, hyperparakeratosis, and epider-
mal neutrophil infiltration) compared to control animals.
BMDC from these mice when treated with TLR ligands
(IMQ, LPS) showed increased secretion of immune cytokines
including IL-23, an interleukin considered critical in psoria-
sis development due to its ability to induce Th17 cell prolifer-
ation. Ippagunta et al., confirmed this finding using BMDC
from TNIP1 knockout mice. They also demonstrated the
importance of TNIP-mediated regulation of TLRs in T cell
and nonimmune cell (keratinocytes, fibroblasts) mediated
immunity [111].Using keratinocyte-specificTNIP1knockout
mice, these investigators demonstrated that keratinocyte-
initiated immune signaling, through the IMQ-induced
expression of numerous cytokines, antimicrobial peptides,
and chemokines, can induce psoriasis-like disease. Thus, for
several immune and nonimmune cell types, these studies
demonstrate the importance of TNIP1 control over internal
signaling pathways and also external paracrine interactions
among them (Figure 2).

4.3. Systemic Sclerosis (Scleroderma). The etiology, clinical
pathology, and cell biology of systemic sclerosis (SSc) lead
to multicell signaling interactions coming together to trigger
micro-vascular damage, inflammatory signal production,
and cardiac, pulmonary, and dermal fibrotic responses
[117]. Prevalence of SSc cases (~14 per 100,000 persons)
can vary significantly as there appear to be significant dis-
ease subtype, gender, age, race, and ethnic group qualifiers
[118, 119]. While thickening, hardening, and tightening of
the skin are classic and common in most presentations, it
is a decline in internal organ function, such as the lungs

and gastrointestinal tract from local vasculopathy and excess
extracellular matrix deposition that most significantly pro-
motes disease morbidity and mortality [120–122].

Familial and epidemiologic studies provide clear genetic
associations between SSc and HLA [117, 123–125] and
non-HLA loci which are often in-common for other autoim-
mune pathologies [126]. Three separate reports have added
TNIP1 to these non-HLA loci [17, 18, 127]. Like many
pathology-associated SNPs, TNIP1 sequence variations asso-
ciated with SSc to date are in noncoding sequences (intronic
and potential genetic expression-regulatory regions). Inter-
estingly, three other proteins with proven physical interac-
tion with and/or signaling regulatory control by TNIP1 are
implicated in SSc by GWAS reports suggesting their mutual
contribution to relevant pathways. A PPARγ SNP [128, 129]
is associated with SSc, and we previously established TNIP1
as a nuclear corepressor of PPARα and γ activity [45]. At least
three SNPs of the TNIP1 cytoplasmic binding partner
TNFAIP3 (A20) carry an increase for susceptibility to SSc
[117, 130–132]. Additionally, the SNP resulting in an amino
acid substitution (Pro631His) in TLR2 is associated with
increased progression of SSc-associated pulmonary arterial
hypertension [133, 134]. Thus, even when not a genetic vari-
ant itself, signal control/initiation node (s) (TNFAIP3, TLR,
and PPAR) impacted by TNIP1 may be contributory to SSc.

In addition to genetic sequence variants for the TNIP1
pathway-associated proteins TLR and TNFAIP3, several
functional and expression levels studies have linked their
normal counterparts to SSc. In part because of the relative
clinical accessibility of cutaneous biopsies compared to inter-
nal organ sampling, these studies may be biased to dermal
fibroblast characteristics. Nevertheless, several studies have
found expression of TLR9 [135] and TLR4 as well as endog-
enous ligands for the latter [136–138] increased in SSc lesion
specimens. Fibroblasts cultured from SSc skin biopsy
explants displayed a degree of TLR3 expression induction
by interferon greater than control cells. Additionally, SSc
lesion-derived dermal fibroblasts, under otherwise standard
culture, demonstrated a sensitivity to the TLR3 synthetic
ligand poly (I:C) greater than control fibroblasts [139]. The
full spectrum of TLR in multiple cell types and their demon-
strated or possible involvement in SSc has been comprehen-
sively reviewed by Fullard, Bhattacharyya, and colleagues
[136, 140]. Thus, deficiency or dysfunction in TNIP1-
adjacent proteins such as its functional partner TNFAIP3
(A20) or excess upstream signaling initiated by sensors of
innate immune system activity such as TLR may overwhelm
the signaling-dampening abilities of TNIP1 [134, 141].

Intriguingly, following up on TNIP1 SSc SNPs [18],
Allanore and colleagues reported that compared to skin
samples derived from age- and sex-matched healthy controls,
the TNIP1 protein was decreased in SSc lesional skin. Sepa-
rate expression array studies [142] support reduced TNIP1
in lesional skin compared to patient uninvolved skin. Cul-
tured SSc patient dermal fibroblasts [18] have reduced
TNIP1 mRNA and protein. These SSc fibroblasts produced
elevated levels of collagen in response to cytokine challenge
(TNF). Strikingly, this could be abrogated by extracellular
TNIP1 protein. This effect would have had to be through
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an unknown mechanism versus characterized intracellular
signaling repression by TNIP1. There is no known or pre-
dicted cell-penetrating peptide-like region for cellular reentry
of TNIP1. Other reports and our publications established
cytoplasmic and nuclear compartmentalization for TNIP1
from endogenous and transfected cDNA expression studies
[12, 43]. Nevertheless, the studies establishing the TNIP1-
SSc genetic association and/or the reduced TNIP1 expression
levels in SSc samples [17, 18, 127, 142] are consistent with
and supportive of TNIP1 as a key suppressor of pathways
driving a fibrotic signaling whether intrinsic to the fibroblast
or in a paracrine fashion where TNIP1 deficiency or defective
function in associated epithelial cell (e.g., skin keratinocytes)
could make these otherwise protective cells a source of
fibroblast-activating cytokines.

5. TNIP1 in Autoimmunity: Summary

Based on the studies of TNIP1 deficiency across a broad spec-
trum of cell types, including immune cells (DCs, B cells, and
T cells) and nonimmune cells (keratinocytes and fibroblasts),
it is clear that the loss of TNIP1 expression through knockout
or knock-in functional mutations leads to a predisposition
for development of autoimmunity. GWAS studies predict
this predisposition in human populations through multiple
recognized SNPs in TNIP1 genes in patients with autoim-
mune diseases. Not only does TNIP1 loss or deficiency pro-
motes a hyperinflammatory state, this phenotype closely
mimics autoimmune diseases present in human populations.
Because of this, manipulation of TNIP1 expression or func-
tion can be a useful tool in modeling autoimmunity in mice
for the development of drugs and therapies. One fundamen-
tal question remaining in autoimmune disease pathogenesis
is the cause and initiation of the disease. Through the TNIP1
autoimmune models, it is clear that the potential for TLR
stimulation via microbial invasion, cell damage due to
wounding, etc. is the first step in pathogenesis. More specifi-
cally, this step is described by an exaggerated stimulation of
TLRs due to the loss of negative regulation by TNIP1 down-
stream of receptor activation. With its key regulatory control
over multiple signal initiators or pathways, further research
on TNIP1 could advance it from association with several
autoimmune diseases to a mechanistic contributor to the
pathology, and possibly, ultimately, a therapeutic target.

6. Conclusions and Future Directions

(i) The vast majority of autoimmune diseases does not
stem from single gene defects and are likely influ-
enced by multiple genes [143] and environmental
factors [144] that can promote body-wide and/or
tissue-specific autoinflammatory reactions. From
human genetic studies, animal models, and in vitro
experiments, it would appear that loss, reduction,
or dysfunction TNIP1 has the potential to be one
of these defects.

(ii) With significant negative side-effects of current
autoimmune disease therapies, there is a pressing

need to develop safer treatments through research
into mechanisms underlying these disorders. As
highlighted in this review, TNIP1 protein function,
as a repressor of signaling downstream from TLR
implicated in several autoimmune diseases, could
be a pharmacologic target of new therapies.

(iii) While likely relevant to hyperactive inflammatory
signaling in several autoimmune diseases, the
experimental loss or reduction of TNIP1 presents
as its own phenotype and does not fully recapitu-
late any one specific pathology. Nevertheless, the
predisposition towards hyperinflammatory reactions
of multiple cell types with defective TNIP1 function
is likely to provide advantageous insights to further
study of tissue-specific and whole animal autoim-
mune disease models as well as testing of new anti-
inflammatory therapies.
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Background. Accumulating evidence indicates that a deficiency in or dysfunction of regulatory T cells (Tregs) is involved in
the pathogenesis of systemic lupus erythematosus (SLE). As different markers have been used to identify Tregs, recent studies
on the proportions of Tregs in SLE patients have generated controversial results. To clarify the status of Tregs in such
patients, we determined the proportions of Tregs present during development of the disease, with special consideration of
controversial cellular markers. Methods. We identified studies reporting the proportions of Tregs in SLE patients by
searching relevant databases through March 2018. Using the PRISMA guidelines, we performed a random effects meta-
analysis of the frequencies of Tregs defined in different ways. Inconsistency was evaluated using the I-squared index (I2),
and publication bias was assessed by examining funnel plot asymmetry using the Begger and Egger tests. Results. Forty-four
studies involving 2779 participants were included in the meta-analysis. No significant difference in the proportions of Tregs was
evident between 1772 patients and 1007 controls [−0.191, (−0.552, 0.362), p = 0 613, I2 = 95 7%]. We next conducted
subanalyses based on individual definitions of Tregs. When the Treg definition included “FOXP3-positive” cells, the proportions
did not differ between SLE patients and controls [−0.042, (−0.548, 0.632), p = 0 889, I2 = 96 6%]; this was the case when
Tregs were defined as either “CD25low/−FOXP3+” or “CD25high/+FOXP3+” cells. SLE patients had lower proportions of
Tregs that were “single CD25-positive” [−1.428, (−1.982, −0.873), p < 0 001, I2 = 93 4%] and “CD127-negative” [−1.093,
(−2.002, −0.183), p = 0 018, I2 = 92 6%] compared to controls. Tregs defined as “CD25bright,” “CD25bright/highCD127low/−,”
and “CD25highCD127low/−FOXP3+” did not differ in proportion between SLE patients and controls. Conclusions. The Treg
proportions varied by the cellular identification method used. The proportions of Tregs that were accurately identified and
functionally validated fell among patients with SLE. Stricter definitions of Tregs are necessary when evaluating the status of
such patients.

1. Introduction

Systemic lupus erythematosus (SLE) is a multisystem auto-
immune disease characterized by highly variable clinical
manifestations associated with widespread inflammation
and overproduction of autoantibodies [1]. Growing evi-
dence suggests that regulatory T cells (Tregs) maintain
peripheral tolerance by controlling and limiting harmful

immune responses [2]. Failure to maintain appropriate num-
bers of functional Tregs plays an important role in SLE path-
ogenesis [3].

However, initial studies of Treg status in the peripheral
blood (PB) of patients with SLE have generated controver-
sial results. One reason for the inconsistencies is that multiple
phenotypes of Tregs are identified using differentmarkers [3].
Tregs were first described as a peripheral CD4+ subpopulation
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expressing interleukin- (IL-) 2 receptor alpha chains (CD25)
[4]. Further studies revealed thatCD25was expressednot only
on Tregs but also on activated cells lacking regulatory func-
tions, although the CD4+ T cell subset expressed the highest
levels of CD25 (CD4+CD25high) and exhibited in vitro
immunosuppressive features [5]. Forkhead box protein P3
(FOXP3), a transcription factor expressed at high levels in
authentic Tregs, plays a key role in Treg development and
is thought to be one of the most specific Treg cell markers
[6]. However, the marker cannot be used to sort live cells as
the protein is intracellular. In addition, CD127, the alpha
chain of the IL-7 receptor, was reported to be upregulated
on human T cells after activation and downregulated on
Tregs [7], being inversely correlated with the FOXP3
expression level. Thus, costaining for CD127 and CD25
has been proposed to efficiently discriminate between Tregs
and activated T cells [8]. The available data on the propor-
tions and phenotypes of Tregs of SLE patients are contra-
dictory; more studies are required to better understand
the role played by Tregs during the disease course.

Here, we meta-analyze reports documenting the propor-
tion of Treg cells among CD4+ T cells in the PB of patients
with active and inactive SLE, as well as healthy controls, to
better understand Treg malfunctions in patients with SLE.

2. Methods

2.1. Data Sources and Searches. This meta-analysis was
performed as suggested by the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
Statement and was registered at the International Prospec-
tive Register of Systematic Reviews (no. CRD42017060258)
[9]. We searched for relevant studies published between
January 1, 1950, and March 1, 2018, using PubMed, Embase,
the Cochrane database, the Web of Knowledge, Clinical
Trials.gov, and FDA.gov, with no restrictions in terms of
the primary outcome or publication language. We used the
MeSH terms “lupus erythematosus, systemic” and “T-lym-
phocytes, regulatory” and their combination. All potentially
eligible studies were considered except for reviews and
murine experiments. Key articles listed in the references were
retrieved manually.

2.2. Study Selection and Data Extraction. The inclusion cri-
teria were (1) evaluation of the proportion of Tregs among
CD4+ T cells of SLE patients using the 1997 revised American
College of Rheumatology criteria, (2) available as a full text
article, and (3) information on the number of patients and
controls. Two investigators independently selected and iden-
tified relevant publications, and a third investigator resolved
any disagreements. The evidence levels of the studies were
assessed based on the 2011 guidelines of the Oxford Center
for Evidence-Based Medicine [10]. Quality assessment was
done with the Newcastle-Ottawa Quality Assessment Scale,
which can be used to assess the quality of nonrandomized
studies [11].

We recorded patient baseline characteristics and their
country of origin, the year of publication, the number of
patients and controls, the definition of Tregs used

(including CD25+, CD25bright, CD25high, CD25low/−FOXP3+,
FOXP3

+

, CD25+FOXP3+, CD25highFOXP3+, CD25+CD127−,
CD25bright/highCD127low/−, and CD25highCD127low/−FOXP3+),
and the mean (or median) and standard deviation (SD) of
the proportion of Tregs among CD4+ T cells. Data on the
proportion of Tregs in patients with active and inactive
SLE were also extracted.

2.3. Statistical Analysis. For continuous outcomes (the pro-
portions of Tregs among CD4+ T cells of patients with active
and inactive SLE and healthy controls), we calculated stan-
dardized mean differences (SMDs) and compared these
values using a random effects model (REM) (the DerSimo-
nian and Laird method) [12]. When Treg percentages were
reported as medians with interquartile ranges (IQRs), we cal-
culated means and SD (SD = IQR/1 35) [13]. The Cochrane
chi-squared test was used to explore between-study heteroge-
neity. As heterogeneity was high (I2 > 75%), we drew forest
plots and performed subgroup analyses to explore the possi-
ble effects of study characteristics on outcomes. Publication
bias was assessed by examining funnel plot asymmetry using
the Begger and Egger tests (p ≥ 0 05). Preplanned sensitivity
analysis was performed by omitting each study individually
and calculating the remaining pooled effect. All statistical
analyses were conducted using Stata software (ver. 12.0).

3. Results

3.1. Study Characteristics. We identified 2264 studies, of
which 44 (with data on 1772 patients and 1007 controls) were
included in analysis (Figure 1). The details are shown in
Table 1. The average age of the SLE patients ranged from
8.7–45.4 years; the proportion of females ranged from 56.7–
100%, the disease duration from 1.5–28.6 years, the average
erythrocyte sedimentation rate from 18.6–78.8mm/hour,
and the SLE Disease Activity Index (SLEDAI) from 2.0–
17.4. Patients were treated with corticosteroids (CS) and
immunosuppressants including cyclophosphamide (CTX),
azathioprine (AZA), cyclosporin A (CsA), mycophenolate
mofetil (MMF), and chloroquine (HCQ). All controls were
healthy without any autoimmune disease. All studies were
poor-quality case-control studies or case series; thus, they
were all of evidence level 4. We regarded all studies as case-
control studies and scored them using the Newcastle-
Ottawa Quality Assessment Scale (NOQAS); all studies had
a score of 3–5.

3.2. Proportion of Tregs in the PB of SLE Patients.We initially
compared the proportion of Tregs in SLE patients and
healthy controls regardless of the Treg definition used. Sur-
prisingly, no significant difference was apparent in any study
[−0.113, (−0.552, 0.362), p = 0 613]. Also, heterogeneity, as
assessed by the I2 statistic, was 95.7% (p < 0 001) and thus
very high. The Egger test revealed no publication bias
(t = 0 70, p = 0 491) (Figure 2).

We hypothesized that the primary reason for the unex-
pected results might be that the definitions of Tregs were
inconsistent. Thus, we performed subgroup analysis based
on the Treg definitions to explore the potential sources of
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heterogeneity. First, we analyzed studies that identified Tregs
only as “CD25-positive” (Supplementary Figure 1). Pooled
analysis of all 18 trials revealed a significant decrease in the
proportion of Tregs in SLE patients compared to controls
[−1.428, (−1.982, −0.873), p < 0 001] with statistically
significant between-study heterogeneity (I2 = 93 4%, p <
0 001) and publication bias detected by the Egger test
(t = −4 29, p = 0 001). In detail, we found significant
differences in the proportion of Tregs between SLE patients
and healthy controls when Tregs were defined as “CD25+”
cells [−1.512, (−2.488, −0.535), p = 0 002] and as “CD25high”
cells [−1.074, (−1.830, −0.318), p = 0 005]. However, in two
studies, the proportion of Tregs defined as “CD25bright” cells
did not differ significantly between patients and healthy
controls [−3.495, (−9.197, 2.207), p = 0 230] (Table 2).

Second, we analyzed studies in which Tregs were
defined as “FOXP3+” cells (Supplementary Figure 2).
Pooled analysis of all 36 trials revealed no significant
difference in the proportion of such Tregs between SLE
patients and controls [0.042, (−0.548, 0.632), p = 0 889].
Statistically significant heterogeneity was evident among the

studies (I2 = 96 6%, p < 0 001). The Egger test detected no
publication bias (t = 0 81, p = 0 424). Among the studies,
five used “CD25low/−FOXP3+” to define Tregs, and three
simply “FOXP3+”; the proportion of Tregs in SLE patients
appeared to be higher than in controls [5.409, (2.112,
8.705), p = 0 001; 1.101, (0.435, 1.768), p = 0 001, resp.].
However, pooling of these data with those of other
studies identifying Tregs as “CD25high/+FOXP3+” cells
revealed a lower proportion of Tregs in patients than
controls; Tregs were identified as “CD25+FOXP3+” cells
[−1.279, (−2.079, −0.479), p = 0 00] and “CD25highFOXP3+”
cells [−0.663, (−1.289, −0.036), p = 0 038] (Table 2).

Finally, theother eight groups thatused “CD127-negative”
to define Tregs showed that such cell numbers decreased in
SLE patients [−1.093, (−2.002, −0.183), p = 0 018] with sta-
tistical heterogeneity (I2 = 92 6%, p < 0 001) and publica-
tion bias (t = −3 05, p = 0 022). More specifically, pooling
the data of four studies in which Tregs was identified as
“CD25+CD127−” cells revealed a significant difference
between SLE patients and controls [−1.093, (−2.002, −0.183),
p = 0 018], but no significant difference was apparent

Studies included in
qualitative synthesis

(n = 44)

Studies included in
quantitative synthesis

(meta-analysis)
(n = 44)

Records identified through database
searching (n = 2259)

Additional records identified through
manual search (n = 5)

Records after duplicates were removed
(n = 773)

Records screened
(n = 773)

Records excluded on the basis
of tile and abstract (n = 394)

Full-text articles assessed
for eligibility (n = 379)

Full-text articles excluded,
with reasons (n = 335)

Not original articles (reviews)
(n = 78)
Not human experiment
(n = 213)
Not research about SLE
patient (n = 9)
Conference abstract
superseded by publication
(n = 1)
Not report the proportion of
Tregs among CD4+ T cells
(n = 32)
No comparison group (n = 2)

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1: The study selection process.
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when Tregs were defined as “CD25bright/highCD127low/−” cells
[−12.392, (−37.922, 12.138), p = 0 341] or “CD25highC-
D127low/−FOXP3+” cells [−0.667, (−2.664, 1.331), p = 0 513]
(Supplementary Figure 3 and Table 2).

As heterogeneity was apparent, we used a random
effects model to prepare forest plots. We hypothesize that
the significant heterogeneity might have been caused by
differences in the experimental methods and clinical type
and severity of disease among the different studies.

3.3. Disease Activity and the Proportion of Tregs in PB. To
further assess the effect of disease activity, we analyzed 22

studies that reported the proportion of Tregs in active and
inactive SLE patients, regardless of the Tregs definitions used.
We found a significant reduction in the proportion of Tregs in
patients with active compared to inactive disease [−0.520,
(−0.976, −0.086), p = 0 019]. The heterogeneity, as assessed
by the I2 statistic, was 88.9% (p < 0 001) (Figure 3). No publi-
cation bias was evident in the Egger test (t = 0 52, p = 0 608).

4. Discussion

It is now widely accepted that the immune system includes
Tregs that specialize in the maintenance of immune tolerance

NOTE: weights are from random effects analysis.
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Figure 2: Forest plot of the overall meta-analysis of regulatory T cell (Treg) proportions in peripheral blood (PB), regardless of the Treg
definitions used, between systemic lupus erythematosus (SLE) patients and healthy controls.
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and homeostasis and secrete various immunosuppressive
and anti-inflammatory cytokines, such as transforming
growth factor-β (TGF-β), IL-10, IL-27, and IL-35 [14]. Treg
deficiencies have been suggested to contribute to the immu-
nological aberrations seen in SLE and other autoimmune dis-
eases [3]. As Tregs exhibit multiple phenotypic features and
express various markers, especially inconsistent markers
were used to identify Treg cells in flow cytometry in previous
studies, the proportion of Tregs in the PB of SLE patients has
been controversial. To elucidate Treg status in such patients,
we meta-analyzed their proportions relative to CD4+ T cells
in SLE patients. As expected, the proportion of Tregs in
patients with active SLE patients was significantly less than
that in those with inactive SLE, suggesting that Treg cell
depletion accelerated disease progression. However, the over-
all meta-analysis found no significant difference in Treg pro-
portions between patients and healthy controls, although
significant between-study heterogeneity was evident. We
considered that the primary reasons for such unexpected
results were due to inconsistent definitions of Tregs based
on diverse markers used; thus, we subanalyzed the Treg data
by the markers used for Treg identification, including CD25,
FOXP3, and CD127.

Expression of CD25, the alpha chain of the IL-2 receptor
[15], correlates positively with Treg functionality. The Treg-
suppressive capacity is restricted to the CD4+ T cells that
express the highest levels of CD25 [16]. We found out that
SLE patients had a lower proportion of Tregs termed “single
CD25-positive” compared to healthy controls. However, no
such significance was evident when Tregs were defined as
“CD25bright,” indicating that use of the surface marker
CD25 alone is inadequate. In 2008, Han et al. [17] found
out that CD25high cells included a large proportion of
FOXP3− cells that could not be classified as Tregs. Other acti-
vated CD4+ T cells also express CD25 [16, 18], suggesting
that more precise markers are needed to identify Tregs.

FOXP3 is a crucial regulator of Treg gene expression,
being required for both Treg generation and survival [19].
Scurfy (Sf) mice with Treg abnormalities harbor a missense
mutation in FOXP3 [6] and develop anti-dsDNA, anti-
Smith, and antinuclear antibodies similar to those of SLE
patients. Such FOXP3 mutant mice also exhibit multiorgan
inflammation of systems usually involved in SLE [20].
However, when Tregs were defined as “FOXP3-positive”
cells, the proportions of such cells did not differ between
SLE patients and controls because the definitions of Tregs
were complicated by the addition of CD25 status, giving
“CD25-negative and FOXP3-positive” and “CD25 and
FOXP3 double positive.” This phenomenon may be
explained by the findings of other studies indicating that
the CD4+CD25−FOXP3+ T cells of SLE were dysfunctional
Tregs [21, 22] and may even be previously activated conven-
tional T cells [23].

To distinguish Tregs from conventional CD4+ T cells, the
inclusion of additional markers, such as CD127, has been
proposed, because Tregs express low levels of this protein
(whereas activated T cells express high levels). We found a
lower proportion of CD127-negative Tregs in SLE patients
compared with healthy controls, suggesting that CD127
combined with other markers could be used to identify Tregs.

Further, the controversial status of Tregs in PB of SLE
patients might also be related to the different subsets of Tregs.
Tregs can be classified into nTregs [24], iTregs [25], Tr1 cells
[26], Th1-like, Th2-like, or Th17-like Tregs [27], and so
forth. One of the largest Treg subsets is nTregs, which are
developed from the thymus and express CD4, CD25, and
FOXP3 [24]. In contrast to nTregs, iTregs are generated in
the periphery and induced to express FOXP3 in response to
foreign antigens that are much intrinsically unstable in
inflammatory compared to nTregs [25]. Interestingly,
inflammatory conditions of stimulation can skew nTreg dif-
ferentiation to Tr1 cells in active lupus [28]. Tr1 cells are

Table 2: Subgroup analysis based on different definitions of Tregs in PB of patients with SLE.

Definition of Tregs Number of studies
Test of association

Test of
heterogeneity

Egger’s test

SMDa 95% CI p value I2 p value t p

Single CD25-positive 18 −1.428 (−1.982, −0.873) <0.001 93.4 <0.001 −4.29 0.001

CD25+ 9 −1.512 (−2.488, −0.535) 0.002 93.9 <0.001 −4.20 0.004

CD25bright 2 −3.495 (−9.197, 2.207) 0.230 97.9 <0.001 — —

CD25high 7 −1.074 (−1.830, −0.318) 0.005 92.0 <0.001 −4.28 0.008

Associated with FOXP3-positive 29 −0.043 (−0.641, 0.554) 0.887 96.3 <0.001 0.55 0.585

CD25low/−FOXP3+ 4 5.275 (1.415, 9.136) 0.007 98.3 <0.001 4.05 0.056

FOXP3+ 2 1.377 (0.124, 2.631) 0.031 80.1 0.025 — —

CD25+FOXP3+ 13 −1.142 (−1.942, −0.341) 0.005 95.2 <0.001 −2.01 0.069

CD25highFOXP3+ 10 −0.701 (−1.283, −0.118) 0.018 89.6 <0.001 −0.63 0.544

Associated with CD127-negative 8 −1.093 (−2.002, −0.183) 0.018 92.6 <0.001 −3.05 0.022

CD25+CD127− 4 −1.128 (−1.894, −0.361) 0.004 81.0 0.001 −1.12 0.379

CD25bright/highCD127low/− 2 −12.392 (−37.922, 12.138) 0.341 97.5 <0.001 — —

CD25highCD127low/−FOXP3+ 2 −0.667 (−2.664, 1.331) 0.513 96.1 <0.001 — —

PB: peripheral blood; SLE: systemic lupus erythematosus; SMD: standard mean difference; CI: confidence interval; I2: I-squared index. aMagnitude of Cohen’s d
effect size (SMD): 0.2–0.5, small effect; 0.5–0.8, medium effect; ≥0.8, large effect.
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another subset of CD4+ T cells in the absence of FOXP3
expression characterized by the ability to secrete IL-10 and
inhibit T cell responses by disrupting the metabolic state of
T effector cells [26]. Although there are important differences
of these cells, there is no definitive protein markers that effec-
tively distinguishes among all these Treg cell populations
in vitro or in vivo. To date, it is still challenging to value
the real status of above Treg subsets in patients with SLE.

The limitations of our work include the fact that we did
not consider disease duration or treatment, as both the drugs
used and disease staging were inconsistent; however, these
factors might affect the proportion of Tregs in PB. Addition-
ally, disease activity was scored differently among studies;
some regarded active SLE to be present when the SLEDAI
was ≥6, but others used different cutoffs; these differences
may have influenced the results. Moreover, Tregs are usually
evaluated in PB, in which tissue Treg cell status may fluctuate
[3]. Also, information on Treg aberrations in lymphoid tis-
sues or at sites of active disease, for example, the skin of
patients with cutaneous lupus [29] or the kidneys of patients
with active glomerulonephritis [30], was lacking.

5. Conclusion

In conclusion, we suggest that the reported variations of
Treg status among SLE patients are attributable to inconsis-
tent Treg identification; different markers are employed.
Here, we analyzed the effects of the use of such markers
on the reported proportion of Tregs. Our findings lend sup-
port to the idea that the Treg status of SLE patients is
important, but we could not determine the best definition
of Tregs. Further studies are needed on the definition and
function of Tregs.
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Figure 3: Forest plot of the overall meta-analysis of the proportion of Tregs in PB, regardless of the Treg definition used, in patients with
active and inactive SLE.
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Supplementary Materials

Supplementary Table 1: background of SLE patients in each
study. Supplementary Table 2: characteristics of the included
studies measuring disease activity in patients with SLE.
Supplementary Figure 1: forest plot of subgroup analyses of
the proportion of Tregs, defined in terms of CD25-positivity
(alone), amongCD4+T cells in PB. (a) Standardizedmean dif-
ferences (SMDs) (the proportion of Tregs [“CD25+” cells]
among CD4+ T cells in the PB of SLE patients minus that
of control subjects) as estimated by meta-analysis. (b) SMDs
when Tregs were defined as “CD25bright” cells. (c) SMDs
when Tregs were defined as “CD25high” cells. Supplementary
Figure 2: forest plots of subgroup analyses of the proportion
of Tregs defined as FOXP3-positive among CD4+ T cells in
PB. (a) SMDs (the proportion of Tregs [“CD25low/−FOXP3+”
cells] among CD4

+

T cells in the PB of SLE patients minus
that of control subjects) as estimated by meta-analysis. (b)
SMDs when Tregs were defined as “FOXP3+” cells. (c) SMDs
when Tregs were defined as “CD25+FOXP3+” cells. (d) SMDs
when Tregs were defined as “CD25highFOXP3+” cells. Sup-
plementary Figure 3: forest plots of the subgroup analyses
of the proportion of Tregs that were CD127-negative among
PB CD4+ T cells. (a) SMDs (the proportion of Tregs
[“CD25+CD127−” cells] among CD4+ T cells in the PB of
SLE patients minus that of control subjects) as estimated by
meta-analysis. (b) SMDs when Tregs were defined as
“CD25highCD127low/−” cells. (c) SMDs when Tregs were
defined as “CD25highCD127−” cells. (d) SMDs when Tregs
were defined as “CD25highCD127low/−FOXP3+” cells. Supple-
mentary Figure 4: funnel plot for publication bias in an asso-
ciation analysis of Treg proportions in PB, regardless of the
Treg definitions used, between systemic lupus erythematosus
(SLE) patients and healthy controls. Supplementary Figure 5:
funnel plot for publication bias in an association analysis
of the proportion of Tregs, defined in terms of CD25-
positivity (alone), among CD4+ T cells in PB. Supplementary
Figure 6: funnel plot for publication bias in an association
analysis of the proportion of Tregs defined as FOXP3-
positive among CD4+ T cells in PB. Supplementary Figure 7:
funnel plot for publication bias in an association analysis
of the proportion of Tregs that were CD127-negative among
PB CD4+ T cells. (Supplementary Materials)
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Background. The HIN-200 family genes in humans have been linked to several autoimmune diseases—particularly to systemic
lupus erythematosus (SLE) and rheumatoid arthritis (RA). Recently, its human counterpart gene cluster, the Ifi200 family in
mice, has been linked to spontaneous arthritis disease (SAD). However, many immune-mediated diseases (including RA and
SLE) show gender difference. Understanding whether or not and how these genes play a role in sex difference in immune-
mediated diseases is essential for diagnosis/treatment. Methods. This study takes advantage of the whole genome gene
expression profiles of recombinant inbred (RI) strain populations from female and male mice to analyze potential sex
differences in a variety of genes in disease pathways. Expression levels and regulatory QTL of Ifi200 family genes between female
and male mice were first examined in a large mouse population, including RI strains derived from C57BL/6J, DBA/2J (BXD),
and classic inbred strains. Sex similarities and differences were then analyzed for correlations with gene expression levels
between genes in the Ifi200 family and four selected gene sets: known immune Ifi200 pathway-related genes, lupus-relevant
genes, osteoarthritis- (OA-) and RA-relevant genes, and sex hormone-related genes. Results. The expression level of Ifi202b
showed the most sex difference in correlation with known immune-related genes (the P value for Ifi202b is 0.0004). Ifi202b also
showed gender difference in correlation with selected sex hormone genes, with a P value of 0.0243. When comparing
coexpression levels between Ifi200 genes and lupus-relevant genes, Ifi203 and Ifi205 showed significant sex difference (P values:
0.0303 and 0.002, resp.). Furthermore, several key genes (e.g., Csf1r, Ifnb1, IL-20, IL-22, IL-24, Jhdm1d, Csf1r, Ifnb1, IL-20, IL-22,
IL-24, and Tgfb2 that regulate sex differences in immune diseases) were discovered. Conclusions. Different genes in the Ifi200
family play different roles in sex difference among dissimilar pathways of these four gene groups.
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1. Background

Recently, Ifi200 genes, including the human HIN-200 gene
cluster and its mouse counterpart, the interferon inducible-
200 (Ifi200) family, have been linked to several autoimmune
diseases [1–5]. These genes have been linked to SLE. As early
as in 1994, IFI16 was recognized as a target of antinuclear
antibodies in patients with SLE [6]. The Ifi200 family genes
as modifiers for the SLE susceptibility have been nicely sum-
marized in a review by Choubey [7]. A recent study suggests
that anti-IFI16 antibodies hold the potential to serve as a new
biomarker of disease activity in SLE [8]. IFI16 is in the same
paralogue with pyrin and is an HIN domain family member 1
(PYHIN1 or IFIX), myeloid cell nuclear differentiation anti-
gen (MNDA), and absent in melanoma 2 (AIM2) on human
chromosome 1 as a human HIN-200 gene cluster. Similar
function was found for other genes in this cluster [4, 6].
AIM2 was found to facilitate apoptotic DNA-induced SLE
via arbitrating macrophage functional maturation [9]. These
genes are also linked to RA. In particular, circulating IFI16
has been found to correlate with clinical and serological
features in RA [1]. In their report, Alunno et al. showed
that high levels of circulating IFI16 in RA are more frequent
in RF/anti-CCP-positive RA patients and significantly
associated with pulmonary involvement. Most recently, a
study using the IL-1RA-deficient mouse model found that
decreased expression levels of Ifi genes were associated with
increased resistance to SAD [10]. In addition, previously,
interferon-inducible protein-10 (IP-10) was found to be
linked to RA, although it is not located in the human HIN-
200 cluster [11, 12]. These findings suggest that it is possible
that Ifi200 family genes may play an important role in the
development of arthritis.

Both SLE and RA have increased prevalence in women
compared to men. Whether the function of Ifi200 genes
shows gender (or sex) difference is not completely under-
stood. A few studies have been performed using animal
models. Panchanathan et al. reported that cell type- and
gender-dependent factors differentially regulate the expres-
sion of the AIM2 and p202 proteins—thus, suggesting
opposing roles for these two proteins in innate immune
responses in SLE [13]. Yang et al. reported the sex-
dependent differential activation of NLRP3 and AIM2
inflammasomes in SLE macrophages [14]. Regulation of
Ifi202 has also been linked to sex hormones [15]. Their stud-
ies suggest that there is potentially sex difference in the func-
tion of Ifi200 genes. Therefore, understanding whether there
is a sex difference and how their expression and function
show sex difference would represent a significant advance
in the elucidation of molecular mechanism(s) of Ifi200 genes
in autoimmune diseases.

Its orthologue cluster in mouse is Ifi200 on mouse chro-
mosome 1. In mice, the Ifi200 family genes Ifi202b, Ifi203,
Ifi204, Ifi205, andMnda are known to reside on chromosome
1. This family gene cluster is between 173,747,293 (Ifi204) bp
and 174,031,810 (Ifi205) bp. The Ifi200 family genes are
next to each other and are called the interferon-inducible
(Ifi) gene 200 cluster. How these genes interact and exert
influence on each other is not clear. Thus, elucidation of

interaction mechanisms among genes in the Ifi200 cluster
might enhance our understanding of relationships between
these genes and autoimmune diseases, in particular the RA.
However, due to the requirements for appropriate sample
collections (e.g., both sexes at the same age, unified genomic
background, and controlled environment), such a study
using human populations has been difficult.

Animal models have been widely used to study topics
that could not be easily studied using human populations.
In particular, rodent models such as those in mice have
contributed tremendously to our understanding of human
genetics and genomics. We will examine the sex similarity
and difference using data of whole genome gene expression
profiles from a well-known mouse population of recombi-
nant inbred (RI) strains derived from C57BL/6J and
DBA/2J (BXD), which is the largest RI mouse population
and with remarkable data on whole genome expression
profiles and phenotypes [16–18]. The first set of 36 BXD
RI strains was originally established in 1930s at The Jack-
son Laboratory [19]. Over the last more than a half century,
the BXD RI strains have expanded into a population with
almost of a hundred RI strains. Among rodent animal
models, this is the largest animal RI strains in history
[20]. Unlike F2 population, one RI strain needs intercross-
ing within the strain more than 20 generations before it
established its homozygous status and survival of inbred
selection. In the last decade, BXD RI strains have been used
widely as the only reliable RI strain population. As of May,
2018, PubMed posted more than 500 publications that their
research is based on the BXD strains. The analysis tools for
these RI strains are provided by GeneNetwork [21]. These
tools have been tested, applied, and approved for the last
decade [22].

2. Materials and Methods

2.1. Mouse Gene Expression Data Sets. For study of the sex
difference and similarity of gene expression profiles, we used
the whole gene expression profiles of spleen from female and
male mice in a population of recombinant inbred (RI) strains
from BXD (derived from C57BL/6J and DBA/2J) [18].

The data sets, UTHSC Affy MoGene 1.0 ST Spleen
(Dec10), were from GeneNetwork (http://www.genenetwork.
org/webqtl/main.py). There were separate sets of whole
genome expression profiles from the spleen of female and
male mice. In both male and female mouse sets, the whole
genome gene expression profiles were all from a total of 85
strains, including 64 BXD strains, parental strain C57BL/6J,
two reciprocal F1 hybrids (B6D2F1 and D2B6F1), and 18
other common inbred strains. The spleen was profiled using
the Affymetrix GeneChip Mouse Gene 1.0 ST array. In most
cases, two arrays were processed per strain—one for males
and one for females [23].

2.2. EQTL Mapping.We followed the standard protocol pro-
vided by GeneNetwork in conducting the eQTL mapping of
female and male eQTL from spleen. eQTL maps were gener-
ated by using the command “Interval” of “Mapping Tools” at
GeneNetwork. Permutation tests of 3000 was used to map
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the eQTLs to confirm accuracy of eQTL mapping. A simple
regression method was used by GeneNetwork for mapping
the expression QTL of genes with flanking markers [24].
The expression values from different strains were considered
as phenotypes. Molecular markers along the chromosomes
were used as genotypes or indicators of locations on chromo-
somes. The expression values were then compared for the
probability of a specific genotype at a test location between
two flanking markers. Significance of eQTL at a location
was evaluated with statistical probabilities to eventually gen-
erate eQTL.

2.3. Gene Network Construction. Gene networks were con-
structed for genes in the Ifi200 pathway and for sex
hormones. The graphic application tools in GeneNetwork
were used for the gene network construction. Spring Model
layout (force reduction) was selected as the graphic method
for all graphic subjects. The criteria for the strong correla-
tion, correlation, and no correlation were the absolute value
of R equal to or >0.7 ( red color for positive and
blue color for negative correlation), between 0.36 and 0.69
( pink color for positive and green color for negative
correlation), and between 0 and 0.35, respectively ( light
pink color for positive and black color for negative
correlation) [25]. In case of multiple probes, all of the
probes were initially employed in the construction of gene
network. The probe with the highest expression level was
chosen from highly positive related probes of the same gene
for the final construction of the gene network. For con-
struction of graphic gene network, unless specified, we
default to show the Pearson correlation coefficients> 0.35
or ≤0.35 between genes. The graph’s canvas is 40.0 cm by
40.0 cm. The node labels and edge labels are drawn with a
16.0-point font.

2.4. Gene Categories Analyzed for Association with Genes in
the Ifi200 Family. Genes collected from four categories were
used in the analysis for correlations of their expression levels
to the expression levels of the Ifi200 family. We first included
genes that are potentially connected to Ifi200 genes and well
known for their importance in the immune system. These
genes included FoxP3, Tgfb, type I IFN, and translocated pro-
moter region (Tpr) protein. Type I IFNs belong to the class II
family of α-helical cytokines, which includes type II IFN-γ,
IL-17, the newly identified IFN-λs, IL-10, and several IL-10
homologs (IL-19, IL-20, IL-22, IL-24, and IL-26) [26–29].
We also included potential upstream genes such as Csf1r
[30], Gata4, Nkx2.5, and Tbx5 [31].

We next assessed genes with different expression levels in
patients with SLE or RA and animal models of SLE, RA, and
OA. These genes include Ets-1 and FoxP3 [32]; ITGAM and
FcγRIIIA [33]; PD-1.3A, C4AQ0, and MBL [34]; AlFadhli
(IRF9, ABCA1, APOBEC3, CEACAM3, OSCAR, TNFA1P6,
MMP9, and SLC4A1) [35]; FCGR3A and FCGR3B [36];
Tlr7 [37]; TBX21 and IFNG [38]; CD95 and CCR7 [39];
Fkbp11 [40]; JHDM1D and HDAC1-3 [41]; IL-28RA [42];
and pSTAT1 and ETS1 [43]. For genes associated with arthri-
tis, we used genes expressed in RA or OA [44–46]. These
genes are involved in immune response (CD97, FYB, CXCL1,

IKBKE, and CCR1), inflammatory response (CD97, CXCL1,
C3AR1, CCR1, and LYZ), homeostasis (C3AR1, CCR1,
PLN, CCL19, and PPT1), and other processes (JAK/STAT,
SOCS, c-IAP1, c-IAP2, XIAP, PI3K/Akt/mTOR, SAPK/
MAPK, and IL-20-induced TNF-α, IL-1β, MMP-1, and
MMP-13) [44, 46].

Probes for sex hormones were searched in GeneNetwork
from the whole genome expression profiles of the spleen of
female and male mice by using the key words “estradiol,”
“progesterone,” and “testosterone.” The expression levels of
these genes were correlated with expression levels of genes
in the Ifi200 family.

2.5. Data Organization and Comparison. The following
symbols are used in the data analysis and organization: R
is the correlation between each gene in the Ifi200 family
and each gene from gene sets of different categories. R
values were obtained from matrix analysis and graphic anal-
ysis at GeneNetwork [16, 47]; R is the correlation between
different R values of different comparisons; P is the result
of t-test; and Raa is the average of the absolute R value,
which is calculated by Raa =∑Ri/n, where Ri is the absolute
R value between a gene in a gene group and n is the total
number of R values.

When analyzing the correlations between Ifi family genes
and each set of other selected genes, the collective R values
between each Ifi200 gene to the genes in each category are
treated as a set. The four sets of R values, for example, Ifi202b,
Ifi203, Ifi204, and Ifi205 in each category (known relevant
immune and Ifi200 pathways, lupus, arthritis, and sex hor-
mones) in female are compared to the set in male. The
P values from t-tests and R values from correlation tests
are used as criteria to judge their similarities and differences.
The relevance of expression levels between a gene group and
Ifi200 genes was evaluated by the average of absolute R values
between genes in a group and Ifi200 genes. Raa is used to
compare the strength of association of the Ifi200 family genes
to genes in each category.

2.6. Statistical Analysis. Student’s t-test was used for the
comparison of samples. The criteria for statistical signifi-
cance follow the standard values. Thus, P ≤ 0 01 and P ≤
0 05 represent strong significant difference and difference,
respectively. In the construction of network graphs, the R
absolute value> 0.50 was considered as the indication of the
threshold for the real connection line between two genes
or probes.

3. Results

3.1. The Expression Levels in Female and Male Mice of Genes
of the Ifi200 Family. The expression levels of genes of the
Ifi200 family (Ifi202b, Ifi203, Ifi204, Ifi205, and Mnda) were
examined. One probe for each of the Ifi202b, Ifi203, Ifi204,
and Ifi205 genes was identified from female and male popu-
lations except Mnda. The probe for beta-actin was used as
the control. The R value of beta-actin between female and
male mice was 0.166341. The R values for Ifi202b, Ifi203,
Ifi204, and Ifi205 were 0.9502, 0.6332, 0.6712, and 0.3960,
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respectively. The t-test resulted in a P value of 0.931. The P
values between female and male for Ifi202b, Ifi203, Ifi204,
and Ifi205 were 0.857239, 0.003656, 0.155603, and
0.340488, respectively. Further examination of the expres-
sion levels of Ifi203 revealed that while the expression level
of Ifi203 between female and male mice in most strains was
similar, a few strains showed considerable difference such
as strains BXD27 and BXD58 (Figure 1(a)).

eQTL mapping suggests that Ifi202b, Ifi203, and Ifi204 in
both sexes were all mapped on chromosome 1 (Figure 1(b)).
However, the eQTL of Ifi205 in female mice was mapped
on chromosome 2, while in male mice, it was mapped
on chromosome 15 (Figure 1(b)). This initial analysis sug-
gests that there was potential sex difference among genes
in the Ifi200 family.

3.2. The Association between Ifi200 Genes and Genes of Other
Important Immune-Related Genes. The following 18 genes
were identified from the whole genome expression profiles
of spleen in GeneNetwork of female and male mice: Csf1r,
FoxP3, Gata4, Ifnb1, Ifng, IL-10, IL-17a, IL-19, IL-20, IL-22,
IL-22, IL-24, Nkx2-5, Tbx5, Tgfb1, Tgfb2, Tgfb3, and Tpr.
Probes for Ifi200 family genes were identified from the data-
base using key words “interferon inducible.” The degree of
correlation of each of the 18 genes with the Ifi200 family
was analyzed. In male mice, the Ifi200 family showed correla-
tion among themselves; however, there was no correlation of
the Ifi genes with any of these genes (Figure 2(a)). The Raa
values for Ifi202b, Ifi203, Ifi204, and Ifi205 to these 18 genes
were 0.1189, 0.1799, 0.1306, and 0.144, respectively. In
female mice, while Ifi200 genes correlated with each other
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Figure 1: Information of expression levels of Ifi200 genes in female and male mice among mouse strains. (a) Expression level of Ifi202b
between female and male in different mouse strains. The numbers on the vertical bar indicate the relative scale of the gene expression
level. On horizontal bar are the names of mouse strains. Strains with most sex difference are indicated by black bars. (b) Locations of
eQTL that regulate the expression levels of genes of Ifi200. The figure contains four groups of pictures based on four Ifi200 genes
(Ifi2002b, Ifi203, Ifi204, and Ifi205). On the left of each group of pictures is the LRS (likelihood ratio statistic), which measures the
association of linkage between the expression levels of Ifi200 family genes and particular genotype markers on mouse chromosomes. Gene
names and sex are listed at the bottom and top of each picture, respectively. The number of each column of mapping picture is the
number of chromosome where the eQTL is located. The two bars, the pink and grey ones, are the threshold levels for significant and
suggestive levels of an eQTL.
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(Figure 2(b)), the Raa values for Ifi202b, Ifi203, Ifi204, and
Ifi205 to these 18 genes were 0.0825, 0.2107, 0.1510, and
0.1903, respectively. These values were slightly higher than
those in male mice. Sex differences were compared using
R values of each gene of the Ifi200 family to the whole set
of the 18 genes in this category. The P values for Ifi202b,
Ifi203, Ifi204, and Ifi205 to these 18 genes between female
and male mice were 0.0004, 0.7425, 0.6775, and 0.1966,
respectively. The R values between Ifi202b and these 18 genes
between female and male mice were examined (Figure 2(c)).
The result indicated that the correlation between the expres-
sion level of Ifi202b and most of the 18 genes (in particular,
Csf1r, Ifnb1, IL-20, IL-22, IL-24, and Tgfb2) is stronger in male
mice than those in female mice. In addition, both Ifi204
and Ifi205 were negatively correlated to Gata4 (Figure 2(b)).

3.3. Sex Difference in Correlation with Ifi200 Genes and the
Lupus-Relevant Gene, Jhdm1d. Nineteen probes for 16
lupus-relevant genes (Abca1, Apobec3, Ccr7, Ceacam3, Ets1,
Foxp3, Hdac1, Ifng, Irf9, Itgam, Jhdm1d, Mmp9, Oscar,
Slc4a1, Tbx21, and Tlr7) were identified from the database
of male murine spleen. Similar to that of Ifi200-relevant
genes above, the correlation between the expression levels
of these 17 genes and Ifi200 genes was analyzed. Overall,
the correlation in expression patterns between female and
male mice was similar (Figures 3(a) and 3(b)). The R values
between these 16 genes and the Ifi200 gene family were
0.4921, 0.8198, 0.8788, and 0.8572, for Ifi202b, Ifi203, Ifi204,
and Ifi205, respectively. In male spleen, the correlations
among these 17 genes with Ifi200 genes are stronger than
those for the above 18 Ifi200-relevant immune important
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Figure 2: Gene network and sex difference of Ifi family genes with important immune-related genes in the spleen. (a) Gene network of Ifi
family genes in male mice. The 21 nodes in the graph below show the selected traits. All nodes are displayed. The 25 edges between the
nodes, filtered from the 210 total edges and drawn as curves, and the node labels are drawn with an 18.0-point font, and the edge labels
are drawn with a 15.0-point font. (b) Gene network of Ifi family genes in female mice. The 23 nodes in the graph below show the
selected traits. The 36 edges between the nodes, filtered from the 253 total edges and drawn as curves, and the node labels are drawn
with a 16.0-point font, and the edge labels are drawn with a 16.0-point font. (c) Sex difference for correlation of expression levels
between Ifi202b and important immune-related genes in the spleen. The numbers on the vertical bar indicate the scale of R values
between the expression level of Ifi202b and each gene listed at the bottom of the figure. Female and male mice are indicated with red
(female) and blue (male) color. Black bars indicate genes that showed the most sex difference when its expression level is correlated with
that of Ifi202b.
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Figure 3: Gene network and sex difference between Ifi200 family genes and reported lupus-relevant genes. (a) Gene network between Ifi200
family genes and reported lupus-relevant genes in male mice. The 58 edges between the nodes, filtered from the 276 total edges and drawn as
curves. (b) Gene network between Ifi200 family genes and reported lupus-relevant genes in female mice. The 37 edges between the nodes,
filtered from the 276 total edges and drawn as curves. In (c) and (d), the numbers on the vertical bar indicate the scale of R values
between the expression level of Ifi202b and each gene listed at the bottom of the figure. Female and male mice are indicated with red
(female) and blue (male) color. (c) Sex difference of correlation on expression levels between Ifi203 and lupus-relevant genes in spleen.
Black bars indicate that Jhdm1d showed most sex difference when its expression level is correlated with that of Ifi203. (d) Sex difference of
correlation of expression levels between Ifi205 and lupus-relevant genes in spleen. Black bars indicate that Jhdm1d showed the most sex
difference when its expression level is correlated with that of Ifi205. (e) The expression levels of Ifi200 family genes, some important
immune-related genes, and Jhdm1d in female and male mice of strain NZB/BlNJ. The numbers on the vertical bar indicate the scale of the
relative expression level of each gene. Gene names are listed at the bottom of the figure. Female and male mice are indicated with red
(female) and blue (male) color.
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genes. The average absolute R values for Ifi202b, Ifi203,
Ifi204, and Ifi205 of these genes in male mice were 0.0725,
0.2621, 0.1752, and 0.1871, respectively. In female mice, the
average R values were 0.103, 0.2058, 0.1474, and 0.1914,
respectively. Interestingly, the expression levels of Ifi203,
Ifi204, and Ifi205 were all positively linked to that of Tlr7
(Figures 3(a) and 3(b)) in both sexes. P values from t-test
between female and male mice for the correlations between
Ifi200 genes and lupus-relevant genes were 0.4783, 0.0303,
0.4147, and 0.002 for Ifi202b, Ifi203, Ifi204, and Ifi205,
respectively. Therefore, more detailed information between
Ifi203 and lupus-relevant genes and between Ifi205 and genes
in lupus pathway were obtained. As indicated in Figure 3(c),
the correlation of Ifi203 with Jhdm1d for female and male
mice is different. Jhdm1d had two probes. The net sex differ-
ences of these two probes were 0.5 and 0.34. The net sex dif-
ferences between Ifi205 and two probes of Jhdm1d were 0.34
and 0.35. These data suggest that among genes in the lupus
pathways, Jhdm1d may regulate the sex difference. Further-
more, we examined the expression levels of Ifi200 genes
and genes of other important immune-related genes (shown
in Figure 2) plus Jhdm1d in female and male mice of NZB/
BlNJ which has been used for breeding of NZB/W [48].
The data shows that in the Ifi200 family, the expression levels
of all four genes in female mice are higher than those in male
mice. However, the expression levels of most of the immune-
related genes and Jhdm1d in female mice are lower than
those in male mice (except Csf1r and Trhr) (Figure 3(e)).

3.4. The Association between Ifi200 Genes and Genes of OA
and RA. Twenty-one genes with relevance to OA and RA
were identified from the whole genome expression profiles
of spleen from female and male mice. These genes are Akt1,
C3ar1, Ccl19, Ccr1, Cd97, Cxcl1, Fyb, Ifi202b, Ifi203, Ifi204,

Ifi205, Ikbke, Lyz1, Map3k13, Mapk10, Mapk10, Mapk13,
Pln, Ppt1, Socs1, and Xiap. In both female and male mice,
the expression level of Ifi205 showed a positive correlation
with Ppt1 (Figures 4(a) and 4(b)). The expression level of
Ifi203 showed positive correlation with Cd97 and Xiap
(Figures 4(a) and 4(b)), which confirmed a previous report
[45, 46]. The probe for Pln was the only one that did not
show any correlation in either male or female mice.

The average absolute Raa values for Ifi202b, Ifi203, Ifi204,
and Ifi205 for these genes in male mice were 0.1012, 0.2684,
0.1731, and 0.2482, respectively. In female mice, the average
Raa values were 0.0847, 0.2061, 0.1418, and 0.2276. The P
values between female and male mice for the R values
between this set of OA- and RA-related genes and Ifi202b,
Ifi203, Ifi204, and Ifi205 were 0.1769, 0.2616, 0.0676, and
0.5872, respectively. The R values for these four groups
between female and male mice were 0.5392, 0.7019, 0.4282,
and 0.8063, respectively.

3.5. Ifi202b Showed Sex Difference in Correlation with
Several Genes of Hormones. Probes for 55 sex hormone-
related genes were identified by using key words “estradiol,”
“progesterone,” and “testosterone” hormones. These genes
were: Amh, Amhr2, Crh, Crhbp, Crhr1, Crhr2, Emr1,
Emr4, Fshb, Fshr, Gh, Ghitm, Ghr, Ghrh, Ghrhr, Ghsr,
Gnrh1, Gnrhr, Gpha2, Gphb5, Lhb, Lhcgr, Lipe, Lipe,
LOC676160, Mchr1, Pgr, Pgrmc1, Pgrmc2, Pibf1, Pmch,
Pomc, Prlh, Prlhr, Pth, Pth1r, Pth2, Pth2r, Pthlh, Shbg, Thra,
Thrap3, Thrb, Thrsp, Trh, Trhr, Trhr2, Trip10, Trip11,
Trip12, Trip13, Trip4, Trip6, Tshb, and Tshr. Their correla-
tions with Ifi200 family genes were analyzed (Figures 5(a)
and 5(b)).

The average absolute Raa values for Ifi202b, Ifi203, Ifi204,
and Ifi205 with these genes in male mice were 0.0962, 0.1863,
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Figure 4: Gene network between genes of the Ifi200 cluster and OA- and RA-relevant genes in mouse spleen. (a) Gene network between genes
of the Ifi200 cluster and OA- and RA-relevant genes in mouse spleen in male mice. The 22 nodes in the graph below show the selected traits.
All nodes are displayed. The 41 edges between the nodes, filtered from the 231 total edges and drawn as curves. (b) Gene network between
genes of the Ifi200 cluster and OA- and RA-relevant genes in mouse spleen of male mice. The 21 nodes in the graph below show the
selected traits. The 52 edges between the nodes, filtered from the 210 total edges and drawn as curves.
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Figure 5: Continued.
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0.1617, and 0.1761, respectively. In female mice, the average
Raa values were 0.0567, 0.0820, 0.0945, and 0.12096. The P
values between the sex hormone genes and Ifi202b, Ifi203,
Ifi204, and Ifi205 were 0.0243, 0.1329, 0.8053, and 0.4726,
respectively. The R values for these four groups between
female and male mice were, 0.0657, 0.6503, 0.6864, and
0.8131, respectively. The P value between gene sets of female
and male mice was <0.05 and the R value was near 0.05.
Associations between Ifi202b and sex hormone-related genes
in female and male mice were further examined (Figure 5(c)).
Correlations of several genes with Ifi202b showed gender
dependence. The correlation between Ifi202b and Crh in
male mice was 0.116 while in female mice, it was −0.165, with
a net difference of 0.281. The correlation between Ifi202b and
Ghitm in male mice was 0.002 while in female mice, it was
0.333, with a net difference of 0.331. The correlation between
Ifi202b and Thrsp in male mice was 0.233 while in female
mice it, was −0.121, with a net difference of 0.354. The corre-
lation between Ifi202b and Trhr in male was 0.233 while in
female, it was −0.121, with a net difference of 0.354. The cor-
relation between Ifi202b and Tshr in male mice was 0.212
while in female mice it, was −0.145, with a net difference of
0.357. Thus, among the Ifi200 family genes, Ifi202b plays a
significant role in gender difference, in terms of interaction
with sex hormone genes.

4. Discussion

Our data have revealed that the correlation expression levels
of Ifi200 genes with some immune-relevant genes have gen-
der differences and suggest that different genes in the Ifi200
family play different roles in male and female mice among
different pathways of immune-mediated diseases. First,
Ifi2002b showed the most sex difference in correlation with
the 18 selected immune-relevant genes among all four

Ifi200 family genes. Second, Ifi202b showed gender difference
in correlation with sex hormone genes [7]. Third, Ifi203 and
Ifi205 showed significant gender difference in correlation
with the genes in the lupus pathway. Fourth, none of the
genes showed significant sex difference in correlation with
genes selected for relevance to OA and RA. Our study also
discovered key genes that potentially interact with Ifi200
genes that are involved in regulating gender differences in
pathological pathways of inflammatory and/or immune-
mediated diseases.

Our initial analysis suggested that there was a potential
gender difference in the expression level and regulation of
Ifi200 family genes. Our analysis obtained a P value of the
Ifi203 expression level of 0.0037 between female and male
mice. Second, the QTL of Ifi205 in female and male mice
was mapped to different chromosomes. These differences
provide a foundation for their potential sex differences in
regulation of different immune pathways or diseases.

Our analyses suggest that there is sex difference between
genes of the Ifi200 family in their coexpression with some
known coexpressed immune-related genes [28–32]. In par-
ticular, the coexpression of Ifi202b and these immune-
related genes between female and male mice was significantly
different with a P value of 0.0004. The correlation of expres-
sion levels between Ifi202b and six well-known, immune-
related genes (Csf1r, Ifnb1, IL-20, IL-22, IL-24, and Tgfb2) is
stronger in male mice than that in female mice. These genes
are key components in the interleukin and Tgf pathways,
which are essential for pathological processes in immune
responses. In addition, both Ifi204 and Ifi205 were negatively
correlated with Gata4. It has been reported that p204 (the
protein product of Ifi204) is required for differentiation of
P19 murine embryonal carcinoma cells to beating cardiac
myocytes: its expression is activated by cardiac Gata4 and
two other proteins, Nkx2.5 and Tbx5 [32].
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Figure 5: Gene network and sex difference between Ifi200 family genes and sex hormone-related genes. (a) Gene network between Ifi200
family genes and sex hormone-related genes in male mouse spleen. The 59 nodes in the graph below show the selected traits. The 312
edges between the nodes, filtered from the 1711 total edges and drawn as lines, show. (b) Gene network between the Ifi200 family genes
and sex hormone-related genes in female mouse spleen. The 59 nodes in the graph below show the selected traits. (c) Sex difference in
correlation with expression levels between Ifi202b and sex hormone-related genes in spleen. The numbers on the vertical bar indicate the
scale of R values between the expression level of Ifi202b and each gene listed at the bottom of the figure. Female and male mice are
indicated with red (female) and blue (male) colors. Black bars indicate genes that show the most sex difference when its expression level is
correlated with that of Ifi202b.
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These data suggest that, in the spleen, the expression
levels of Nkx2.5 and Tbx5 may be influenced by Ifi204 and
Ifi205 through Gata4.

Our data indicated that the gender difference in lupus
disease might be caused by the molecular pathway that is reg-
ulated through interaction between Ifi200 genes and genes in
the lupus pathway. Among four genes, two of them, Ifi203
and Ifi205, showed sex difference when correlated with the
expression levels of genes in the lupus pathway. The correla-
tion of both Ifi203 and Ifi205 to Jhdm1d between female and
male mice is different. Jhdm1d had two probes. Both probes
showed sex difference in the correlation of expression levels
between two Ifi200 genes and genes in the lupus pathway.
Sex hormones have been known to moderate the susceptibil-
ity to lupus [7]. Our data strongly suggest that among genes
in lupus pathways, Jhdm1d may regulate the sex difference
through interaction with Ifi200 genes. Surprisingly, we did
not find significant sex difference between the correlation of
expression levels of Ifi200 genes and known OA- or RA-
relevant genes. However, these data need to be confirmed
in the future studies.

Our data also established a connection of gender differ-
ences with sex hormone genes. Sex hormone genes are
regarded as key genes in the gender differences in diseases.
Ifi202b plays a significant role in gender difference through
interaction with sex hormones. The P values between the
sex hormone genes and Ifi202b were 0.0243. Correlations of
several genes to Ifi202b showed sex difference. These genes
were Crh, Ghitm, Thrsp, Trhr, and Tshr. However, our com-
parisons did not show a significant gender difference between
the rest of three genes in the Ifi200 family and the sex hor-
mone genes.

5. Conclusions

Four genes in the Ifi200 family play different roles in sex
difference among dissimilar pathways of these four gene
groups. Different genes play different roles in sex differ-
ence in different diseases. In order to understand the
molecular mechanism of sex difference in different immune
diseases, it is essential to study the roles of genes of the
Ifi200 family.
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Methylation variabilities of inflammatory cytokines play important roles in the development of systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA), and primary Sjögren’s syndrome (pSS). With heightened focus on personalized and precise
medicine, it is necessary to compare and contrast the difference and similarity of cytokine methylation status between the
3 most classic autoimmune diseases (AIDs). In this study, we integrated 5 Cytokine-Chips from genome-wide DNA
methylation datasets of the 3 kind of AIDs, delta-beta value was calculated for intergroup difference, and comprehensive
bioinformatics analyses of cytokine genes with aberrant methylations were performed. 125 shared differential methylation
variabilities (DMVs) were identified. There were 102 shared DMVs with similar methylation status; 3 hypomethylated
differential methylation regions (DMRs) across the AIDs were found, and all 3 DMRs were hypomethylated. DMRs
(AZU1, LTBR, and RTEL1) were likely to serve as activator in the inflammatory process. Particularly, AZU1 and LTBR
with hypomethylated TSS and first exon located in the promoter regions were able to trigger inflammation signaling cascades
and play critical roles in autoimmune tautology. Moreover, functional epigenetic module (FEM) algorithm showed that different
inflammatory networks are involved in different AIDs; 5 hotspots were identified as biologically plausible pathways in inducing
or perpetuating of inflammation which are epigenetically deregulated in AIDs. We concluded methylation variabilities among
the same cytokines can greatly impact the perpetuation of inflammatory process or signal pathway of AIDs. Differentiating the
cytokine methylation status will serve as valuable resource for researchers alike to gain better understanding of the epigenetic
mechanisms of the three AIDs. Even more importantly, better understanding of cytokine methylation variability existing
between the three classic AIDs will aid in identification of potential epigenetic biomarkers and therapeutic targets. This trial is
registered with ChiCTR-INR-16010290, a clinical trial for the treatment of rheumatoid arthritis with Warming yang and
Smoothening Meridians.

1. Introduction

Autoimmune diseases (AIDs) can result in the loss of
immune tolerance to self-antigens and involvement of
specific organ or multiple organs. AIDs affect ~8% of individ-
uals worldwide; annual incidence reported is still increasing

due to escalating environment pollution and improved
clinical diagnoses. The chronic nature of AID signifies a
heavy burden on economy and patients’ quality of life
[1, 2]. AIDs’ etiology is typically multifactorial. Aside from
genetics and environment factors, imbalance of inflamma-
tory mediator including cytokines and chemokines plays a
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critical role in the pathogenesis of AIDs. Cytokines can
form a complex cytokine regulatory network which affect
many important physiological functions of the human
body. Imbalance of the anti- or proinflammatory cytokines
can precipitate the development and perpetuation of
autoimmune processes and ultimately leads to progression
of AID.

DNA methylation of CpG dinucleotides is a well-studied
epigenetic mechanism; it interacts with other cellular regula-
tory components to regulate levels of gene expression instead
of by changing DNA sequence. Variability of gene expression
regulation may partly explain why a proportion of genetically
susceptible individuals do not manifest disease symptoms.
Epigenetic mechanism would be critical in understanding
the link between environmental factors, genetic influences,
development, and progression of diseases [3, 4]. Cytokine-
related genes have been demonstrated to be susceptible to
epigenetic regulation, such as essential genes for T-effector
pathways. Variability in DNA methylation levels contributes
to recruitment and expression balance of inflammatory
cytokines and to the development of AIDs. Identification
and quantification of methylation levels in AIDs would serve
as potential epigenetic biomarkers. Regulating methylation
level would also be a potential drug target for the develop-
ment of therapies.

AIDs share similar pathophysiology, subphenotypes,
and genetic factors but have their own unique clinical
manifestations in different patients [2]. In classic AIDs,
systemic lupus erythematosus (SLE), rheumatoid arthritis
(RA), and primary Sjögren’s syndrome (pSS), arthritis is
a common manifestation, but in RA patients, arthritis can
lead to bone erosion, which is not the case in most SLE and
pSS patients [5]. Several recent studies have assessed the
genome-wide DNA methylation profiling of SLE, RA, and
pSS; studies found that different clinical manifestations were
likely to be closely related to different methylation levels of
inflammatory cytokines. However, the specific differences
and relationships of the classic representatives of AIDs are
not fully studied.

In this study, we searched, merged, and selected a list
of cytokine-relevant genes which involved chemokines,
interferons, interleukins, lymphokines, transforming growth
factors, and tumor necrosis factors from Gene database and
employed a computational strategy by integrating multiple
Cytokine-Chip from genome-wide DNA methylation data-
sets of SLE, RA, and pSS. This study provides basis for future
research in exploring genetic association between SLE, RA,
pSS, and inflammation.

2. Materials and Methods

The workflow of this study was depicted in Figure 1.

2.1. Datasets. All methylated chip datasets used in this study
were retrieved from the Gene Expression Omnibus (GEO)
and the European Bioinformatics Institute (EBI). Then we
filtered the datasets via inclusion criteria as follows. (i) The
organism was human being and samples used to isolate
DNA belonged to peripheral blood; (ii) DNA methylation

status was detected by Illumina HumanMethylation450
BeadChip (450K Chip); (iii) raw data (.IDAT or .TXT
format) of enrolled dataset was available online.

2.2. Study Design and Subject Information. This study was
composed by three kinds of datasets of autoimmune diseases,
namely, dataset RA, dataset pSS, and dataset SLE. Each of
three all has two groups (case and control groups). Dataset
RA was sourced from GSE42861 [6] and consisted of 354
patients with RA, aged 51.15± 12.05, and 335 healthy indi-
viduals (age: 52.76± 11.45). This dataset was a Swedish
population-based case-control study, and the cases were
diagnosed by the American College of Rheumatology
(ACR) classification criteria for rheumatoid arthritis. Dataset
pSS was sourced from GSE75679 [7] and consisted of 48
patients with pSS (age: 56.54± 13.72) who fulfilled the
American-European Consensus Group (AECG) 2002 classi-
fication criteria for pSS [8]. The controls in this dataset were
50 healthy individuals (age: 55.04± 7.76) who were matched
with database of GSE42861 using random sample methods.
Dataset SLE was a collection of GSE59250 [9], GSE65097
[10], and GSE82218 [11]. And the diagnosis of SLE all was
performed according to ACR classification criteria for lupus
[12]. Details of subjects’ characteristics enrolled in this study
are shown in Additional File 1 Table S1. Finally, 684 patients
and 580 controls with autoimmune diseases were included in
our study and there is no statistical difference in gender and
age distributions in patients with autoimmune diseases and
controls, respectively (Figure S1 in Additional File 1).

2.3. Data Preprocessing. For each chip datasets, quality
control and data normalization were performed using the
minfi or ChAMP packages for R [13, 14]. And the following
quality criteria were performed: (i) failed probes’ ratio per
sample more than 10% or probes with <3% beads less than
5% of sample per probe must be discard; (ii) all probes
overlapped SNP loci from 1000 Genomes Project must be
removed [15]; (iii) all multihit probes and probes located in
Y chromosome were also discarded. After quality checking,
data was preprocessed using beta-mixture quantile dilation
normalization strategy [16].

2.4. Generation of Cytokine-Chips. In order to identify the
similarities and differences of three autoimmune diseases in
inflammation, we produced a Cytokine-Chip by annotation
methods. Firstly, we searched, merged, and selected a list of
cytokine genes which included chemokines, interferons,
interleukins, lymphokines, transforming growth factor, and
tumor necrosis factors from Gene database (https://www.
ncbi.nlm.nih.gov/gene/). There are 656 cytokine-relevant
genes in this gene list, and descriptions and characteristics
of these genes are shown in Additional File 2 and in
Additional File 1 Figure S2, respectively. Then we found
out all methylated probes in 450K Chip according to the gene
list above. So these found probes formed a new beadchip that
measured the DNA methylation of inflammation-relevant
genes. There were 9948 probes in it, and these probes covered
3393 GpG islands (34.11%), 684 shelves (6.88%), and 2254
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shores (22.66%), which are mainly located on chromosomes
1, 2, 6, and 19 (Additional File 1 Figure S2B and S2C).

2.5. Analysis of DMVs of Each Datasets. The previous analysis
has given 5 Cytokine-Chips for 5 chip datasets. Because data-
set RA and dataset pSS corresponded to one Cytokine-Chip,
but dataset SLE corresponded to three, we performed the
standard pipeline for RA and pSS, and SLE also conducted
meta-analysis based on the standard pipeline.

The standard pipeline to identify DMPs was accom-
plished using dmpFinder algorithm in minfi package
[13, 17]. We selected significant DMPs between cases
and controls after applying Benjamini-Hochberg method
(FDR< 0.05). But for dataset pSS, we used a stringent
method (the P value is corrected by Bonferroni method and
adj. P < 0 05, Δβ ≥ 0 01) due to its controls from stochastic

sampling. The meta-analysis was completed by Meta package
[18], and the P values of meta-analysis were corrected
through setting Benjamini-Hochberg-adjusted threshold of
0.05. DMRs, genomic regions with abnormal methylation
levels, were defined as clusters of probes having at least 2 con-
secutive probes within 1 kb distance in which methylations
were significantly enriched or depleted between two groups.
We identified DMRs (≥5 neighboring positions) and mapped
to human genome (hg19) using DMRcate method with R
package “ChAMP.” Meanwhile, we also performed stringent
threshold (adj. P < 0 05, Δβ ≥ 0 01) to reduce the potential
impact of extreme β value on methylation difference and to
identify potentially biologically important CpG sites.

2.6. Identifying Differences and Similarities of DNA
Methylation. The Δβ was used to assess differences and
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Figure 1: Workflow of methodology applied in this study. Step 1: the collection of methylated chip datasets of RA, pSS, and SLE and the
conduction of quality control and normalization. Step 2: the generation of Cytokine-Chips. Step 3: the investigation of cytokine-cytokine
interactome hotspots. Step 4: the integrative analysis for identifying differences and similarities on DNA methylation status across the 3
AIDs. Step 5: the GO and KEGG enrichment analysis of cytokine genes with aberrant methylation. QC, quality control; DMPs, differential
methylated positions; DMRs, differential methylation regions; 450K Chip: Illumina Infinium HumanMethylation450 BeadChip.
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similarities of DNA methylation among three disorders. The
Δβ was calculated by the following formula:

Δβ = βcase – βcontrol, 1

where βcase is the mean of beta value in the case group, and
βcontrol is the mean of beta value in the control group. The
methylation status was also defined by Δβ. When Δβ of a site
was negative, the site presented a status with hypomethyla-
tion, and we labeled it “HypoM”; when Δβ was positive, the
site shown a higher methylation level, and we labeled it
“HyperM”; when Δβ equaled to zero, it did not have a flag
due to the same methylation level between the cases and
controls. So we were able to identify the differences and
similarities of DNA methylation by the flags. The label of
one of the three diseases was identical, indicating that the
three diseases had similar methylation patterns, namely,
similarity, and other situations represented difference.

In this identification, null hypothesis was that there was
no significant difference in methylation status across the
three disorders. So we used ANOVAmodel to do the hypoth-
esis test, and the prior probability (P value) was corrected by
Benjamini-Hochberg method for the control of the false
discovery rate (FDR).

2.7. Analysis of Cytokine-Cytokine Interactome (CCI) and
Hotspots. To investigate whether different AIDs had different
CCI under DNA differential methylation status and identify
the autoimmune inflammatory hotspots, the FEM package
of R, of which the core algorithm was functional epigenetic
modules (FEM), was performed based on the differential
methylation status of key regions (e.g., TSS or 1st exon) and
PPI [19]. In our analysis, the default parameters were used:
the number of seeds was 100, the number of Monte Carlo
runs was 1000, and the minimum number of molecules was
10. Finally, we set the threshold for significance to be less
than 0.05.

2.8. Enrichment Analysis of Abnormal Methylated Gene Sets.
Differential methylated sites or regions, which were located
in the CpG islands and the neighbors, were annotated to
coding genes, and then they were submitted to Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis separately
using R package “clusterProfiler” [20].

2.9. Statistical Software. The statistical analysis was per-
formed by using R 3.4.1 (2017/06/30-Single Candle) and
Bioconductor 3.5 on windows system x64.

3. Results

3.1. Differential Methylation Variabilities of Inflammatory
Cytokines in SLE, RA, and pSS. The differential methylation
variabilities (DMVs) are DNA methylation sites or regions
with significant intragroup differences; DMVs includes
differential methylated positions (DMPs) and differential
methylation regions (DMRs). DMVs were the basic and
most studied in DNA methylation studies. We conducted
“dmpFinder” [13] and “DMRcate” [14] on the cytokine-

relevant HumanMethylation beadchip (the abbreviation
“Cytokine-Chip” will be used below) of the three AIDs
to found DMVs, respectively.

In the Cytokine-Chip of SLE, we found 1219 significant
DMPs that included 352 islands (28.88%), 323 shores
(26.50%), and 82 shelves (6.73%). Of these DMPs, 671
(55.05%) showed higher methylation status, 492 (44.95%)
were hypomethylated, and they corresponded to 492 genes
(additional pkg). Moreover, 75 DMRs were found including
82 genes which are mainly located on chromosomes 6, 12,
and 17, in which 33 DMRs were hypermethylated (44.0%)
and 42 DMRs were hypomethylated (56.0%).

There were 6707 DMPs in patients with RA, covering
3662 islands and island-surrounding regions (54.60%),
mapping to 689 genes and 2019 promoter-associated regions
(30.10%). Compared with healthy controls, 4211 (62.79%)
sites were significantly hypermethylated, and 495 (30.21%)
were significantly hypomethylated. We found 64 DMRs
including DMRs that were hypermethylated (48.4%) and
33 that were hypomethylated (51.6%).

In patients with pSS, 4716 DMPs were found in Cyto-
kine-Chip, covering 2946 islands and island-surrounding
regions (62.47%) and 1259 promoter-associated regions
(26.70%), mapping to 670 genes. 1489 (31.57%) hyper-
methylated sites and 3227 (68.43%) hypomethylated sites
were found in patients with pSS in comparison with health
controls. In addition, 172 DMRs were revealed in patients
with pSS including 217 genes with 24.4% (42/172) hyper-
methylated DMRs and 75.6% (130/175) hypomethylated
DMRs, and the top 3 most frequently located chromo-
somes of DMRs were chromosomes 6, 11, and 19. In all,
there are thousands of DMVs found in each of the three
diseases, and the specific information of these DMVs is
shown in Additional File 3 and the additional pkg. These
results also indicated that abnormal methylation of
inflammatory cytokine gene plays an important role in
SLE, RA, and pSS.

3.2. Differences of DMVs in CpG Islands of Inflammatory
Cytokines across SLE, RA, and pSS. Mammal CpG islands
are basic sequences that are rich in CG two-nucleotide
sequences and CpG dinucleotides, and the percentage of
CG must be greater than 50% in this sequence. Canonical
CpG islands have 300–3000 base pairs and have been
found in approximately 70% of promoters located near
the transcription start site (TSS) of a human gene such
as housekeeping gene, tissue-specific gene, and regulator
gene [21]. The methylation in CpG islands, as well as in
CpG island-surrounding regions which contain shores
and shelves, had strong correlation with the transcription
initiation and chromosome configuration [22] and affected
human health [23, 24]. Here, we defined the methylated
differences across SLE, RA, and pSS with two principles:
(i) there are statistical significances in the analyses of
DMVs; (ii) in all three disorders, at least one disorder has
a differential methylation status that is completely opposite
to the other two, namely, if there is a significant hypermethy-
lated site in SLE, then this site must be significantly decreased
in the other two diseases. The delta-beta value (Δβ) was
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applied to assess the methylated differences in CpG islands
across SLE, RA, and pSS, and the results were shown in
Additional File 4.

On the basis of DMV analysis, we predicted the promoter
region by using FANTOM project on the regions of CpG
islands and the neighbors (namely, shores and shelves). The
finding showed that the methylation status of DMPs in three
AIDs was significantly different: the methylation status of
promoter regions in the SLE was the lowest among the three
AIDs, and the methylation status of nonpromoters in pSS
was the lowest among the three AIDs (Figure 2(a)). It
indicated that the methylated differences of the inflammatory
cytokine genes did exist across SLE, RA, and pSS; thus, we
further compared the CpG islands and the neighbors com-
mon to all DMVs across the three diseases (Figures 2(b)
and 2(c)). Figures 2(b) and 2(c), respectively, depicted that
the three AIDs shared 43 DMPs in CpG islands and
72 DMPs in the CpG island-surrounding regions. There
were significant differences across SLE, RA, and pSS,
such as IL6R (P = 5 65E − 79), KLF10 (P = 2 69E − 75),
NR1H3 (P = 6 05E − 73), CMTM4 (P = 1 69E − 68), CD164
(P = 3 37E − 59), TNFRSF21 (P = 3 63E − 51), and STAT3

(P = 2 26E − 49). These 7 genes were all hypomethylated
in SLE but opposite in pSS (Additional File 4). Not
only that there are 10 methylated differences in the
shared DMRs, including hypermethylated CCR6, CMTM5,
IL10RA, IL21R, and IL32 in SLE and pSS but also hypo-
methylated in RA. These outcomes indicated that methyl-
ation differences may be one of the reasons leading to
different clinical manifestations and inflammatory damages
of AIDs.

3.3. Similarities of DMVs of Inflammatory Cytokines across
SLE, RA, and pSS. Abnormal methylations of cytokines gene
in several key regions, such as TSS, CpG islands, and the
neighbors, were likely to directly affect the transcription
and gene function and contributed to the downstream signal
network. We defined similarity and used it to describe
DMVs with similar methylation status in three AIDs to
find out the similarities of autoimmune inflammation
across SLE, RA, and pSS. Here, we found 99 similarities
of DMPs common to all three AIDs, and these DMPs
corresponded to 86 inflammatory cytokine genes, of which
the promoter of 32 genes had the same methylation status
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Figure 2: Identifying the differential methylation status of three AIDs in CpG islands and neighbor sites. (a) Distribution of methylation
status in promoters and nonpromoters across SLE, RA, and pSS, and the proportion of that was calculated using Pearson’s chi-squared
test; (b-c) Venn diagrams of DMPs in the sites of CpGs and the neighbors (shores and shelves) common to the three AIDs separately; (d)
heat map of 43 overlapping DMPs located in CpG islands; (e) heat map of 72 overlapping DMPs located in neighbors, and the detailed
results of the two heat maps were in Additional File 4. RA: rheumatoid arthritis; SLE: systemic lupus erythematosus; pSS: primary
Sjögren’s syndrome.
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(Figure S3). These cytokine genes may be involved in
important autoimmune processes in SLE, RA, and pSS,
for example, PIBF1 (3.48E−17) was involved in the formation
of immune tolerance, but its promoter was hypermethylated
in these three AIDs (Additional File 5).

Compared to DMPs, the DMRs had more important
biological significance due to the similar methylation status
in multiple consecutive CpG islands. In our study, we found

3 similarities of DMRs, which wereAZU1, LTBR, and RTEL1.
Importantly, the methylated segments of AZU1 and LTBR,
which are located in both TSS and the first exon zone, were
all significantly hypomethylated (Figures 3(a) and 3(b)) and
so did RTEL1 (Figure S4). These similarities indicated that
methylation loss of inflammatory cytokine genes might play
important roles in the development of chronic inflammation
or AIDs.
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Figure 3: DMR curves that had similar methylation status among AIDs within the first exon and TSS200. Methylation for individual cases
and controls is in orange and green, respectively. The solid lines in pink and gray separately stand for mean value of beta value of cases and
controls. x-axis on bottom is not the actual MAPINFO, but the feature and CGI information of each DMP is plotted with various colors. (a) A
DMR that starts at 827429 and 828170 to end located in AZU1 within chromosome 19. (b) Curves of DMRs for LTBR. RA: rheumatoid
arthritis; SLE: systemic lupus erythematosus; pSS: primary Sjögren’s syndrome; HC: healthy controls; 1stExon: the first exon zone; TSS:
the transcription start site; TSS1500: 1500 bp upstream of the TSS; TSS200: 200 bp upstream of the TSS.
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3.4. Cytokine-Cytokine Interactome (CCI) across SLE, RA,
and pSS. Autoimmune inflammation was an interactome of
various mediators. Coincidentally, the cytokine-cytokine
interactome (CCI) was an important part of it and a part of
protein-protein interaction (PPI) network used in FEM
algorithm [19]. We hypothesized that abnormal methylation
of cytokine genes was likely to involve in the imbalance or
change of CCI. Therefore, we can use the FEM algorithm to
investigate the differences of CCI in the three AIDs and
identify inflammatory hotspots based on the methylated
difference in diseases and PPI.

In CCI analysis of RA, we identified two networks: one
was 17 differential methylated genes centered around seed
gene VCAM1 (P = 0 016, Figure 4(a)), and the other one
was 17 differential methylated genes, same to the former
and contained VCAM1, centered around seed gene ELANE
(P = 0 021). So the same interactome network was consid-
ered as and it suggested that the methylation loss of VCAM1,

ELANE, and other 16 abnormal methylated genes was likely
to play an epigenetic regulatory role in RA. There were 64
and 71 genes methylated abnormally within TSS200 or first
exon centered around two seed genes (MYD88 and TRAF6)
in differential methylated interaction network of pSS,
respectively. More than 80% of interacting members in the
two diseases were also the same. And DNA methylation in
hotspots (e.g., MYD88, TRAF6, TICAM1, and MAVS) was
plotted in Figure 4(b). The detailed results were depicted in
Supplementary Table S2 in Additional File 1. The CCI
analysis of SLE also was performed in the meantime.
IL13 (P = 0 011), CCR5 (P = 0 016), and IFNG (P = 0 011)
were identified to act as hotspots, and most of interactive
members in those CCI networks were hypermethylated
(Figure 4(c)).

We summarize that the methylation loss of VCAM1
and ELANE and hypermethylation of MYD88 and TRAF6
were vital in inflammation and immunity for RA and pSS,
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Figure 4: The hotspots of RA, pSS, and SLE. The yellow dot indicates genes annotated to hypomethylation, and the blue signaled
hypermethylated genes to rich. (a) The hotspots centered around seed gene VCAM1 and ELANE from RA dataset. (b) The hotspots
MYD88 calculated from dataset pSS. (c) Three CCI networks of SLE: hotspot IL13, CCR5, and IFNG, respectively. DNAm, changes of
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7Journal of Immunology Research



respectively. But compared with cytokine-cytokine interac-
tome networks of RA and pSS, the network of SLE was more
diverse and likely to indicate heterogeneity of SLE.

3.5. Similar Gene and Enrichment Analyses. In order to better
understand how these abnormal cytokine genes affect biolog-
ical effects, we first classified the cytokine gene according to
the different methylation status and then conducted the Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis and,
finally, made a comparison on GO terms and KEGG path-
ways among SLE, RA, and pSS. After analyses, we found that
there were 267 cytokine genes with abnormal methylated
levels in their promoter regions in pSS compared to controls,
285 cytokine genes in RA, and 186 cytokine genes in SLE.
However, more than half of these genes were mapped to
CpG islands and the neighbors, and they had plenty of
overlaps across the three AIDs (Figure 5(a)). Furthermore,
we inputted these cytokine genes into R script clusterProfiler

[20] for GO and KEGG pathway enrichment analyses. The
significant biological processes (BP) and pathways were
listed in Additional File 6. For visualization, the signal path
enriched and the top 20 (ranked by adj. P value) terms were
shown with dot plot (Figures 5(b) and 5(c)). We found that
signal pathways “cytokine-cytokine receptor interaction,”
“NF-kappa B signaling pathway,” “FoxO signaling pathway,”
and “chemokine signaling pathway” were shared by RA, pSS,
and SLE, and the top 10 GO terms in Figure 5(c) were
related to “cytokine-cytokine interaction” and “NF-kappa B
signaling pathway.” Interestingly, “glucocorticoid receptor
binding” and “hormone receptor binding”were also enriched
from hypomethylated cytokines in SLE, but they were
enriched from hypermethylated genes in RA. Additionally,
“glycosaminoglycan binding” was unique to hypomethylated
genes of RA. The details of the pathway description had been
shown in File 2 Table S3. The enrichment analyses suggested
that the most inflammatory cytokine genes involved in AIDs
were identical, but these same genes were likely to conduct a
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differential inflammatory process or signal pathway, and
briefly, these abnormal methylated genes were essential for
SLE, RA, or pSS to conduct inflammation or deteriorate
disease and were good for targeted therapies.

4. Discussion

As high-throughput technology continues to evolve and the
genome-wide DNA methylation profiling expands, we have
been ushered into a new era, where massive biological data
could be used for evidence-based research. In our study,
we integrated multiple Cytokine-Chip from genome-wide
DNA methylation datasets of SLE, RA, and pSS in order
to find out the differences and similarities among these
diseases. Taking the heterogeneity from different platform
and demographic differences such as ethnicity of diverse
datasets into account, the Illumina HumanMethylation450
BeadChip (450K Chip) and the Δβ of each probe between
cases and controls were chosen for analysis. Particularly,
the data from granulocytes, T, or B lymphocytes also
combined for total inflammatory effects of peripheral blood
leukocytes which consist of lymphocytes, monocytes, neutro-
phils, eosinophils, and so on.

Through a series of analyses depicted in Figure 1, we
identified 6707 DMPs and 64 DMRs in RA, 4716 DMPs
and 172 DMRs in pSS, and 1219 DMPs and 75 DMRs in
SLE. Moreover, the methylation status of promoter regions
in the SLE was the lowest among the three AIDs and the
methylation status of nonpromoters in pSS was the lowest
(Figure 2(a)). Importantly, the methylation statuses of 43
overlapping DMPs in CpG islands and 72 DMPs in the
CpG island-surrounding regions were significantly different
across the three AIDs and many vital proinflammatory
genes were included [25–28] such as IL6R, IFNGR1,
STAT3, PSMB9, PSMB8, TNFRSF12, TNFRSF1A, TNFSF12-
TNFSF13, CD164, and TRAF5 (Figures 2(d) and 2(e)). Not
only that there are 10 methylated differences in the shared
DMRs, such as CCR6, CMTM5, IL10RA, IL21R, and IL32,
were all hypermethylated in SLE and pSS but also hypo-
methylated in RA (Additional File 4). It indicated that
aberrant DNAmethylation did occur in various autoimmune
diseases [4, 29], and many of them were particular to each
disorder except for some shared ones, namely, methylation
differences of cytokines across various AIDs may be one of
reasons leading to different clinical manifestations and
inflammatory damages.

Meantime, we did find out several commonness of
autoimmune inflammation across SLE, RA, and pSS: the
three AIDs had 99 DMPs (Figure S3) and 3 DMRs with
similar methylation status (Additional File 5). Since these
DMVs are located in the CpG islands and the neighbors,
the cytokines of these DMVs were likely to represent similar
inflammatory signals or functions in all three AIDs. For
instance, PIBF1 (cg12930920), a progesterone immunomod-
ulatory binding factor whose promoter was hypermethylated
in all three AIDs, is probably involved in the formation of
immune tolerance andmaintenance of pregnancy. Therefore,
the three more important DMRs (AZU1, LTBR, and RTEL1)
attracted our attention. AZU1, LTBR, and RTEL1 were

characterized by DNA hypomethylation in TSS or first exon
regions among SLE, pSS, and RA. AZU1 encodes azurocidin,
proteinase 3, and neutrophil elastase in a cluster located at
the short arm of human chromosome 19 (19p13.3). All
3 proteins contribute to innate immune response by
destroying microorganism. Azurocidin was also involved
in monocyte recruitment in inflammatory. Lee et al. also
highlighted that azurocidin can upregulate the expression
of VCAM1, ICAM1, and selectin to enhance adhesion of
inflammatory cells [30]. In addition, it is well known that
the autoantibodies against proteinase 3 (PR3) acted as an
obligate feature in developing systemic autoimmune
vasculitis such as Wegener’s granulomatosis [31]. Interest-
ingly, compared to subjects without steroid use, a methyl-
ation loss of AZU1 was showed in the ones with steroid
usage [32].

Lymphotoxin beta receptor (LTβR), a member of the
tumor necrosis factor receptor superfamily, was reported to
be associated with chronic inflammation diseases such as
viral encephalitis [33], hepatitis B [34], IgA nephropathy
[35], lymphoblastic leukemia [36], and type 1 diabetes [37]
and plays a critical role in immune response and initiation
of inflammation. Moreover, LTβR signaling is likely to
involve in the activation of NFκB [38], the regulation of type
I interferon axis in dendritic cells and CD8+ T cell [39], and
the induction of TLR cross-tolerance [40]. Fava et al.
proposed that the ligation of LTβR could reduce the loss of
salivary secretion rates and improved ocular surface integrity
score in NOD mouse model of Sjögren’s syndrome [41].
Recently, disturbance of lymphotoxin/LIGHT signaling
axis in Sjögren’s syndrome also be announced [42]. There-
fore, LTBR hypomethylation not only plays a pivotal role
in the ignition of autoimmunity but also is a potential
therapeutic target.

In addition, RTEL1, encoding for the regulator of
telomere elongation helicase 1, is involved into telomere-
length regulation, DNA repair, and genomic stabilization.
More studies brought up that the mutation of RTEL1 had
been linked to dyskeratosis congenital [43], Hoyeraal-
Hreidarsson syndrome [44], pulmonary fibrosis [45], myelo-
dysplastic syndrome [46], and lung cancer [47] and even
rheumatoid arthritis-associated interstitial lung disease [48].
Although mechanism of how the mutation of RTEL1 partic-
ipated in fibrosis and dysfunction of immune system is
unclear, the untested hypomethylation in this gene should
be given enough attention.

As we have illustrated, 3 hypomethylated genes involved
in RA, pSS, and SLE could serve as initiators in the
autoimmunity and inflammatory process. However, the
autoimmunity and inflammation require a lot of inflam-
matory mediators such as interleukin, lymphokine, or
chemokine to form a network in which mediator orchestrates
proinflammatory cascades [49]; hence, we performed CCI
analysis [19] based mainly on changes of DNA methylation
in TSS200, first exon or TSS1500, protein-protein network
[19, 50], and the interesting phenotype to identify this
inflammatory network due to differential methylation of
cytokine gene (also named as “hotspots”). Five hotspots were
identified as biologically plausible pathways in inducing or
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perpetuating of inflammation which are epigenetically
deregulated in AIDs.

In these hotspots, not only the landscape of Toll-like
receptor- (TLR-) induced pathways, interferon (IFN)
signature, and chemokine/adhesion molecule signaling were
presented but also the imbalance of activated T cell and
regulatory T cell was revealed. Myeloid differentiation factor
88 (MyD88) is the key members of TLR pathway, and it
transfers the antigen signature to trigger a series of signaling
cascades that culminate in transcription of numerous down-
stream genes such as inflammatory cytokines, chemokines,
interferons, lymphokine, and complement factors [51, 52].
The overactivation of TLR resulting in perpetuation of
inflammation in autoimmunity has been confirmed by
numerous studies. In addition, hydroxychloroquine has been
recommended to effectively treat pSS and SLE due to its sup-
pression to TLR7 to attenuate inflammation [53]. Thereby,
the methylation change of MyD88, TRAF6, and other
surrounding molecules may play a role in the pathogenesis
of pSS in parallel with other supporting proinflammatory
network (Figure 4(b)). The type I IFN system also activates
in many autoimmune disorders particularly SLE [52, 54],
and the epigenetic susceptibility of interferon-regulated
genes in SLE has been reported by several genome-wide
DNA methylation studies [9, 10, 55].

These inflammatory signaling pathways do not simply
stand alone or act independently; a robust evidence is that
TLR, retinoic acid-inducible gene I-like receptors (RLR),
nucleotide oligomerization domain-like receptors (NLR),
and INF act together to promote inflammation, but it is
clearly a relationship of checks and balances among them
[51, 53]. This relationship can also be observed between cells
and cells as exemplified by the imbalance of Th17/Treg in
SLE patients [52, 56, 57], and this imbalance is also indirectly
observed in our hotspots: the CCR5 encoding a membrane
molecule in Foxp3+ Treg was hypermethylated, but the
demethylated CCL2 was able to enhance a systemic immune
response in proinflammatory cells [58] (Figure 4(c)). It is
remarkable that AZU1 and VCAM1 (Figure 4) hypomethy-
lated in their genes presumably combine their partners
(e.g., chemokines and adhesion receptors) to trigger vasculi-
tis that can be observed in most of autoimmune conditions
including RA and SLE [30, 59, 60].

Our enrichment analysis had classified these aberrant
methylated genes as “cytokine-cytokine receptor interac-
tion,” “NF-kappa B signaling pathway,” “FoxO signaling
pathway,” and other signaling pathways, but only the
aberrant genes of RA and pSS appeared in the proteasome
signaling system (Figure 5(b)). More importantly, the cluster
of hypomethylated cytokines of pSS assembled in “antifolate
resistance” to promote inflammation, and it is consistent
with the clinical observation: most RA patients with arthritis
prescribed methotrexate is effective, but the pSS patients
has no effect. In our future studies, the results will be
further validated.

DNA methylation of some candidate genes has been
developed as epigenetic biomarkers for diagnoses in
cancer such as bladder cancer [61], breast cancer [62],
and cholangiocarcinoma [63]. Moreover, antineoplastic

agents 5-azacytidine, 5-deoxycytidine and zebularine were
DNA methyltransferase (DNMT) inhibitors. They can
block DNMT during DNA synthesis resulting in DNA
demethylation in promoter regions of the tumor suppres-
sor genes. Based on our results, the treatment of AIDs should
promote DNAmethylation of inflammatory cytokines rather
than promoting demethylation like antitumor therapies. In
particular, the degree of demethylation in promoter
regions in SLE was the most severe (Figure 2(e)) and
we could perhaps utilize the antisense oligonucleotide
inhibitors and S-adenosylmethionine to treat SLE by
recovering the hypomethylation of inflammatory cytokines
in future studies.

There are subclinical immunological processes before the
presence of AIDs. As elaborated by recent studies, if we
illustrated the course of AIDs as a river, the subclinical
immunological and undifferentiated status of AIDs acts as
the upstream of the river in AID development; as the disease
progresses, small streams can branch out (different clinical
symptoms) and meet formal classification criteria for SLE,
RA, and pSS, respectively [64]. In our study, we showed the
specific similarities (perhaps the upstream of the river) of
the three classic representatives of AIDs, and it indicated that
targeting the similarities perhaps could improve the treat-
ment or early diagnosis of AIDs.

5. Conclusion

In summary, we systematically profiled the DNA-methylated
patterns for cytokine genes in SLE, RA, and pSS using human
methylation microarray. Many similarities and differences of
DMVs of inflammatory cytokines across three AIDs were
identified. The epigenetic susceptible candidates including
AZU1, LTBR, RTEL1, and VCAM1 were identified as triggers
of autoimmune signaling cascades and contributed to
derailed pro-/anti-inflammatory cells. The disturbance of
TLR signaling in pSS and the overactivation of type I IFN
system in SLE owed to aberrant DNA methylation were
confirmed, and AZU1 and VCAM1 were presumably
involved in the pathogenesis of vasculitis. The epigenetic
candidate genes may be the potential biomarkers or
therapeutic targets of AIDs. Systemic multicenter genetic
studies including epigenome, transcriptomics, whole geno-
mic sequencing, and prospective studies are needed to reveal
underlying causes of epigenetic changes and preclinical
discoveries. Additionally, the robust bioinformatic analysis
cross genomics research and the evidence-based algorithm
are suggested to be developed.

Data Availability

All datasets generated as part of this study are available
at https://www.ncbi.nlm.nih.gov/gds/ under the following
accession numbers GSE42861, GSE75679, GSE59250,
GSE65097, and GSE82218.

Conflicts of Interest

The authors declare that they have no competing interests.

10 Journal of Immunology Research

https://www.ncbi.nlm.nih.gov/gds/


Authors’ Contributions

Xingqiang Wang and Dongyun Lei contributed equally to
this work.

Acknowledgments

This work is supported by grants from the National Natural
Science Foundation of China (81160379, 81360543,
81460256, 81560233, 81501406, and 81760296), Chinese
Clinical Trial Registry (201507001-07), the Funding of
Yunnan Provincial Health Science and Technology
Plan (2014NS171, 2016NS026, 2017NS051, 2018NS0045,
2018NS0046, 2018NS0133, and 2018NS0134), Innova-
tive Research Team of Kunming Medical University
(CXTD201613), Yunnan Provincial Fund for Prepara-
tory Young Leaders in Academia and Technology
(2015HB071), the Funding of Ministry of Science and
Technology of Yunnan Province (2014HC018), the Funding
of Yunnan Provincial Department of Education, and
Applied Basic Research Foundation of Yunnan Province
(2017FE467, 2017FE467 (-138), and 2016FA037).

Supplementary Materials

Supplementary 1. Additional File 1: a document (.docx)
contains all supplementary figures and tables.

Supplementary 2. Additional File 2: summary of Cytokine-
Chip (.xlsx). The information of probes and the annotation
of gene in Cytokine-Chip were described in this file.

Supplementary 3. Additional File 3: the DMVs of each disease
were listed in this document (.xlsx).

Supplementary 4. Additional File 4: the differences of DMVs
in CpG islands across the three AIDs were listed in this
document (.xlsx).

Supplementary 5. Additional File 5: the similarities of DMVs
across the three AIDs were listed in this document (.xlsx).

Supplementary 6. Additional File 6: the results of Gene
Ontology enrichment analysis and KEGG pathway analysis
were listed in this document (.xlsx). Additional pkg: the
results of meta-analysis of dataset SLE. slemeta_results.xlsx
described all the results of meta-analysis; slemeta_forest
plot.pdf contained 212 forest plots that been drawn according
to the DMPs. probe to forest.xlsx annotated the forest plot.

References

[1] J. M. Anaya, “The autoimmune tautology,” Arthritis Research
& Therapy, vol. 12, no. 6, p. 147, 2010.

[2] J. M. Anaya, “Common mechanisms of autoimmune diseases
(the autoimmune tautology),” Autoimmunity Reviews, vol. 11,
no. 11, pp. 781–784, 2012.

[3] A. Vojdani, “A potential link between environmental trig-
gers and autoimmunity,” Autoimmune Diseases, vol. 2014,
Article ID 437231, 18 pages, 2014.

[4] A. Picascia, V. Grimaldi, O. Pignalosa, M. R. de Pascale,
C. Schiano, and C. Napoli, “Epigenetic control of autoimmune

diseases: from bench to bedside,” Clinical Immunology,
vol. 157, no. 1, pp. 1–15, 2015.

[5] G. Schett and E. Gravallese, “Bone erosion in rheumatoid
arthritis: mechanisms, diagnosis and treatment,” Nature
Reviews Rheumatology, vol. 8, no. 11, pp. 656–664, 2012.

[6] Y. Liu, M. J. Aryee, L. Padyukov et al., “Epigenome-wide
association data implicate DNA methylation as an intermedi-
ary of genetic risk in rheumatoid arthritis,” Nature Biotechnol-
ogy, vol. 31, no. 2, pp. 142–147, 2013.

[7] K. Brække Norheim, J. Imgenberg-Kreuz, K. Jonsdottir et al.,
“Epigenome-wide DNA methylation patterns associated
with fatigue in primary Sjögren’s syndrome,” Rheumatology,
vol. 55, no. 6, pp. 1074–1082, 2016.

[8] C. Vitali, S. Bombardieri, R. Jonsson et al., “Classification
criteria for Sjogren’s syndrome: a revised version of the
European criteria proposed by the American-European
Consensus Group,” Annals of the Rheumatic Diseases,
vol. 61, no. 6, pp. 554–558, 2002.

[9] D. M. Absher, X. Li, L. L. Waite et al., “Genome-wide DNA
methylation analysis of systemic lupus erythematosus reveals
persistent hypomethylation of interferon genes and composi-
tional changes to CD4+ T-cell populations,” PLoS Genetics,
vol. 9, no. 8, article e1003678, 2013.

[10] P. Coit, S. Yalavarthi, M. Ognenovski et al., “Epigenome
profiling reveals significant DNA demethylation of interferon
signature genes in lupus neutrophils,” Journal of Autoimmu-
nity, vol. 58, pp. 59–66, 2015.

[11] H. Zhu, W. Mi, H. Luo et al., “Whole-genome transcription
and DNA methylation analysis of peripheral blood mononu-
clear cells identified aberrant gene regulation pathways in
systemic lupus erythematosus,” Arthritis Research & Therapy,
vol. 18, no. 1, p. 162, 2016.

[12] M. Petri, A.-M. Orbai, G. S. Alarcón et al., “Derivation and
validation of the Systemic Lupus International Collaborating
Clinics classification criteria for systemic lupus erythemato-
sus,” Arthritis and Rheumatism, vol. 64, no. 8, pp. 2677–
2686, 2012.

[13] M. J. Aryee, A. E. Jaffe, H. Corrada-Bravo et al., “Minfi: a
flexible and comprehensive bioconductor package for the
analysis of Infinium DNAmethylation microarrays,” Bioinfor-
matics, vol. 30, no. 10, pp. 1363–1369, 2014.

[14] T. J. Morris, L. M. Butcher, A. Feber et al., “ChAMP: 450k chip
analysis methylation pipeline,” Bioinformatics, vol. 30, no. 3,
pp. 428–430, 2014.

[15] W. Zhou, P. W. Laird, and H. Shen, “Comprehensive
characterization, annotation and innovative use of Infinium
DNA methylation BeadChip probes,” Nucleic Acids Research,
vol. 45, article e22, 2016.

[16] A. E. Teschendorff, F. Marabita, M. Lechner et al., “A beta-
mixture quantile normalization method for correcting probe
design bias in Illumina Infinium 450 k DNA methylation
data,” Bioinformatics, vol. 29, no. 2, pp. 189–196, 2013.

[17] M. E. Ritchie, B. Phipson, D. Wu et al., “limma powers
differential expression analyses for RNA-sequencing and
microarray studies,” Nucleic Acids Research, vol. 43, no. 7,
article e47, 2015.

[18] G. Schwarzer, “Meta: an R package for meta-analysis,” R News,
vol. 7, no. 3, pp. 40–45, 2007.

[19] Y. Jiao, M. Widschwendter, and A. E. Teschendorff, “A
systems-level integrative framework for genome-wide DNA
methylation and gene expression data identifies differential

11Journal of Immunology Research

http://downloads.hindawi.com/journals/jir/2018/4390789.f1.docx
http://downloads.hindawi.com/journals/jir/2018/4390789.f2.xlsx
http://downloads.hindawi.com/journals/jir/2018/4390789.f3.xlsx
http://downloads.hindawi.com/journals/jir/2018/4390789.f4.xlsx
http://downloads.hindawi.com/journals/jir/2018/4390789.f5.xlsx
http://downloads.hindawi.com/journals/jir/2018/4390789.f6.xlsx


gene expression modules under epigenetic control,” Bioinfor-
matics, vol. 30, no. 16, pp. 2360–2366, 2014.

[20] G. Yu, L. G. Wang, Y. Han, and Q. Y. He, “clusterProfiler:
an R Package for comparing biological themes among gene
clusters,” OMICS: A Journal of Integrative Biology, vol. 16,
no. 5, pp. 284–287, 2012.

[21] A. M. Deaton and A. Bird, “CpG islands and the regulation
of transcription,” Genes & Development, vol. 25, no. 10,
pp. 1010–1022, 2011.

[22] J. K. Choi, “Contrasting chromatin organization of CpG
islands and exons in the human genome,” Genome Biology,
vol. 11, no. 7, article R70, 2010.

[23] C. Leoni, L. Vincenzetti, S. Emming, and S. Monticelli,
“Epigenetics of T lymphocytes in health and disease,” Swiss
Medical Weekly, 2015.

[24] F. Yu, H. Shen, and H. W. Deng, “Systemic analysis of
osteoblast-specific DNA methylation marks reveals novel
epigenetic basis of osteoblast differentiation,” Bone Reports,
vol. 6, pp. 109–119, 2017.

[25] C. M. Weyand, M. Zeisbrich, and J. J. Goronzy, “Metabolic
signatures of T-cells and macrophages in rheumatoid
arthritis,” Current Opinion in Immunology, vol. 46, pp. 112–
120, 2017.

[26] J. West, S. Beck, X. Wang, and A. E. Teschendorff, “An
integrative network algorithm identifies age-associated differ-
ential methylation interactome hotspots targeting stem-cell
differentiation pathways,” Scientific Reports, vol. 3, no. 1, 2013.

[27] H. Nagashima, Y. Okuyama, A. Asao et al., “The adaptor
TRAF5 limits the differentiation of inflammatory CD4+ T cells
by antagonizing signaling via the receptor for IL-6,” Nature
Immunology, vol. 15, no. 5, pp. 449–456, 2014.

[28] L. Yu, Q. Li, J. Lin et al., “Association between polymorphisms
of PSMB8, PSMB9 and TAP2 genes with rheumatoid arthritis
in ethnic Han Chinese from Yunnan,” Zhonghua Yi Xue Yi
Chuan Xue Za Zhi, vol. 30, no. 2, pp. 222–226, 2013.

[29] H. Long, H. Yin, L. Wang, M. E. Gershwin, and Q. Lu, “The
critical role of epigenetics in systemic lupus erythematosus
and autoimmunity,” Journal of Autoimmunity, vol. 74,
pp. 118–138, 2016.

[30] T. D. Lee, M. L. Gonzalez, P. Kumar, P. Grammas, and
H. A. Pereira, “CAP37, a neutrophil-derived inflammatory
mediator, augments leukocyte adhesion to endothelial mono-
layers,”Microvascular Research, vol. 66, no. 1, pp. 38–48, 2003.

[31] D. E. Jenne, “Structure of the azurocidin, proteinase 3, and
neutrophil elastase genes. Implications for inflammation and
vasculitis,” American Journal of Respiratory and Critical Care
Medicine, vol. 150, no. 6, Part 2, pp. S147–S154, 1994.

[32] E. S. Wan, W. Qiu, A. Baccarelli et al., “Systemic steroid
exposure is associated with differential methylation in chronic
obstructive pulmonary disease,” American Journal of Respira-
tory and Critical Care Medicine, vol. 186, no. 12, pp. 1248–
1255, 2012.

[33] T. C. Cardoso, H. L. Ferreira, L. H. Okamura et al.,
“Cellular response markers and cytokine gene expression
in the central nervous system of cattle naturally infected
with bovine herpesvirus 5,” The Veterinary Journal, vol. 218,
pp. 71–77, 2016.

[34] Q. Zhu, N. Li, F. Li et al., “Association of LTBR polymorphisms
with chronic hepatitis B virus infection and hepatitis B virus-
related hepatocellular carcinoma,” International Immuno-
pharmacology, vol. 49, pp. 126–131, 2017.

[35] S. K. Kim, J. Y. Lee, H. J. Park et al., “Association between
lymphotoxin beta receptor gene polymorphisms and IgA
nephropathy in Korean children,” Immunological Investiga-
tions, vol. 41, no. 5, pp. 447–457, 2012.

[36] M. T. Fernandes, M. N. Ghezzo, A. B. Silveira et al., “Lym-
photoxin-β receptor in microenvironmental cells promotes
the development of T-cell acute lymphoblastic leukaemia
with cortical/mature immunophenotype,” British Journal of
Haematology, vol. 171, no. 5, pp. 736–751, 2015.

[37] R. Ettinger, S. H. Munson, C. C. Chao, M. Vadeboncoeur,
J. Toma, and H. O. McDevitt, “A critical role for
lymphotoxin-beta receptor in the development of diabetes in
nonobese diabetic mice,” The Journal of Experimental Medi-
cine, vol. 193, no. 11, pp. 1333–1340, 2001.

[38] G. Bonizzi and M. Karin, “The two NF-κB activation pathways
and their role in innate and adaptive immunity,” Trends in
Immunology, vol. 25, no. 6, pp. 280–288, 2004.

[39] D. Ng, B. Maître, D. Cummings et al., “A lymphotoxin/type I
IFN axis programs CD8+ T cells to infiltrate a self-tissue
and propagate immunopathology,” Journal of Immunology,
vol. 195, no. 10, pp. 4650–4659, 2015.

[40] N. Wimmer, B. Huber, N. Barabas, J. Rohrl, K. Pfeffer, and
T. Hehlgans, “Lymphotoxin β receptor activation on macro-
phages induces cross-tolerance to TLR4 and TLR9 ligands,”
Journal of Immunology, vol. 188, no. 7, pp. 3426–3433,
2012.

[41] R. A. Fava, S. M. Kennedy, S. G. Wood et al., “Lympho-
toxin-beta receptor blockade reduces CXCL13 in lacrimal
glands and improves corneal integrity in the NOD model
of Sjögren’s syndrome,” Arthritis Research & Therapy,
vol. 13, no. 6, article R182, 2011.

[42] S. Haskett, J. Ding, W. Zhang et al., “Identification of novel
CD4+ T cell subsets in the target tissue of Sjögren’s syndrome
and their differential regulation by the lymphotoxin/LIGHT
signaling axis,” Journal of Immunology, vol. 197, no. 10,
pp. 3806–3819, 2016.

[43] P. Barbaro and A. Vedi, “Survival after hematopoietic stem
cell transplant in patients with dyskeratosis congenita:
systematic review of the literature,” Biology of Blood and Mar-
row Transplantation, vol. 22, no. 7, pp. 1152–1158, 2016.

[44] J. W. Lee, “Telomere shortening by mutations in the RTEL1
helicase cause severe form of dyskeratosis congenita,
Hoyerall-Hreidarsson syndrome,” Clinical Genetics, vol. 84,
no. 3, p. 210, 2013.

[45] C. A. Newton, K. Batra, J. Torrealba et al., “Telomere-related
lung fibrosis is diagnostically heterogeneous but uniformly
progressive,” The European Respiratory Journal, vol. 48,
no. 6, pp. 1710–1720, 2016.

[46] F. Danjou, C. Fozza, M. Zoledziewska et al., “A genome-wide
association study by ImmunoChip reveals potential modifiers
in myelodysplastic syndromes,” Experimental Hematology,
vol. 44, no. 11, pp. 1034–1038, 2016.

[47] J. D. McKay, R. J. Hung, Y. Han et al., “Large-scale
association analysis identifies new lung cancer susceptibility
loci and heterogeneity in genetic susceptibility across
histological subtypes,” Nature Genetics, vol. 49, no. 7,
pp. 1126–1132, 2017.

[48] P. A. Juge, R. Borie, C. Kannengiesser et al., “Shared genetic
predisposition in rheumatoid arthritis-interstitial lung disease
and familial pulmonary fibrosis,” European Respiratory
Journal, vol. 49, no. 5, article 1602314, 2017.

12 Journal of Immunology Research



[49] H. Zhang and X. Xu, “Mutation-promoting molecular
networks of uncontrolled inflammation,” Tumor Biology,
vol. 39, no. 6, 2017.

[50] E. G. Cerami, B. E. Gross, E. Demir et al., “Pathway commons,
a web resource for biological pathway data,” Nucleic Acids
Research, vol. 39, Supplement 1, pp. D685–D690, 2010.

[51] J. Liu and X. Cao, “Cellular and molecular regulation of innate
inflammatory responses,” Cellular & Molecular Immunology,
vol. 13, no. 6, pp. 711–721, 2016.

[52] L. Ronnblom, “The importance of the type I interferon system
in autoimmunity,” Clinical and Experimental Rheumatology,
vol. 34, no. 4, Supplement 98, pp. 21–24, 2016.

[53] R. M. Clancy, A. J. Markham, and J. P. Buyon, “Endosomal
Toll-like receptors in clinically overt and silent autoimmu-
nity,” Immunological Reviews, vol. 269, no. 1, pp. 76–84, 2016.

[54] E. A. Frangou, G. K. Bertsias, and D. T. Boumpas, “Gene
expression and regulation in systemic lupus erythematosus,”
European Journal of Clinical Investigation, vol. 43, no. 10,
pp. 1084–1096, 2013.

[55] P. Coit, M. Jeffries, N. Altorok et al., “Genome-wide DNA
methylation study suggests epigenetic accessibility and
transcriptional poising of interferon-regulated genes in naïve
CD4+ T cells from lupus patients,” Journal of Autoimmunity,
vol. 43, pp. 78–84, 2013.

[56] K. Tselios, A. Sarantopoulos, I. Gkougkourelas, and P. Boura,
“The influence of therapy on CD4+CD25highFOXP3+
regulatory T cells in systemic lupus erythematosus patients: a
prospective study,” Scandinavian Journal of Rheumatology,
vol. 44, no. 1, pp. 29–35, 2015.

[57] G. Nagy, P. C. Huszthy, E. Fossum, Y. Konttinen, B. Nakken,
and P. Szodoray, “Selected aspects in the pathogenesis of
autoimmune diseases,” Mediators of Inflammation, vol. 2015,
Article ID 351732, 11 pages, 2015.

[58] X. Liao, T. Pirapakaran, and X. M. Luo, “Chemokines and
chemokine receptors in the development of lupus nephritis,”
Mediators of Inflammation, vol. 2016, Article ID 6012715,
15 pages, 2016.

[59] R. E. Navarro-Hernández, E. Oregon-Romero, M. V.-D.
Mercado, H. Rangel-Villalobos, C. A. Palafox-Sánchez, and
J. F. Muñoz-Valle, “Expression of ICAM1 and VCAM1 serum
levels in rheumatoid arthritis clinical activity. Association
with genetic polymorphisms,” Disease Markers, vol. 26,
no. 3, p. 126, 2009.

[60] Z. Szekanecz and A. E. Koch, “Cell recruitment and angiogen-
esis,” in Kelley’s Textbook of Rheumatology, R. C. Budd, S. E.
Gabriel, I. B. McInnes, and J. R. O'Dell, Eds., pp. 358–368,
W.B. Saunders, Philadelphia, PA, USA, 9th edition, 2013.

[61] Y. Wang, Y. Yu, R. Ye et al., “An epigenetic biomarker
combination of PCDH17 and POU4F2 detects bladder cancer
accurately by methylation analyses of urine sediment DNA in
Han Chinese,” Oncotarget, vol. 7, no. 3, pp. 2754–2764, 2016.

[62] K. Brennan, M. Garcia-Closas, N. Orr et al., “Intragenic ATM
methylation in peripheral blood DNA as a biomarker of breast
cancer risk,”Cancer Research, vol. 72, no. 9, pp. 2304–2313, 2012.

[63] R. Amornpisutt, S. Proungvitaya, P. Jearanaikoon, and
T. Limpaiboon, “DNA methylation level of OPCML and
SFRP1: a potential diagnostic biomarker of cholangiocarci-
noma,” Tumour Biology, vol. 36, no. 7, pp. 4973–4978, 2015.

[64] R. F. van Vollenhoven, “Unresolved issues in biologic therapy
for rheumatoid arthritis,” Nature Reviews Rheumatology,
vol. 7, no. 4, pp. 205–215, 2011.

13Journal of Immunology Research



Review Article
The Anti-Inflammatory Mediator, Vasoactive Intestinal
Peptide, Modulates the Differentiation and Function of Th
Subsets in Rheumatoid Arthritis

Raúl Villanueva-Romero, Irene Gutiérrez-Cañas, Mar Carrión, Selene Pérez-García,
Iria V. Seoane, Carmen Martínez, Rosa P. Gomariz, and Yasmina Juarranz

Departamento de Biología Celular, Instituto de Investigación Sanitaria Hospital 12 de Octubre (imas12), Universidad Complutense
de Madrid, Madrid, Spain

Correspondence should be addressed to Yasmina Juarranz; yashina@ucm.es

Received 25 April 2018; Accepted 19 July 2018; Published 1 August 2018

Academic Editor: Jacek Tabarkiewicz

Copyright © 2018 Raúl Villanueva-Romero et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

Genetic background, epigenetic modifications, and environmental factors trigger autoimmune response in rheumatoid arthritis
(RA). Several pathogenic infections have been related to the onset of RA and may cause an inadequate immunological tolerance
towards critical self-antigens leading to chronic joint inflammation and an imbalance between different T helper (Th) subsets.
Vasoactive intestinal peptide (VIP) is a mediator that modulates all the stages comprised between the arrival of pathogens
and Th cell differentiation in RA through its known anti-inflammatory and immunomodulatory actions. This
“neuroimmunopeptide” modulates the pathogenic activity of diverse cell subpopulations involved in RA as lymphocytes,
fibroblast-like synoviocytes (FLS), or macrophages. In addition, VIP decreases the expression of pattern recognition receptor
(PRR) such as toll-like receptors (TLRs) in FLS from RA patients. These receptors act as sensors of pathogen-associated
molecular pattern (PAMP) and damage-associated molecular pattern (DAMP) connecting the innate and adaptive immune
system. Moreover, VIP modulates the imbalance between Th subsets in RA, decreasing pathogenic Th1 and Th17 subsets
and favoring Th2 or Treg profile during the differentiation/polarization of naïve or memory Th cells. Finally, VIP regulates
the plasticity between theses subsets. In this review, we provide an overview of VIP effects on the aforementioned features of
RA pathology.

1. An Introduction to the Physiopathology of
Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic inflammatory
disease mainly manifested with peripheral polyarthritis.
Genetic background, epigenetic modifications, and environ-
mental factors are considered the aetiological factors that
could cause an inadequate immunological tolerance towards
critical self-antigens, characteristic of all autoimmune dis-
eases [1, 2]. As consequence, chronic inflammation in the
joints and an imbalance between different Th subsets are
triggered in this pathology [2, 3]. Altered oral, intestinal, or
lung microbiota, such as Porphyromonas gingivalis, Aggrega-
tibacter actinomycetemcomitans, Proteus mirabilis, Prevotella

copri, orMycoplasma fermentans, and other infectious agents
such as EpStein-Barr virus interfere with the equilibrium
between inflammation and tolerance [4–8]. They can trigger
the pathology through molecular mimicry by means of two
important characteristics, the generation of autoantibodies
such as anticitrullinated protein antibodies (ACPA) or rheu-
matoid factor and the inflammatory response [1, 2].

The first step in the activation of an inflammatory
response is the recognition of two kinds of ligands by specific
receptors named PRRs. In the initial stages, they recognize
the conserved molecular structures expressed by invading
microbes named pathogen-associated molecular patterns
(PAMPs). The uncontrolled inflammation in chronic dis-
eases leads to tissue damage generating endogenous danger-
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associated molecular patterns (DAMPs) including stress sig-
nals such as damaged or apoptotic cells [9–11], representing
the second kind of ligands recognized by PRRs [11]. The
stimulation of these receptors produces the expression of
proinflammatory cytokines such as tumor necrosis factor
(TNF)α, interleukin- (IL-) 6, IL-1β, or IL-12 by several innate
cells such as dendritic cells (DCs) or macrophages, which
link innate and adaptive immunity. Inflammation in RA
patients is maintained by sustained activation of multiple
inflammatory positive-feedback regulatory pathways in a
variety of cells [12]. As a consequence of all these processes
that have been unleashed in early RA, there is an alteration
in the balance between the different subpopulations of Th
lymphocytes. Paracrine and autocrine actions of cytokines,
along with persistent adaptive immune responses, can per-
petuate the disease and ultimately lead to cartilage and bone
destruction in the joints [1].

Naïve CD4+ T helper cells can differentiate into Th1,
Th2, Th17, Th9, Th22, follicular helper T (Tfh), and regula-
tory T (Treg). Th subset differentiation is orchestrated by
complex regulatory networks that allow for shared transcrip-
tional programs and plasticity across T cell subsets [13, 14].
Among all subtypes of Th cells, Th17 are the most heteroge-
neous and plastic subsets [13–15]. The heterogeneity of Th
phenotypes generated in the primary response is mirrored
in the heterogeneity of memory Th cells that persist once
the pathogen has been eliminated [16]. This heterogeneity
of Th cells serves to target the cells to the tissues where they
are needed and to define the class of immune and tissue
response that is appropriate for the type of pathogen attack.
However, some of these subpopulations have been related
to a greater or lesser extent with the malfunctions of the
immune system, specifically with autoimmune diseases, like
RA. About half of infiltrated cells in the synovial sublining
in established RA are Th cells and contribute directly along
with macrophage-like synoviocytes (MLS), fibroblast-like
synoviocytes (FLS), and other adaptive immune cells to the
damage in cartilage and bone due to synovial invasion into
adjacent articular structures, being a cardinal sign of RA [1].

Prior to the discovery of Th17 cells in 2005, Th1 was
the subset involved in RA pathology showing an imbal-
ance between Th1 and Th2 subsets [17]. Nowadays,
Th17 cells have acquired a main role in the pathogenesis of
RA [2, 15, 18, 19]. This subset is heterogenic and can show
a pathogenic or nonpathogenic profile, depending on the
cytokine balance present in the microenvironment during
its differentiation/activation. The cytokines that produce
each one are different. Pathogenic Th17 cells express RORC,
the transcription factor characteristic for Th17 cells, as well
as the transcription factor characteristic for Th1, T-bet. Thus,
this pathogenic Th17 cells produce, in addition to IL-17 or
IL-21 (cytokine characteristic of Th17 subset), IFNγ, IL-22,
GM-CSF, and other proinflammatory cytokines [20].
Memory Th17 cell cultures “ex vivo” from early RA patients
show more pathogenic profile than Th17 cells from healthy
donors [19, 21]. It was revealed that these pathogenic Th17
cells can shift to Th1 cells (named “ex-Th17” or “nonclassical
Th1” cells), which are reported to be more pathogenic than
Th17 cells per se in RA [15, 17, 19, 22]. These ex-Th17 or

nonclassical Th1 cells are accumulated in the joints of rheu-
matoid arthritis patients and can explain the observation that
the therapeutic strategies against IL-17 are not sufficient in
RA [22, 23]. The hypothesis resides on the “switch” into
pathogenic Th17 and nonclassical Th1 at the sites of local
inflammation such as the joints [2], promoting GM-CSF pro-
duction that is the weapon of pathogenic Th17 cells and one
of the novel therapeutic target in RA [24–26].

CD4+CD25+FoxP3+ T cells (Treg) can suppress other
immune cells by regulating their proliferation and cytokine
production. No differences were detected in the number of
total Treg and bona fide Treg subsets (CD45RA+FoxP3low

naïve Treg, CD45RA−FoxP3high activated Treg, and
CD45RA−FoxP3low non-Treg) from seropositive arthralgia
patients compared to healthy donors [27]. Whether Tregs
are functionally different is still unknown [14]. Nonpatho-
genic Th17 cells are closely related with Treg, expressing
transcription factor FoxP3 and producing IL-10 among
others [20, 28]. In RA patients, the transdifferentiation of
Th17 from Treg contributes to perpetuation of RA during
anti-TNF treatment [29].

CD4+CXCR5+ T cells, follicular helper T cells or Tfh,
collaborate with B cells to produce antibodies and are closely
related to the other Th subsets. Differential expression of
CXCR3 and CCR6 within CD4+CXCR5+ T cells defines three
major subsets: CXCR3+CCR6− (Tfh1), CXCR3−CCR6−

(Tfh2), and CXCR3−CCR6+ (Tfh17) [30]. RA patients, both
with active disease and in remission, demonstrate an
increased frequency of Tfh and overrepresentation of Tfh
subsets bearing a B cell helper phenotype [30, 31]. There
are few studies conducted in RA regarding the Th22 subpop-
ulation; nevertheless, its characteristic cytokine, IL-22, which
can also be produced by pathogenic Th17, has shown to have
a pathogenic role associated with disease activity in RA, pro-
moting osteoclastogenesis and bone destruction in RA [32].
The percentage of CD4+IFNγ−IL-17−IL-22+ (Th22) cells in
RA patients was markedly increased comparing with healthy
donors and positively correlated with DAS28 [33]. With
respect to the last subset, Th9, although with lesser impor-
tance than the others, Th9 cells and IL-9 were frequently
detected in peripheral blood mononuclear cells and synovia
of RA patients [34].

1.1. A Panoramic View of VIP’s Role in Rheumatoid Arthritis.
It is important to bear in mind that RA is a dynamic disease
in its development, so a complete understanding of how RA
develops over time is important to set up therapies that pre-
vent disease progression rather than treating its symptoms
[35]. The importance of the neuroimmune network in joint
homeostasis has been shown. Indeed, several neuropeptides
identified in joint tissues, including vasoactive intestinal pep-
tide (VIP), have been suggested to have a role as neuroosteo-
logical regulators in bone metabolism. VIP is a homeostatic
and immunoregulatory peptide involved in the control of
both innate and adaptive immune response. It has only one
chain of 28 amino acids, with some residues crucial to its
functions, which sequence is highly conserved during evolu-
tion. It belongs to the secretin/glucagon family of peptides
which share an α-helix structure [36]. This neuropeptide
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can act locally or systematically as it is produced by sympa-
thetic nerve endings, lymphocytes, or even FLS in the joint
[37, 38]. VIP is involved in a broad range of functions
through its binding to its specific G-protein-coupled recep-
tors, VPAC1 and VPAC2 [39]. Healing effects of exogenous
administration of VIP in animal models of inflammatory/
autoimmune diseases have been described; specifically, VIP
prevents arthritis in a CIA model through its anti-
inflammatory and immunomodulatory actions [40, 41]. In
humans, “ex vivo” effects of VIP have been demonstrated
in lymphocytes, macrophages, and FLS [21, 38, 42]. In
summary, VIP is a microenvironment mediator capable of
modulating all the stages mentioned above in RA from the
arrival of pathogens to the differentiation of Th cells. It exerts
a direct antimicrobial activity against a variety of pathogens
[43, 44] and modulates TLR expression in several cells, even
in FLS from RA patients [45–47]. In addition, VIP decreases
proinflammatory mediators in lymphocytes and FLS from
RA patients [21, 38, 48–50] and modulates the differentiation
of several Th cells from RA patients, including a decrease
in the pathogenic profile and plasticity of some of them
[21, 50, 51]. In addition to the role of VIP in “ex vivo” sam-
ples from RA patients, endogenous VIP also plays a major
role in patients with RA, allowing to stratify patients with
early RA for therapeutic decision making in the “window of
opportunity” [52]. VIP gene polymorphisms, associated with
its serum levels, predict treatment requirements in early
rheumatoid arthritis [43, 53]. Indeed, lower levels of its
receptor, VPAC1, in PBMCs are associated with more severe
inflammation and higher disease activity in RA patients [54].

Taking all this into consideration, this review provides a
deep description of the role of this anti-inflammatory medi-
ator, VIP, in the differentiation and function of Th subsets
in rheumatoid arthritis, capable to modulate all the stages
between the arrival of pathogens and the differentiation of
Th cells in RA.

2. Infectious Agents in Rheumatoid Arthritis
and Effect of VIP as Antimicrobial Mediator

In recent years, the significance of the role played by alter-
ations in microbiota and infections has deepened our under-
standing on the significance of this process in triggering RA.

One of the very first insights about the relation between
RA and infection came hand to hand with the increased risk
of arthritis associated with periodontal disease [55]. This
association is thought to be partly mediated by oral bacteria
members’ microbiota such as Porphyromonas gingivalis
[56] or Aggregatibacter actinomycetemcomitans [57]. These
two bacteria are capable of triggering autoimmunity in RA
by means of molecular mimicry, the former, and through
the production of leukotoxin A and the subsequent NETosis
process, the latter. In RA patients, it has been observed
that P. gingivalis, via PADI4 (peptidyl arginine deiminase
type IV), causes an aberrant citrullination of proteins induc-
ing loss of tolerance to citrullinated peptides [58, 59] provid-
ing a link between the infectious process and the
autoimmune response. An alternative form of action for
these bacteria consists of its possible binding to the PRR

toll-like receptor 2 (TLR-2), increasing the production of
interleukin-1 (IL-1) and consequently stimulating the differ-
entiation of T cells into the T helper 17 (Th17) subpopulation
[60]. In this context, it has been reported that in early arthri-
tis patients a prompt periodontitis treatment could avoid the
development of a chronic and progressive arthritis [61].

Besides oral microbiota, gut microbiota could also play
an important role in arthritis. In rodent studies, it has been
observed that susceptibility and severity of arthritis decreased
significantly when maintained in a germ-free environment or
in the presence of restricted bacterial flora [62, 63], suggest-
ing that microbiome can exert helper functions increasing
the autoimmune process of the pathology. In patients with
RA, it has been described an alteration in the gut microbiota
compared to healthy population. Specifically, it has been
found a decreased diversity of abundant commensal taxa
such as Bifidobacteria and Bacteroides species [64], parallel
to an expansion ofMycoplasma fermentans, Proteus mirabilis
[65], and rare taxa such as Actinobacteria (Collinsella,
Eggerthella) [66]. Moreover, intestinal levels of Prevotella
copri are higher in recent onset RA patients than in healthy
donors or in established RA patients, being a possible marker
of early disease [7]. Both in the case of oral and intestinal
microbiome, it has been observed that the alterations found
in patients with active RA are restored, at least in large part,
as a result of immunosuppressive treatment [67].

Lung mucosal microbiota has lately been involved in the
development of RA as infectious agents, such as Streptococcus
pyogenes and S. pneumoniae, both pulmonary pathogens, are
combined with smoking in causing a breakdown in immune
tolerance [68]. There is an increased incidence of ACPA in
smokers and also in RA-related lung disease [69, 70]. The
prevalence of oral mucosa infections in RA patients is high
[71], but RA patients without these infections might have
other bacterial organisms as disease initiators. For instance,
it has been described a lung dysbiosis in RA patients similar
to sarcoidosis patients which could be involved in the inflam-
matory process present in RA pathology [72].

The hypothesis that an infectious event could be involved
in RA induction has been taken into consideration for a long
time [4, 73], even though to date there is no clearly identified
causative pathogen nor a direct association with a specific
infection. In recent years, integrated theories have emerged
with force to clarify the RA etiopathogenesis. In these theo-
ries, together with genetic predisposition and environmental
factors, the mucous membrane of the lungs, the oral cavity,
and the gastrointestinal tract, could have a leading role, given
that they are the interface between external influences and
the immune system. Thus, RA, probably, could originate far
from the joints. As we have previously pointed out, a plausi-
ble explanation could be that stressful events in these tissues
lead to posttranslational modifications of peptides with the
consequent formation of autoantibodies directed against
them. These antibodies generated in the mucous membranes
could be transferred throughout the body through the blood-
stream, converting the local autoimmunity process into sys-
temic autoimmunity. Upon reaching the joint, they could
find additional antigens, unleashing local inflammatory
events in the synovium with the consequent activation of
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different cell types (fibroblasts,macrophages, osteoclasts, etc.).
Thus, activating the production of proinflammatory cyto-
kines would lead to synovitis, persistent inflammation, and
destruction of the bone and cartilage [74–76].

A recent study carried out in mice showed how microbial
infection at mucosal sites is able to provoke a break in toler-
ance leading to the generation of autoreactive and antipatho-
gen T cells, predominantly, Th17 cells [77]. In addition to
Th17 cells, other subsets of T cells could be regulated by
gut microbiota in autoimmune processes. Block et al. have
found that follicular helper T cells (Tfh) are critically impor-
tant for the development of arthritis in the K/BxN autoim-
mune arthritis model. Besides, Tfh cell differentiation is
modulated by the microbiota [78]. Although further studies
in humans are still required, these results point to the
capability of infections in triggering autoimmunity beyond
the epitope mimicry and the autoreactive T cell activation.

Regarding other infectious agents, Epstein-Barr virus
(EBV) infection has been classically associated with RA
[74], and a recent study has shown a strong relation between
the Chikungunya virus infection and the development of
polyarthralgia [79].

Although the study of the role of infections and microbi-
ota on RA in humans still need more profound research, the
role of VIP regulating pathogen microbes at different levels is
noteworthy. Young animal fed with prebiotic-enriched milk
showed higher ileal VIP expression and lesser relative abun-
dance of pathogenic microbes, such as Collinsella [80]. It has
been recently reported that this peptide exerts a direct anti-
microbial activity against a wide range of bacteria, including
S. aureus, E.coli, or P. aeruginosa [43] as well as against the
African trypanosome T. brucei [81]. VIP is also protective
in polymicrobial sepsis and cutaneous leishmaniasis [44],
and its release has been described under microbial-induced
inflammation [82]. Moreover, VIP decreases induced
responses by LPS from P. gingivalis on monocytes [83]
(Figure 1). The awareness of this ability added to the anti-
inflammatory and immunomodulatory properties of this
peptide opens new possibilities in its clinical application
against infectious diseases. In summary, removing inflamma-
tory stimuli rooted in infectious foci, specially in the intestine
and mouth, could achieve the inhibition of the chronic
immune loop, and thereby improvements in the arthritis
pathogenic process could be attained.

3. Effect of VIP on Functions Mediated by
Pattern Recognition Receptors in
Rheumatoid Arthritis

Immune system function is mainly based on discriminating
between self and non-self, allowing recognition and removal
of parasites and pathogens ranging from the smallest viruses
and bacteria to the largest multicellular parasites. This capac-
ity is dependent on the presence of PRRs. These receptors are
classified into three types namely, NOD-like receptors
(NLR), RIG-like receptors (RLR), and toll-like receptors
(TLR). NLR are implicated in the modulation of inflamma-
tory and apoptotic responses; RLR are related to intracellular

recognition of RNA virus replication, and TLR are involved
in warning the immune system against extracellular or endo-
somal PAMPs [84, 85]. Expression of these receptors is a
hallmark of the innate immune system, and activation of this
branch of immunity leads to the effective priming of adaptive
immune responses mediated by B and T cells. These cells
exhibit receptors for antigens and, by means of education
and cooperation, are able to distinguish self from non-self-
antigen and trigger subsequent actions. Thus, defects in the
coordinated action of both innate and adaptive systems as
well as in the recognition of self-antigens by the adaptive
immune system are the root cause of autoimmune diseases.
Specifically, TLR are the main players in the self-non-self-
discrimination, and it is well demonstrated that deficiency
in the TLR-mediated recognition of self-antigens triggers
many autoimmune disorders including rheumatoid arthritis
(RA) [86, 87]. In fact, RA seems to result from an autoim-
mune dysfunction in its early stages that later progresses to
chronic inflammation of the synovial joints [10]. Besides
the abovementioned hypothesis of the altered microbiota,
which postulates a systemic origin of RA where PRRs proba-
bly play a relevant role, potential ligands for these receptors
have been identified in the joint microenvironment of RA
patients, including PAMPs such as peptidoglycans, bacterial
DNA, and viral double-stranded RNA (dsRNA) or single-
stranded RNA (ssRNA) [88–90]. Moreover, it has also been
reported the presence of host-derived mRNA, heat-shock
proteins, fibronectin, and apoptotic and necrotic cellular
debris, which could contribute to RA perpetuation [91, 92].
Once exogenous or endogenous ligands initiate TLR signal-
ing, Toll/IL-1 receptor (TIR) domain binds to TIR domain-
containing adaptor proteins like myeloid differentiation
primary-response protein 88 (MyD88) or TIR domain-
containing adaptor protein inducing IFNβ (TRIF). Following
complex and tightly regulated signaling pathways, TLR stim-
ulation finally leads to the downstream activation of JNK,
p38 MAPKs, and transcription factors namely NF-κB and
IRFs. These transcription factors induce the synthesis and
secretion of proinflammatory cytokines, type I interferons,
and costimulatory molecules [84–86].

TLR are expressed in a variety of cell types in the joint,
such as myeloid cells, FLS, T and B cells, osteoclasts progen-
itors, and endothelial cells. These receptors are distributed
into two cell locations, namely plasma membrane (TLR1,
TLR2, and TLR4–6) and intracellular compartments (TLR3
and TLR7–9). All TLR, with the exception of TLR6 and
TLR10, are present in the synovial tissues and cells from
arthritic joints [88], being TLR2 and TLR4 the best charac-
terized and TLR5 and TLR8 the more recently described
[93, 94]. In recent years, TLR have been shown to be
involved in the pathophysiology of RA, participating in
synovial membrane inflammation, osteoclasts maturation,
angiogenesis, endothelial function, and in the functional
modulation of different subpopulations of T lymphocytes.
In this sense, activation of TLR2, TLR3, and TLR4 in FLS
from RA patients exacerbated inflammatory Th1 and Th17
cell expansion both in cell–cell contact-dependent and
inflammatory cytokine-dependent manner, which induced
more IFNγ and IL-17 accumulation [10, 95]. Moreover, it
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has been reported that the engagement of TLR3 can directly
induce the synthesis of IL-17A and IL-21 and drive differen-
tiation of human naive CD4+ T cells [96].

In particular, MLS and FLS are considered effector
cells with an essential role in TLR-mediated inflammatory
mechanisms involved in the onset and development of
RA [10].

3.1. Through the Modulation of Plasma Membrane Receptor
TLR4. As we have previously described, in humans, VIP is
produced by FLS which also expressed its receptors VPAC1
and VPAC2. Likewise, VIP expression is downregulated both
in RA-FLS and in TNFα-treated FLS, suggesting that a minor
presence of this endogenous anti-inflammatory factor may
contribute to the pathogenesis of RA [38]. It is worth to
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mention that resident FLS represent important players in RA
synovitis initiation and propagation, releasing proinflamma-
tory mediators, such as chemokines, that support inflamma-
tory cell retention and chronification of the disease.

On the basis of the abovementioned and given that FLS
express several members of the TLR family, our studies have
focused on the effects of VIP on TLR regulation in FLS from
RA patients. We have described the expression of TLR2
and TLR4 in RA FLS which exhibited increased levels of
TLR4 transcripts and protein compared with FLS from
osteoarthritis (OA) patients (Figure 1). Besides, VIP treat-
ment decreased the LPS- and TNF-induced expression of
TLR4 and MyD88 in FLS from RA patients, reducing down-
stream responses such as the production of CCL2 and CXCL8
chemokines [97]. Moreover, VIP also modulated TLR signal-
ing pathways by downregulating the LPS-induced overex-
pression of both CD14 and MD2, coreceptors required for
TLR4 signaling, as well as molecules of the MyD88-
dependent and MyD88-independent ways. VIP reduced gene
expression of several downstream molecules of MyD88-
dependent pathway, including different kinases. Regarding
MyD88-independent pathway, VIP also downregulated the
transcripts of TRIF and TRAM adaptor molecules involved
in the engagement of adaptive immunity. As an aside, VIP
treatment led to an impaired production of IL-6 and
RANTES/CCL5 after LPS stimulation, demonstrating the
functional significance of VIP effect on mediators derived
fromMyD88-dependent andMyD88-independent pathways,
respectively [46, 98]. Taken together, these results demon-
strate that VIP acts as a negativemodulator of TLR4 signaling,
regulating the production of several pivotal molecules of the
pathway (Figure 1).

3.2. Through the Modulation of the Functions of Intracellular
Compartment Receptors, TLR3 and TLR7.We have also stud-
ied the effect of VIP in FLS after TLR3 or TLR7 stimulation
by dsRNA and ssRNA analogous, respectively, by studying
the transcription factors involved and the subsequent effects
on antiviral IFNβ, proinflammatory CXCL8 chemokine,
and matrix metalloproteinase 3 (MMP-3). Results showed
that VIP was not able to diminish the expression of these
receptors but significantly reduced the dsRNA-induced
IRF3 nuclear translocation and consequently the production
of IFNβ. Concerning TLR7 signaling, VIP significantly
decreased activation of every transcription factor (NF-κB,
AP-1 c-Jun, and AP-1 c-Fos) on ssRNA-treated FLS, leading
to a subsequent decrease in CXCL8 and MMP-3 production,
which plays an important role in joint destruction [47]
(Figure 1).

3.3. Through the Modulation of RLR Receptors. RLR are cyto-
solic pattern recognition receptors that comprise helicase
retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDA5) which recognize
dsRNA. The constitutive and dsRNA-induced expression of
RIG-I and MDA5 has been described in FLS from RA
patients, and our results have shown that VIP is able to
inhibit significantly the dsRNA-induced gene expression of
RIG-I [47] (Figure 1).

4. VIP as Anti-Inflammatory Peptide in
Rheumatoid Arthritis

In addition to the decrease in inflammatory TLR signaling,
the anti-inflammatory action of VIP has been described
extensively in several animal models treated with exogenous
VIP or in the “ex vivo” treatment of human or murine mac-
rophages and T lymphocytes [37, 42, 99, 100]. Delgado
et al. first published its anti-inflammatory role in RA in
2001 [40, 101]. This study demonstrated that VIP treatment
dramatically suppresses clinical joint disease in murine
collagen-induced arthritis (CIA) regulates adaptive and innate
immune responses. Its pleotropic actions have a salutary
effect on both inflammation and immunity in the CIAmodel.

In human RA pathology, the effect of VIP as anti-
inflammatory peptide was confirmed in synovial tissue cells
and FLS from RA patients, where VIP downregulated chemo-
kine production and IL-6 more clearly after stimulation with
TNFα [102]. In FLS, VIP decreased IL-22-specific receptor
and prevented the contribution of rheumatoid synovial fibro-
blasts to IL-22-mediated joint destruction [48]. This anti-
inflammatory role of VIP has been detected in other immune
cells in RA, such asmacrophages or peripheral blood lympho-
cytes (PBL) from RA patients cultured “ex vivo” [42, 50]. The
presence of this neuropeptide decreased the levels of proin-
flammatory mediators for instance TNFα, IL-6, CXCL8, and
CCL2 after polyclonal stimulation with PMA/ionomycin in
PBLs from RA patients [50]. Besides, VIP decreases TNFα
and IL-6 while it augments IL-10 in macrophages polarized
to imitate those presented in the inflamed joint [42] (Figure 1).

Although its anti-inflammatory role has been widely
described, occasionally, we observed no effect or an opposite
effect, especially with no inflammatory stimulus in resting
cells, suggesting that this peptide may exhibit dual actions
depending on the activation status of the cell. By the way,
the presence of VIP when blood cells from RA patients were
cultured in the absence of activators or stimulators increased
some proinflammatory cytokines or decreased IL-4 produc-
tion [50, 103], showing a homeostatic function in these cells.

5. VIP Is Involved in the Generation of
Diversity/Plasticity of Th Subpopulations in
Rheumatoid Arthritis

In addition to its anti-inflammatory potential, Delgado et al.
first described the capacity to modulate subpopulations of Th
lymphocytes [40]. VIP suppresses Th1 cell function and
differentiation, as demonstrated by the decreased IFNγ
expression. On the other hand, Th2 function is enhanced in
VIP-treated mice, as determined by the observed increase
in IL-4 production. In the era of Th1/Th2 dichotomy, it
was thought that this peptide possibly “rebalanced” these
Th subsets in the immune system [40, 101]. This fact was also
observed in other animal models of autoimmune diseases
such as Crohn’s disease, multiple sclerosis, and autoimmune
diabetes [37, 104] regardless of the way of administration
since “in vivo” delivery of lentiviral vectors expressing
VIP complementary DNA had the same effect than
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intraperitoneal administration of VIP [105]. In this animal
model of RA, VIP not only shifted the immune response
towards a Th2-type response but also expanded CD4+CD25+

Treg in the periphery, which inhibited autoreactive T cell
activation/expansion [106]. After Th17 discovery, it has also
demonstrated that this neuropeptide also downregulates
Th17 response in CIA model, increasing the balance between
Treg/Th17 subsets and influencing in this way on the RANK/
RANKL/OPG system [41, 107, 108] (Figure 1).

These studies with exogenous administration of VIP in
animal models of RA were completed using samples
“ex vivo” of RA patients. In PBL from RA patients, the
presence of VIP increased the levels of IL-4 and IL-10 after
polyclonal stimulation with PMA/ionomycin, favoring a
Th2/Treg profile. Indeed, VIP potentiates Th2 differentiation
from healthy donors CD4+CD45RA+ (naïve T cells) [50]. Our
results with activated/expanded memory Th cell “ex vivo”
from early RA patients showed that these cells generate a
greater proportion of Th17 cells with pathogenic Th17 and
Th17/1 profile. VIP lowered this pathogenic profile, decreas-
ing IL-22, GM-CSF, IL-2, IL-21, IL-23R, IL-21R, T-bet, and
STAT3, although the effect was higher in healthy donors than
in RA patients [21]. These results are in agreement with the
fact that VIP maintains the nonpathogenic profile of human
Th17 polarized cells, decreasing their Th1 potential [109].
Even when memory Th cells from early RA patients were
polarized towards a nonpathogenic Th17 profile in the pres-
ence of TGFβ, they produced significantly more IL-22 and
IFNγ and show a more Th17/1 profile. The presence of VIP
in the conditioned medium reduced IL-22 levels but
increased IL-10 and IL-9. Indeed, VIP inhibits Th17 polariza-
tion bias to Th1-like cells, inducing a negative correlation
between the master regulators for Th1 and Th17 subsets,
Tbx21 (T-bet), and RORC (RORγt), respectively. These
data suggest that VIP reduces the pathogenic profile of
Th17-polarized cells from early RA patients, increasing
Treg/Th17 profile and decreasing Th17/Th1 profile [51].
VIP can exert the Th17 modulation in these cells since both
VPAC receptors are present in them; however, an unbalance
between VPAC1 and VPAC2 was observed. The proportion
of VPAC2 was higher in activated memory Th cells and
Th17-polarized cells from early RA patients than from
healthy donors [21, 51] (Figure 1).

The ability ofVIP tomodulate Th17 orTh1 effects inRA is
not restricted only to its effect on CD4 T lymphocytes since
VIP counteracts the enhancing effect of proinflammatory
molecules on IL-22R, IL-17R, and IL-12 family of cytokines
in FLS disfavoring the cross-talk between FLS and Th1/Th17
cells [49, 102].

In summary, given the importance of pathogenic Th17
and nonclassical Th1 cells in RA pathology, VIP is shown
as a mediator present in the microenvironment, capable of
modulating the pathogenicity of Th17 cells and their Th1
plasticity in RA patients.

6. Conclusions

VIP modulates all the stages between the arrival of pathogens
and the differentiation of Th cells in the pathology of RA

through its anti-inflammatory and immunomodulatory
actions. It acts as an antimicrobial peptide, decreases PRR
expression and its inflammatory signaling, downregulates
the production of proinflammatory cytokines and chemo-
kines, and counterbalances Th subsets decreasing pathogenic
Th17 cells and their capacity to shift to Th1 profile.

Taking into account, this endogenous peptide represents
excellent candidate for the development of multitarget thera-
peutic strategies that modulate both innate and adaptive
immune system.
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Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease of the central nervous system (CNS). Currently, there is still
lack of curative treatment for MS. Mesenchymal stem cell- (MSC-) based therapy is recently the subject of intense interest in
autoimmune diseases. Here, we investigated the therapeutic effect and potential mechanism of human amnion mesenchymal
cells (hAMC) on inflammation and remyelination in experimental autoimmune encephalomyelitis (EAE) mice. C57BL/6 mice
were immunized with myelin oligodendrocyte glycoprotein (MOG) 35–55 peptide. hAMC were injected intraperitoneal when
EAE was successfully established. The results demonstrated that application of hAMC significantly ameliorated the disease
severity and histopathological changes in EAE mice. The production of proinflammatory cytokines such as IFN-γ, TNF-α,
IL-1β, and IL-17A in the spleen and CNS was dramatically inhibited. Moreover, CD4+ T cells and CD8+ T cells in the
CNS were also significantly decreased in EAE mice after hAMC treatment. In addition, hAMC treatment also promoted the
production of neuron-repair factors (NGF, CNTF, and BDNF) in the CNS of EAE mice. In conclusion, these results indicated
that hAMC could attenuate the inflammation and promote the remyelination in EAE mice, which might be a promising cell
source for the therapy of MS.

1. Introduction

Multiple sclerosis (MS) is the most common chronic inflam-
matory autoimmune disease of the central nervous system
(CNS) in young adults. It is characterized by mononuclear
cell inflammation, demyelination, extensive axonal damage,
and axonal loss [1, 2]. Several lines of evidence indicated that
aberrant autoreactive T cell responses, combined with dys-
function of the regulatory network of the immune system,
played a central role in the pathogenesis of MS [3, 4]. Up to
now, there is still no cure for MS. Current approved drugs
predominantly exert their effects on the inflammatory
disease process but hardly decrease neurodegeneration or
promote CNS repair [5]. Therefore, looking for new
treatment that can not only attenuate inflammation but also

prevent neurodegeneration as well as support remyelination
and repair of damaged tissue is urgently needed [6].

Mesenchymal stem cells (MSC) are considered as a
readily available source for tissue engineering. They have
multipotent differentiation capacity and can be differentiated
into various cell types. Therefore, they are mainly used in
organ transplantation and tissue repair in the past [7, 8].
Recently, due to their immunomodulatory properties, MSC
have been regarded as promising therapeutic candidates for
the treatment of autoimmune diseases such as insulin-
dependent diabetes mellitus and rheumatoid arthritis [9].

Human amnion mesenchymal cells (hAMC) are isolated
from the amniotic membrane of human placenta [10].
Compared with MSC from other sources, hAMC can be
easily obtained with minimal ethical problem. More than
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107 hAMC could be isolated from one single amnion by
simple enzyme digestion procedures [11]. More importantly,
these cells do not express telomerase, which exclude the risk
of tumor formation after cell transplantation [12]. Those
properties make hAMC a new ideal MSC resource for clinical
application. In our previous studies, we found that hAMC
could decrease the production of proinflammatory cytokines,
and further, they inhibited T lymphocyte proliferation not
only in vitro but also in rats with collagen-induced arthri-
tis, a classic animal model for human rheumatoid arthritis
[13–15]. Besides having effect on immune cells and
inflammatory cytokines, hAMC have also been proved to
produce neuroprotective factors [16]. These evidences
indicate that hAMC may have potential clinical use in
the treatment of some CNS-related inflammatory diseases.
Actually, using hAMC treating animal models with CNS
diseases such as amyotrophic lateral sclerosis and spinal
cord injury has been reported with success [17, 18]. How-
ever, whether it could be used for the treatment of MS has
still not been explored.

Experimental autoimmune encephalomyelitis (EAE) is
the most commonly used experimental model for MS.
Many studies have successfully used this model to
explore the immune and neural mechanisms and evalu-
ate efficacy of potential therapeutic interventions in MS
[19–21]. Therefore, in this study, we investigate the
therapeutic effect and possible mechanism of hAMC in
mice with EAE.

2. Materials and Methods

2.1. Isolation of hAMC. Placentas were obtained at elective
cesarean section with informed consent. hAMCwere isolated
from abandoned human placentas according to our previous
description [11]. In brief, amnion layer was mechanically
peeled off from chorion layer and washed several times with
Hanks’ balanced salt solution (HBSS) without calcium and
magnesium to remove blood. Then, the amnion was digested
with 0.25% trypsin (Gibco BRL, Gaithersburg, MD, USA) at
37°C for 30min. Further, the amnion was cut into pieces
and digested with 0.1% collagenase V (Sigma-Aldrich, St.
Louis, MO, USA) at 37°C for 30min to obtain hAMC.
Finally, separated hAMC were cultured in DMEM/F12
supplemented with 10% FBS (Gibco BRL, Gaithersburg,
MD, USA). hAMC of no more than 3 passages were used
for experiments. In addition, all the correlated ethic issues
concerning this study were approved by review board of
China-Japan Friendship Hospital.

2.2. Animals. Female C57BL/6 mice purchased from Beijing
Vital River Laboratory Animal Technology Co. Ltd. (Beijing,
China) weighted 18–20 g with 8–10 weeks of age. The mice
were housed in a room with a temperature-, humidity-, and
light-controlled environment. They were fed food and water
ad libitum and allowed to acclimatize themselves for one
week before the initiation of experiment. The study was
approved by the Research Ethics Committee of China-
Japan Friendship Hospital.

2.3. Induction of EAE. Primary progressive EAE model for
C57BL/6 mice was established following the published proto-
col [22]. The mice were immunized subcutaneously on the
back with 0.2mL of myelin oligodendrocyte glycoprotein
(MOG) 35–55 peptide (MEVGWYRSPFSRVVHLYRNGK,
HPLC-purity: >95%) (ChinaPeptides, Shanghai, China)
emulsified in CFA (Chondrex, Redmond, WA, USA) con-
taining 4mg/mL Mycobacterium tuberculosis H37Ra. These
injections were distributed over the following three sites:
one along the midline of the back between the shoulders
and two on either side of the midline on the lower back.
The final dose of MOG 35–55 andMycobacterium tuberculo-
sis H37Ra was 200μg and 400μg per mouse. Each mouse
received an additional 400ng of pertussis toxin (R&D
Systems, MN, USA) by intraperitoneal injection of 200μL
PBS on day 0 and day 2 postimmunization. Clinical scores
were calculated blindly by two researchers daily according
to a 0–5 scale as follows [23]: 1, limp tail or waddling gait
with tail tonicity; 2, waddling gait with limp tail (ataxia);
2.5, ataxia with partial limb paralysis; 3, full paralysis of
1 limb; 3.5, full paralysis of one limb with partial paralysis
of the second limb; 4, full paralysis of two limbs; 4.5,
moribund; and 5, death.

2.4. Treatment. The treatment started from day 14 (at the
disease onset) after primary immunization and lasted for
21 days. Mice were randomly divided into three groups:
normal group, model group, and hAMC group. The mice
in hAMC group were injected intraperitoneally with 100μL
PBS containing 1× 106 hAMC. The mice in normal group
and model group were injected intraperitoneally with the
same volume of PBS.

2.5. Immunofluorescence Staining Assay. Isolated hAMC
were seeded onto 24-well plates. After adherence, cells
were washed with PBS and fixed with 4% paraformalde-
hyde for 20min at room temperature. The fixative solution
was removed and the cells were rinsed three times with
PBS. The cells were processed with respective primary
antibodies at 4°C overnight, including anti-CD105 anti-
body (mouse monoclonal, Invitrogen), anti-CD73 antibody
(rabbit monoclonal, Abcam), and anti-vimentin antibody
(mouse monoclonal, Santa Cruz). Then cells were incubated
with corresponsive secondary antibodies conjugated to
fluorescein (FITC, Jackson) or Alexa Fluor 488 (Jackson).
Negative control was prepared by using isotype-controlled
antibody. After washing three times with PBS, digital images
were acquired with microscope.

2.6. ELISA. Blood of the mice was collected from the orbital
artery and serum was isolated by centrifugation at 600× g
for 20min. The levels of IL-1β, IL-17A, TNF-α, and IFN-γ
in serum were detected by using Luminex Multi-factor
Detection Technology (eBioscience ProcartaPlex) according
to the manufacturer suggested protocol.

2.7. Histopathology. After mice were sacrificed, the spinal
cords were quickly removed and postfixed with 10% neutral
formalin for 48 h. Paraffin-embedded spinal cord cross-
sections (5mm thick) were dewaxed in xylol, rehydrated,
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and then stained with hematoxylin and eosin (H&E) and
luxol fast blue (LFB) staining in order to detect tissue inflam-
mation and demyelination, respectively. Histopathological
examination was performed and scored in a blinded fashion
as follows [24]: for inflammation: 0, no inflammatory cells;
1, a few scattered inflammatory cells; 2, organization of
inflammatory infiltrates around blood vessels; and 3,
extensive perivascular cuffing with extension into adjacent
parenchyma, or parenchymal infiltration without obvious
cuffing. For demyelination: 0, none; 1, rare foci; 2, a few
areas of demyelination; and 3, large (confluent) areas of
demyelination. Five serial sections of each spinal cord from
each of eight mice per group were scored.

2.8. Immunohistochemistry. The cross-sections (5mm thick)
were dewaxed using xylene and dehydrated in a graded series
of alcohols after incubation at 60°C for 1 h. The endogenous
peroxidase activity was quenched with 3% H2O2, and heat-
induced epitope retrieval was done in sodium citrate buffer.
Sections were incubated with anti-CD3 antibody (Abcam,
Cambridge, UK), anti-CD4 antibody (Abcam, Cambridge,
UK), and anti-CD8 antibody (Abcam Cambridge, UK)
overnight at 4°C, followed by incubation with SignalStain®
Boost IHC Detection Reagent (HRP, Rabbit) (Cell Signaling
Technology, Danvers, MA, USA) according to instructions
from manufacturers. Final color product was developed with
SignalStain DAB Substrate Kit (Cell Signaling Technology,
Danvers, MA, USA), and then sections were counterstained
with hematoxylin (Leagene, Beijing, China). Images were
captured by LEICA DM6000B with a LEICA DFC300 FX
(Leica Microsystems Ltd., Solms, Germany) at a magnifica-
tion of 200x. Six fields were evaluated for each slide [25].
The numbers of positive cells per mm2 of spinal cord tissues
were made by manual counting at Image-Pro Plus 6.0
software (Media Cybernetics, Rockville, MD, USA) [26].

2.9. Quantitative Real-Time PCR. IL-1β, IL-17A, TNF-α, and
IFN-γ mRNA levels in the spinal cord were analyzed by
quantitative real-time PCR. Total RNA was isolated from
the spinal cord through tissue homogenate using TaKaRa
MiniBEST Universal RNA Extraction Kit (TaKaRa, Kusatsu,
Japan) according to the manufacturer’s instructions. This
procedure was done under RNase-free conditions. The total
RNA (1μg) was reverse transcribed to cDNA using Prime-
Script™ RT reagent Kit with gDNA Eraser (TaKaRa, Kusatsu,
Japan) according to the instructions manual. The specific
transcripts were quantified by quantitative real-time PCR
using SYBR® Premix Ex Taq™ II (TliRNaseH Plus), ROX
plus (TaKaRa, Kusatsu, Japan) and analyzed with ABI 7500
real-time PCR system (Applied Biosystems, Foster, CA,
USA). Gene-specific primers were synthesized by Sangon
Biotech (Shanghai, China), and the following primer
sequences were used: CTCTCCACCTCAATGGACAGA
(forward) and TGCTTGGGATCCACACTCTC (reverse)
for IL-1β, CTCAACCGTTCCACGTCAC (forward) and
ACACCCACCAGCATCTTCT (reverse) for IL-17A, ATGA
ACGCTACACACTGCATC (forward) and CCATCCTTT
TGCCAGTTCCTC (reverse) for IFN-γ, GCCACAAGCAG
GAATGAGAAG (forward) and GCCACAAGCAGGAATG

AGAAG (reverse) for TNF-α, and TGGAGTCTACTGGC
GTCTT (forward) and TGTCATATTTCTCGTGGTTCA
(reverse) for GAPDH. The mRNA levels were normalized
to GAPDH mRNA level. PCR was performed as 95°C for
30 sec, 40 cycles at 95°C for 5 sec and 60°C for 30 sec. The
relative mRNA expression was calculated with comparative
CT method.

2.10. Western Blot. The levels of NGF, CNTF, and BDNF in
the CNS of EAE mice were detected by Western blot. Brain
was collected and snapped frozen at −80°C immediately.
Tissue homogenates were prepared in lysis buffer, consisting
of 1 nM PMSF. Proteins were denatured, and equal amounts
of proteins were electrophoresed in 12% bis-Tris/polyacryl-
amide gels and transferred to PVDF membranes. The
membranes were blocked for 2 h in blocking solution and
incubated overnight at 4°C with primary antibodies (Abcam,
Cambridge, UK) diluted in blocking solution. Next, incuba-
tion with horseradish peroxidase-conjugated secondary anti-
body was performed at room temperature for 2 h, and
immunoreactivity was detected by using enhanced chemilu-
minescence. Blots were scanned and analyzed for measure-
ment of the band intensities with UN-SCAN-IT version
5.1 software.

2.11. Statistical Analysis. Statistical analysis was performed
with SPSS 18.0 software. All data were expressed as
mean± SD. Differences in mean values of various groups
were analyzed by ANOVA. Comparisons of numerical
data between two groups were calculated by Student t-tests.
Difference with P value< 0.05 was considered as statisti-
cally significant.

3. Results

3.1. Characterization of hAMC. Immunofluorescence
staining assay showed that isolated hAMC expressed stem
cell specific markers CD105, CD73, and vimentin (Figure 1).

3.2. hAMC Ameliorated the Symptom and Improved CNS
Pathology of EAE Mice. To determine the effect of hAMC
on MS, we administrated hAMC in a classical MOG-
induced EAE mice model. In our preliminary studies, we
found that 1× 106 hAMC was optimal for suppressing EAE;
therefore, this dose was chosen for the subsequent in vivo
experiments. As shown in Figure 2(a), hAMC remarkably
attenuated the clinical symptoms of EAE mice. The mean
clinical score was obviously lower in hAMC group when
compared to model group from day 20 till the end of the
experiment. In addition, we found improvement of body
weight in hAMC group to some extent, although there was
no significant difference between model group and hAMC
group (Figure 2(b)). In order to investigate the effect of
hAMC on CNS pathology of EAE mice, we detected the
inflammation and demyelination changes in the spinal cords
by H&E staining and LFB staining, respectively. As shown in
Figure 2(c), the model group showed significant vascular
cuff-like changes and diffused inflammatory cell infiltration
and demyelination compared with the normal group.
Excitingly, hAMC treatment could improve the severity of
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these pathological changes. The inflammation score and
demyelination score were obviously lower in the hAMC
group compared to the model group (Figures 2(d) and 2(e)).

3.3. hAMC Suppressed Proinflammatory Cytokine Production
in EAE Mice. To determine the anti-inflammatory properties
of hAMC in EAE mice, we examined the levels of several
important proinflammatory cytokines in serum and CNS of
EAE mice. As shown in Figure 3(a)–3(d), production of
TNF-α, IFN-γ, IL-1β, and IL-17A in the serum of EAE mice
were significantly increased compared to the normal mice,
whereas hAMC could remarkably decrease these proinflam-
matory cytokine levels. On the other hand, we also detected
the levels of these cytokines in the CNS by real-time PCR.
The results showed that compared to the model group,
hAMC treatment could significantly lower the levels of these
proinflammatory cytokines (Figures 3(e)–3(h)).

3.4. hAMC Decreased CD4+ T Cells and CD8+ T Cells in EAE
Mice. To further investigate the anti-inflammatory mecha-
nism of hAMC, we detected CD4+ T cells and CD8+ T cells
in the CNS of EAE mice after hAMC treatment. Immunohis-
tochemistry analysis showed that the numbers of CD4+ T
cells and CD8+ T cells were remarkably increased in the
spinal cords from the model group. hAMC treatment signif-
icantly reduced the numbers of CD4+ T cells and CD8+ T
cells when compared with the model group (Figure 4).

3.5. hAMC Promoted Neuron-Repair Factor Production in
EAE Mice. Previous LFB staining showed that hAMC
treatment could lower the demyelination score in EAE mice,
which implied hAMC might promote remyelination. To
further investigate the action mechanism of hAMC, we next
examined the levels of several important neuron-repair
factors (NGF, CNTF, and BDNF) in the CNS of EAE
mice after hAMC treatment. The results could be seen
in Figure 5, which showed that hAMC treatment could
significantly increase the expression of NGF, CNTF, and
BDNF in the EAE mice.

4. Discussion

Recently, accumulating evidence showed that MSCs
from different origins, including adipose-derived, bone

marrow-derived, and umbilical cord-derived, could attenu-
ate the disease progression in EAE animal models [27–29].
Furthermore, autologous bone marrow-derived MSCs
transplantation and allogeneic umbilical cord-derived MSCs
transplantation for the treatment of MS have been proved
safe and effective in clinical trials, which showed that treat-
ment improved the course of the disease, reduced the inflam-
matory response, and promoted neuroprotection [30–32].
Although MSCs provide a unique approach to the treatment
of MS, how to obtain the abundant cells easily and how to
avoid possible adverse effect in the clinic application are still
rigorous challenges.

Human amniotic membrane is previously regarded as
postlabor medical waste. However, accumulating evidences
indicated it is a valuable biomaterial, because it possesses
two distinct stem/progenitor cell populations: human
amniotic mesenchymal cells (hAMC) and human amniotic
epithelial cells (hAEC). hAMC are derived from embryonic
mesoderm, while hAEC are derived from embryonic ecto-
derm. Both cells express stem cell marks including CD73
and CD105. The difference between the two types of cells is
that hAMC expresses vimentin but not cytokeratin 19,
whereas hAEC expresses cytokeratin 19 but not vimentin
[33]. Despite both hAMC and hAEC display some similar
properties including helping regeneration and repair of
damaged tissues and organs [34], there still exist a few differ-
ences between these two kinds of cell types, such as immuno-
regulation [35]. As hAEC have already been reported to have
immunosuppressive and therapeutic effect in MS, we wonder
whether hAMC can also be used in the treatment of MS. Our
study firstly demonstrated that hAMC could effectively
attenuate the disease development in EAE mice. Because
hAMC are easy to isolate and expand in vitro, at the
same time, almost no risk of tumor formation, our study
would help provide an alternative source of MSC in the
MS treatment.

Although the cause and pathogenesis of MS are largely
unknown, the current theories favor MS as an autoimmune
inflammatory disorder of the CNS, wherein T lymphocytes
play a central role [36]. Both CD4+ and CD8+ T cells
have been demonstrated in MS lesions. On the one hand,
a variety of stimuli including environmental factors, infec-
tion, inflammation, and autoimmune reactions induces

CD73CD105 Vimentin

Figure 1: hAMC express stem cell specific markers. Stem cell markers—CD105, CD73, and vimentin—were shown by immunofluorescence
in hAMC. Magnification: ×100.
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Figure 2: hAMC ameliorates the clinical symptoms and improves CNS pathology of EAE mice. (a) Time course changes of mean clinical
score in the mice from respective group. Arrow shows the starting point of hAMC treatment. (b) Time course changes of body weight in
the mice from respective group. (c) Representative histological finding of spinal cords from each group. Tissue sections from the
spinal cords were stained with H&E or LFB, respectively. Scale bars, 200 μm. (d) Histological inflammation score in each group.
(e) Demyelination score in each group. Results are shown as mean± SD. n = 8 mice per group. For pathological analysis, n = 5
sections per animal, eight mice in each group. ∗∗P < 0 01, compared to model group.
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autoreactive CD4+ T cells to be activated in the periphery.
These activated CD4+ T cells adhere to the CNS endothe-
lial and enter the CNS by transendothelial migration. After
entering the CNS, these cells are reactivated by local and
infiltrating activated antigen-presenting cells (APC), result-
ing in subsequent inflammatory processes and eventually
in demyelination and axonal damage [37]. On the other
hand, increasing evidence found that inflammatory infil-
trates are often dominated by CD8+ T cells in the florid

multiple sclerosis lesions [38]. These cells are probably
much better suited to mediate CNS damage, since neu-
rons, oligodendrocytes, and astrocytes in the CNS express
MHC-I and therefore are preferentially recognized by
CD8+ T cells [39]. In our study, we found that CD4+ T
cells and CD8+ T cells were both increased in the CNS
of EAE mice. These results were consistent with the
previous reports. hAMC treatment effectively lowered the
numbers of these cells, indicating that its therapeutic effect
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Figure 3: hAMC suppresses the production of proinflammatory cytokines in EAEmice. (a–d) Effect of hAMC on the production of cytokines
in the serum. The levels of TNF-α, IFN-γ, IL-1β, and IL-17A in the serum of mice were determined by ELISA. (e–h) Effect of hAMC on the
mRNA levels of cytokines. The mRNA levels of TNF-α, IFN-γ, IL-1β, and IL-17A in the spinal cords of mice were detected by real-time PCR.
Data were mean± SD. n = 8 mice per group. ##P < 0 01, compared to normal group. ∗P < 0 05, ∗∗P < 0 01, compared to model group.
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Figure 4: hAMC decreases CD4+ T cells and CD8+ T cells in the CNS of EAE mice. (a) The changes of CD4+ T cells in the spinal cords. (b)
The changes of CD8+ T cells in the spinal cords. Left, representative images. Scale bars, 100μm. Right, the quantitative analysis. Six fields were
evaluated for each slide. The numbers of positive cells per mm2 of the spinal cord tissues were made by manual counting at Image-Pro
Plus 6.0 software. Data were mean± SD. n = 8 mice per group. ##P < 0 01, compared to normal group. ∗P < 0 05, compared to model
group, ∗∗P < 0 01, compared to model group.
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on EAE mice was at least partly through the decreased
numbers of these cells.

Cytokine dysfunction responses are also observed in
MS patients and EAE animal models [40, 41]. Overexpres-
sion of proinflammatory cytokines including IL-1β, IL-17,
TNF-α, and IFN-γ has been shown to activate various
inflammatory processes [29, 30]. Previous studies reported
that these proinflammatory cytokines overexpressed in the
blood, cerebrospinal fluid, and CNS lesions of MS patients
[31]. Moreover, IL-1β deficiency significantly attenuated
clinical symptom of EAE mice [27]. Therefore, regulating
these overexpressed proinflammatory cytokines to physio-
logical levels might be effective for the treatment of MS.

In our study, we found that hAMC treatment effectively
lowered the proinflammatory cytokines not only in the
periphery but also in the CNS of EAE mice.

In MS, promoting remyelination is still a crucial
therapeutic challenge [42, 43]. Stem cells on neural repair
and neuroprotection function have been discovered and
confirmed in recent years, as administration of these cells
in experimental models of stroke and spinal cord injury
obtained success [44, 45]. Studies indicated that stem cells
had a neuroprotective activity because they could not only
inhibit the production of inflammatory factors but also
increase neurotrophic factors [46, 47]. However, whether
hAMC can promote the neurotrophic factors production in
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Figure 5: hAMC increases the neuron-repair factors in the CNS of EAE mice. (a–c) Representative images. (d–f) The quantitative analysis.
The levels of NGF, CNTF, and BDNF in the brain were determined by Western blot. Data were mean± SD. n = 8mice per group. #P < 0 05,
##P < 0 01, compared to normal group. ∗P < 0 05, ∗∗P < 0 01, compared to model group.
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EAE mice is still unknown. Neurotrophins, including NGF,
CNTF, and BDNF, are a family of proteins that induce the
survival, development, and function of neurons [48, 49].
They act by preventing the neuron from initiating pro-
grammed cell death, thus allowing the neurons to survive.
They also induce differentiation of progenitor cells to form
neurons [49]. Increasing evidence showed that the levels of
these neurotrophins were significantly reduced in the CNS
of MS patients and EAE mice and correlated with the
deteriorated neuron damage, which implied that increasing
the levels of these neurotrophins and/or maintaining their
physiological levels in the CNS might be beneficial for MS
[42, 50]. Actually, several related preparations, such as NGF
eye drop and NGF infusion, have been approved in clinic to
treat optic nerve injury, brain injury, etc. [51, 52]. In our
study, we found that the levels of NGF, CNTF, and BDNF
were significantly reduced in the CNS of EAE mice, which
was consistent with the previous reports. Treatment with
hAMC showed a significantly increase in the levels of
these factors. These results indicated that besides anti-
inflammatory effect, hAMC could also promote the neural
repair in EAE mice.

Collectively, the results of the present study demon-
strated that hAMC could effectively inhibit inflammation
and promote remyelination in EAE mice, which was partly
through decreasing the numbers of CD4+ T cells and
CD8+ T cells, inhibiting the production of proinflammatory
cytokines as well as increasing the levels of neuron-repair
factors. Certainly, more studies still need to be done to
further explain the mechanism of hAMC so as to promote
its clinical application.
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Primary Sjögren’s syndrome (pSS) is a rheumatic disease characterized by the destruction of salivary and lacrimal glands, and its
pathogenesis mechanism remains unclear. Gαq is the α-subunit of the heterotrimeric Gq protein. Researches demonstrated that
Gαq was involved in the pathogenesis regulation of several rheumatic diseases. This study explored the role of Gαq in pSS. Gαq
mRNA levels in peripheral blood mononuclear cells (PBMCs) from 39 patients and 26 healthy controls (HCs) were investigated
using real-time PCR. IL-17A serum concentrations in 22 pSS patients and 23 HCs were tested by ELISA, and the clinical
significance of Gαq was analyzed. The association of Gαq with interleukin-17A (IL-17A) expression was also analyzed in
patients with pSS. We showed that Gαq expression in PBMCs from patients with pSS was significantly lower than that in
PBMCs from HCs. Gαq expression level was closely associated with pSS disease activity. Furthermore, a negative association
was also found in IL-17A and Gαq expression level. These data suggest that Gαq is involved in pSS pathogenesis regulation,
possibly due to its regulation of Th17. These results provide new insights into the pSS pathogenesis mechanism involving
abnormal Th17 regulation.

1. Introduction

Primary Sjögren’s syndrome (pSS), one of the most common
rheumatic diseases, is characterized by dry eyes and dry
mouth, due to lymphoplasmocytic infiltration and destruc-
tion of lachrymal and salivary glands. In addition to the
hypofunction of the salivary and lacrimal glands, other vital
organs such as the lungs, kidneys, and liver can also be dam-
aged in patients with pSS [1].

Specific details regarding the etiology of pSS remain
unknown. The diagnosis of pSS is always at a relatively late
stage when irreversible damages of the glands already existed,
and the effective treatment strategies are limited compared
with other rheumatic diseases. Intensive studies are trying
to unravel the molecular, genetic, and immunological mech-
anisms for this disease and provide a better understanding

about the pathogenesis mechanism of pSS [2]. T helper type
17 (Th17), characterized by the production of IL-17, is a
subset of effector T helper cells that are distinct from Th1
and Th2 cells [3]. They have been proven to be the main
pathogenic cells in inflammation and autoimmunity [4]. Sev-
eral studies have indicated that Th17 cells are increased in
patients with pSS and involved in the glandular tissue
damage of SS [5–7]. However, the presence of Th17 is always
found to be associated with the onset of gland destruction;
how Th17 is regulated in pSS remains unclear. A study about
the mechanism of Th17 regulation in pSS may help us have a
better understanding of pSS at an early stage before the onset
of gland destruction and may help us explore more treatment
targets in pSS.

Gαq is encoded by gene GNAQ; it is the α-subunit of the
heterotrimeric Gq protein. The Gq protein is a member of
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the subfamilies of the heterotrimeric G proteins. There are
three subunits in the heterotrimeric G proteins, namely, α,
β, and γ. According to the difference of the α-subunits, the
G proteins can be classified into four subfamilies including
Gαs, Gαi, Gαq/11, and G12/13. Gq is a member of the
Gαq/11 subfamily [8]. Gαq is widely expressed in several
kinds of cells, including lymphocytes. Gαq couples with a
wide variety of membrane receptors to effector molecules
inside cells. Important roles of Gαq in the immune system
have been revealed in recent years, giving us new understand-
ing about the pathogenesis mechanism of rheumatic diseases
[9, 10]. Our previous researches demonstrated that Gαq is
involved in the pathogenesis regulation of several rheumatic
diseases, including systemic lupus erythematosus (SLE) and
rheumatoid arthritis (RA), which may be related to its
regulation in Th17 differentiation [11, 12]. pSS shares some
similarities with the pathogenesis mechanisms of SLE or
RA; however, whether Gαq is also involved in pSS pathogen-
esis remains unknown.

In this study, we investigated the expression of Gαq in
patients with pSS and analyzed the association of Gαq
expression and the clinical characteristics of patients with
pSS. We then studied the level of IL-17A in the serum of
patients with pSS and the association between IL-17A and
Gαq expression. We found the expression of Gαq was signif-
icantly lower in patients with pSS and that the expression of
Gαq was associated with the disease activity of pSS, presence
of arthritis, and IgG level. The concentration of IL-17A was
significantly higher in patients with pSS, and the expression
of Gαq was negatively related to IL-17A. Our data suggest
that Gαq is involved in pSS pathogenesis regulation, indicat-
ing that Gαq can be used as a potential target in pSS research
and treatment.

2. Materials and Methods

2.1. Patients and Controls. 39 patients diagnosed with pSS (22
pSS patients with both PBMCs and sera) and 40 healthy
controls (HCs, 17 HCs with samples of PBMCs, 14 HCs with
samples of sera, and 9 HCs with samples of both PBMCs and
sera) matched for sex and age were included in this study.
Patients with pSS were all from the outpatient and inpatient
departments of Rheumatology and Clinical Immunology,
the First Affiliated Hospital of Xiamen University. The
patients with pSS were diagnosed based on the criteria of
the American College of Rheumatology [13]. Data such
as sex, age, history, clinical manifestations, laboratory
findings, and treatment strategy on patients with pSS were
collected from the patients’ medical records. This study was
approved by the medical ethics committee of the First
Affiliated Hospital of Xiamen University. The basic clinical
characteristics of the pSS patients and HCs are summarized
in Table 1.

2.2. Peripheral Blood Mononuclear Cell Isolation. Peripheral
blood mononuclear cells (PBMCs) were isolated from
blood samples of HCs and pSS patients using standard den-
sity gradient centrifugation. The heparinized blood samples
were centrifuged with the addition of Ficoll-Paque Plus

(Eppendorf, GER). Total RNA of PBMCs was isolated using
TRIzol™ Reagent (Invitrogen, USA). RNA was then reverse
transcribed following the manufacturer’s instructions. The
concentration of RNA was determined with a Nanodrop
ND1000 spectrophotometer.

2.3. RNA Extraction and Quantification of Transcripts Using
Real-Time Polymerase Chain Reaction. Total RNA of PBMCs
of patients and HCs was extracted by TRIzol (Invitrogen,
USA) according to the manufacturer’s instructions. Briefly,
total RNA was reverse-transcribed first to cDNA using
reverse transcription reagent kits (Roche, CH) following the
manufacturer’s instructions. The reaction conditions were
as follows: 50°C for 60 mins, then 85°C for 5min, and
finally 4°C for 5min. The mRNA expression levels of
GAPDH and Gαq were investigated by real-time quantitative
PCR (RT-PCR) using SYBR Green (Roche, CH). A 10μL
SYBR Green RT-PCR reaction mixture containing 2μL of
cDNA, 0.2μL of sense or antisense primer, and 7.6μL
ddH2O was used. Quantitative PCR was performed accord-
ing to the manufacturer’s instructions (ABI7500, USA). The
PCR reactions were amplified as follows: 50°C for 2min,
95°C for 10min, 40 cycles at 95°C for 15 s and 60°C for
1min, and 95°C for 1min to denature. GAPDH expression
level was used to normalize the mRNA expression level of

Table 1: Demographic and clinical characteristics of pSS patients.

pSS Health controls P

Number, N 39 40 NS

Age (years), mean± SD 46.1± 8 48± 9 NS

Sex, M/F 3/36 4/36 NS

Disease duration (years),
mean± SD 2.7± 1.2

Clinical manifestations, N (%)

Oral dry 27 (69) 0 (0)

Eye dry 24 (62) 0 (0)

Arthritis 14 (36) 0 (0)

Pulmonary domain 12 (31) 0 (0)

Autoimmune hemolytic anemia 13 (43) 0 (0)

Lymphopenia 5 (13) 0 (0)

Renal involvement 12 (31) 0 (0)

Nervous system involvement 2 (5) 0 (0)

ESSDAI score, mean (range) 3 (0–10)

Active disease (ESSDAI≥ 4) 9

Serological features, N (%)

ANA 31 (79) 0 (0)

Anti-SSA/Ro 33 (85) 0 (0)

Anti-SSB/La 21 (54) 0 (0)

Anti-SSA/Ro and anti-SSB/La 20 (51) 0 (0)

Low serum C3 19 (49) 0 (0)

High serum IgG 16 (41) 0 (0)

CRP 22 (56) 0 (0)

ESR 27 (69) 0 (0)
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Gαq; the 2−ΔΔCt method was used to determine the relative
expression. The primers used were as follows: GAPDH, sense
primer: 5′-GTGAACCATGAGAAGTATGACAAC-3′ and
antisense primer: 5′-CATGAGTCCTTCCACGATACC-3′
and Gαq, sense primer: 5′- GTTGATGTGGAGAAGG
TGTCTG-3′ and anti-sense primer: 5′-GTAGGCAGGTA
GGCAGGGT-3′. To ensure the amplification specificity,
melting curve analysis was used in the PCR products
from each primer pair and then agarose gel electrophoresis
was used.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). The con-
centration of L-17A in the serum of HCs and pSS patients
was determined by an ELISA kit (PeproTech, USA) following
the manufacturer’s protocols. An ELISA microplate reader
was used to measure the absorbance at 450nm.

2.5. Statistical Analysis. The results were analyzed using the
Mann–Whitney U test with PRISM software (GraphPad
Software, San Diego, CA, USA). Spearmen’s rank test was
used to investigate the correlations between the clinical
parameters of patients with pSS and Gαq expression level.
P values < 0.05 were considered significant.

3. Results

3.1. Expression of Gαq Was Decreased in Patients with
pSS. To explore the role of Gαq in pSS, we first investi-
gated the Gαq expression level in patients with pSS. As
an imbalance in lymphocytes is a main factor in pSS
pathogenesis, we collected PBMCs from patients with SS
and HCs and analyzed the mRNA expression of Gαq in
PBMCs. As shown in Figure 1, we found that the mRNA
expression of Gαq in PBMCs was significantly lower in
patients with SS compared with that in HCs. These data

suggest Gαq might have a potential role in the regulation
of SS pathogenesis (Figure 1).

3.2. Expression of Gαq Was Negatively Associated with
Disease Activity in Patients with pSS. To further investigate
the specific role of Gαq in pSS pathogenesis regulation, we
then analyzed the disease activity of patients with pSS with
different expression levels of Gαq. The EULAR Sjögren’s
syndrome disease activity index (ESSDAI) is now widely used
to evaluate pSS disease activity [14]. We analyzed the relation
of Gαq mRNA expression in PBMCs with the ESSDAI in
patients with pSS. As shown in Figure 2, we found the
expression level of Gαq mRNA was negatively related to the
ESSDAI in patients with pSS. This suggested that Gαq nega-
tively regulates the pathogenesis of pSS and that a low level of
Gαq might contribute to the disease onset of pSS.

3.3. Clinical Significance of Gαq in Patients with pSS.We then
analyzed the association of the expression of Gαq with the
clinical characteristics of patients with pSS to explore the
clinical significance of Gαq in pSS. The expression of Gαq
was significantly lower in pSS patients with arthritis than that
in those without arthritis (Figure 3(a)), suggesting that Gαq
might be involved in the pathogenesis of arthritis. However,
no differences in Gαq expression between pSS patients with
and without interstitial lung disease (ILD), dry eyes, and
dry mouth were found (Figures 3(b)–3(d)). We further
analyzed the association of Gαq mRNA expression with
other clinical characteristics, including lymphocyte count in
peripheral blood, urinary protein, hemoglobin (HB) level,
platelet (PLT) level, complement 3 (C3) level, C-reactive pro-
tein (CRP) level, immunoglobulin G (IgG) level, anti-SSA
titer, and anti-SSB titer (Figure 4). A significant negative
association was found between Gαq mRNA expression and
IgG level, whereas no association was found for the others.

3

2

Re
la

tiv
e G

�훼
q 

m
RN

A
 ex

pr
es

sio
n

1

0
pSS

⁎⁎⁎

HCs

Figure 1: Expression of Gαq was decreased in lymphocytes of pSS
patients. Peripheral blood mononuclear cells (PBMCs) from pSS
(n = 39) and HC (n = 26) were collected. Gαq mRNA expression
in PBMCs was analyzed by RT-PCR. The mRNA expression level
of Gαq was significantly higher in pSS patients compared with
HCs. ∗∗∗P < 0 001.
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Figure 2: Expression of Gαq was negatively associated with the
disease activity of pSS patients. Peripheral blood mononuclear
cells (PBMCs) from pSS (n = 39) patients were collected. Gαq
mRNA expression in PBMCs was analyzed by RT-PCR. The
correlation between Gαq mRNA expression level and ESSDAI in
pSS patients was determined by using Spearmen’s rank test.
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These data suggest that Gαq plays a role in the negative
regulation of the immune reaction.

3.4. Gαq Expression Was Negatively Related to IL-17A
Concentration, Which May Contribute to the Mechanism by
Which Gαq Is Involved in pSS Pathogenesis Regulation. Our
data suggest that Gαq is involved in pSS pathogenesis regula-
tion, but the mechanism remains unclear. Th17 is a key
factor in pSS pathogenesis, and our previous researches dem-
onstrated that Gαq inhibited the differentiation of Th17 [11].
We further investigated the correlation between Gαq and
Th17 in patients with pSS. We first investigated the level of
IL-17A in the serum of patients with pSS and HCs. We found
that the concentration of IL-17A was significantly higher in
patients with pSS than in HCs (Figure 5(a)). We then
analyzed the correlation of Gαq mRNA expression in
PBMCs from patients with pSS with IL-17A. A negative
correlation was found between Gαq mRNA expression
and IL-17A expression (Figure 5(b)). These data suggested
that Gαq might be a factor involved in Th17 regulation in
patients with pSS.

4. Discussion

In this study, we report for the first time that Gαq mRNA
expression in lymphocytes was decreased in patients with
pSS and that the expression of Gαq was closely related to dis-
ease activity. Gαq mRNA expression was negatively associ-
ated with IL-17A levels in the serum of patients with pSS.

Our study revealed that Gαq plays a role in pSS pathogenesis
regulation, providing a new mechanism for how Th17 cells
are regulated in pSS.

pSS is a disorder in which dry eyes and dry mouth occur
as a manifestation of immune dysregulation [15, 16]. Dry
eyes and mouth are often the first symptoms of SS and may
indicate the involvement of other organs, including the sali-
vary glands, lungs, and kidneys. Roughly 5–10% of patients
with SS develop lymphoma [17]. Treatment strategies for
pSS are relatively limited because the irreversible destruction
of the salivary glands is always present when pSS is diag-
nosed. Studies on the pathogenesis mechanism of pSS are
needed to clarify the early stages of pSS. Th17 cells have been
shown to be a factor in pSS pathogenesis. IL-17 KO mice
were shown to be completely resistant to SS induction, and
the adoptive transfer of Th17 cells induced the presence of
SS symptoms in immunized IL-17 KO mice rapidly, proving
the crucial role of Th17 in pSS pathogenesis [18]. Increased
levels of IL-17 were also found in the serum as well as the
salivary glands of patients with pSS [6, 19]. Consistent with
previous studies, we also found that IL-17A was increased
in the serum of patients with pSS, confirming the crucial
role of Th17 cells in pSS pathogenesis. However, how
the abnormal Th17 cells are regulated in pSS remains
unclear. Studies on the regulation mechanism of Th17
cells in pSS can help to better understand the stage before
the onset of Th17 cell upregulation and the destruction of
salivary glands and help to develop better management
strategies for pSS in its early stages.
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Figure 3: Expression level of Gαq was much more lower in pSS patients with arthritis. Gαq mRNA expression in PBMCs of pSS (n = 39)
patients was analyzed by RT-PCR. (a) Gαq mRNA expression in pSS patients with and without arthritis. (b) Gαq mRNA expression in
pSS patients with and without interstitial lung diseases (ILD). (c) Gαq mRNA expression in pSS patients with and without dry mouth. (d)
Gαq mRNA expression in pSS patients with and without dry eyes. ∗∗P < 0 01.

4 Journal of Immunology Research



Gαq is the α-subunit of the Gq protein encoded by gene
GNAQ [8]. Our previous studies confirmed the vital role of
Gαq in several aspects of immune regulation such as den-
dritic cell trafficking, B cell selection, and T cell activation
[9, 10, 20]. By using Gnaq−/− chimeric mice by reconsti-
tuting lethally irradiated C57BL/6J recipient mice with
Gnaq−/− bone marrow, we also revealed the role of Gαq
in the pathogenesis of autoimmune disease. Autoimmunity
with multiorgan involvement and arthritis can spontane-
ously develop in Gnaq−/− chimeric mice [10]. In previous
studies, the expression of Gαq was shown to decrease in
lymphocytes from patients with RA and SLE and closely
related to disease activity, indicating the role of Gαq in
RA and SLE pathogenesis regulation [11, 12, 21, 22]. Thus,
these studies revealed a new mechanism for autoimmune
disease pathogenesis regulation.

This study demonstrated the role of Gαq in pSS. We
found that the expression of Gαq was also decreased in lym-
phocytes from patients with pSS and that the expression level
of Gαq was closely associated with the disease activity of pSS,
presence of arthritis, and high level of IgG. Our previous

studies demonstrated that Gnaq−/− chimeric mice spontane-
ously developed inflammatory arthritis [10], and the expres-
sion of Gαq was shown to be decreased in lymphocytes from
RA patients, suggesting that Gαq is involved in the regulation
of inflammatory arthritis development. pSS shares some sim-
ilarities with RA regarding the pathogenesis mechanism and
is often coexisted with RA [23]. Our studies have shown that
Gαq is decreased in both patients with pSS and patients with
RA, suggesting that Gαq might contribute to the overlap in
the pathogenesis mechanisms of pSS and RA. Furthermore,
we found that Gαq expression was lower in patients with
pSS with arthritis compared with that in those without
arthritis, suggesting that a low expression level of Gαq may
be used as a predictor for the presence of arthritis in pSS.
However, prospective studies are needed to confirm the abil-
ity of the Gαq level to predict arthritis in pSS.

It was demonstrated that Gαq could negatively regulate
Th17 differentiation in our previous studies, and a negative
association was found between the expression of Gαq and
IL-17A in patients with RA [11]. In this study, we also found
a negative association between Gαq and IL-17A, revealing a
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Figure 4: Expression level of Gαq was negatively associated with IgG level. Association of Gαq mRNA expression with lymphocyte count in
peripheral blood (a), urinary protein (b), level of hemoglobin (HB) (c), platelet (PLT) (d), complement 3 (C3) (e), C-reactive protein (CRP)
(f), immunoglobulin G (IgG), titer of anti-SSA (h), and titer of anti-SSB (i). Significant negative association was found between Gαq mRNA
expression and IgG level.
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novel regulation mechanism for the abnormal Th17 levels in
patients with pSS. This represents a potential new research
target for the early stages of pSS.

In conclusion, this study showed that Gαq expression is
involved in pSS pathogenesis regulation, possibly because of
its regulation of Th17 cells. These results provide a new
mechanism for pSS pathogenesis regarding abnormal Th17
cell regulation.
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