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Increasing evidence has suggested that T helper 17 (Th17) cells play a central role in the pathogenesis of ocular immune disease.
The association between pathogenic Th17 cells and the development of uveitis has been confirmed in experimental and clinical
studies. Several cytokines affect the initiation and stabilization of the differentiation of Th17 cells. Therefore, understanding the
mechanism of related cytokines in the differentiation of Th17 cells is important for exploring the pathogenesis and the potential
therapeutic targets of wuveitis. This article briefly describes the structures, mechanisms, and targeted drugs of
cytokines—including interleukin (IL)-6, transforming growth factor-f1 (TGF-f1), IL-1p3, IL-23, IL-27, IL-35, IL-2, IL-4, IL-21,
and interferon (IFN)-y—which have an important influence on the differentiation of Th17 cells and discusses their potential as

therapeutic targets for treating autoimmune uveitis.

1. Introduction

CD4+ T cells can differentiate into T helper (Th) or T regu-
latory cell (Treg) subsets. Th cell subsets have been classified
into Th1, Th2, Th9, Th17, Th22, and follicular helper T (Tth)
cells based on the secreted cytokines and the special tran-
scription factors [1, 2]. Th17 cells discovered in 2005 can
produce the characteristic cytokine interleukin (IL)-17A
and the lineage-specific transcription factor retinoid-related
orphan receptor gamma t (RORyt) [3]. Th17 cells are impli-
cated in the pathogenesis of many autoimmune diseases and
appear to be divided into two distinct subpopulations in vivo,
pathogenic and nonpathogenic populations. Pathogenic
Th17 cells are generally considered to induce immune cells
by secreting proinflammatory cytokines, including IL-17A,
IL-17F, IL-22, and granulocyte macrophage-colony stimulat-
ing factor (GM-CSEF), thus causing tissue damage [4]. Con-
versely, nonpathogenic Th17 cells do not induce tissue
inflammation and may have some function in inhibiting
autoimmune inflammation. They can negatively regulate
immune responses by producing immune regulatory cyto-

kines, such as IL-10 [5]. Currently, a series of studies have
corroborated that naive CD4+T cells differentiate into path-
ogenic Th17 cells or nonpathogenic Th17 cells depending
on the different cytokines in the environment. It is widely
acknowledged that nonpathogenic Th17 cells can be induced
by transforming growth factor-S1 (TGF-f1) combined with
IL-6, while pathogenic Th17 cells can be induced by IL-
6+TGF-p1+41L-23, IL-21+TGF-f31, IL-6+TGF-f33, or IL-
6+IL-1B+IL-23 in mice (see Figure 1) [4, 6-8]. Aside from
the cytokines mentioned above, IL-27, IL-35, IL-2, IL-4,
and interferon (IFN)-p have some distinct effects in sup-
pressing the differentiation of and regulating the pathology
of Th17 cells [9].

Autoimmune uveitis is an immune-mediated disease
with an unclear etiology and includes Vogt-Koyanagi-
Harada disease (VKH), Behcet’s disease (BD), sympathetic
ophthalmia (SO), birdshot retinochoroidopathy (BSRC),
and ocular sarcoidosis [10]. The experimental autoimmune
uveitis (EAU) model serves as an animal model of autoim-
mune uveitis. The EAU model can be divided into antigen-
induced EAU (aEAU) models and T cell-induced EAU
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Ficure 1: Differentiation of two subsets of Th17 cells in mice.

(tEAU) models, as well as more recently developed spontane-
ous models. In the aEAU model, mice or rats are immunized
with a retinal antigen, such as retinal S-antigen/arrestin (S-
Ag) or interphotoreceptor retinoid-binding protein (IRBP)
in complete Freund’s adjuvant (CFA) [11]. Antigen-specific
T cells derived from aEAU animals can induce tEAU by
intravenous injection after in vitro expansion. Transgenic
mice that express a T cell receptor (TCR) specific for IRBP
are used in the spontaneous model [12]. EAU models are
extremely useful for obtaining insights into the mechanisms
that might lead to uveitis in humans.

Initially, Th1 cells were thought to be the major patho-
genic mediator of autoimmune uveitis. With the discovery
of Th17 cells in the peripheral blood mononuclear cell
(PBMC) population of healthy humans and elevated Th17
levels in patients with active uveitis but decreased levels after
treatment, Th17 cells gradually came to occupy the same or
an even more important position in the development of uve-
itis [9]. It has been proven that mice with Stat3 gene knock-
out in CD4+T cells cannot produce Th17 cells and cannot
lead to the development of EAU [13]. Treatment with IL-6
receptor monoclonal antibody is able to alleviate EAU mostly
due to the inhibition of Th17 cell response [14], suggesting
the pivotal role of Th17 cells in the EAU progress. Therefore,
how to inhibit Th17 cell differentiation or induce pathogenic
Th17 cells to transform into nonpathogenic Th17 cells has
become a central issue for the treatment of autoimmune uve-
itis. Here, we focus on the structures and the signaling path-
ways of the cytokines which regulate Th17 cell differentiation
and discuss the potential therapeutic targets for the treatment
of autoimmune uveitis.

2. Interleukin -6

2.1. IL-6 and IL-6 Receptor. The IL-6 family of cytokines is
composed of 10 members, including IL-6, IL-11, IL-27, IL-
35, IL-39, oncostatin M (OSM), leukaemia inhibitory factor
(LIF), ciliary neurotrophic factor (CNTF), cardiotrophin 1
(CT-1), and cardiotrophin-like cytokine factor 1 (CLCF1)
[15]. The cytokine IL-6 is a major and multifunctional regu-
latory agent. The roles of IL-6 in inflammatory and autoim-
mune diseases have been widely described. Various types of
cells are capable of secreting IL-6, including monocytes, T
cells, B cells, epithelial cells, adipocytes, and some tumor cells
[16].

IL-6 receptor (IL-6R) is mainly expressed in T cells,
monocytes, activated B cells, and neutrophils [16]. At pres-
ent, IL-6 signal transmission is achieved through three path-
ways, classical, trans, and cluster signaling. The three
pathways agree in the structure of IL-6R, which is a heterodi-
mer composed of an & chain, IL-6Ra, and a f chain, glyco-
protein 130 (gp130). Gpl130 is the defining subunit of the
receptor complexes of all cytokines in the IL-6 family [17].
In the classical pathway, IL-6 binds with a high affinity to
the membrane-bound IL-6R (mIL-6R) and transduces sig-
naling via gp130. Meanwhile, IL-6Ra can be proteolytically
shed and bind to IL-6 as a soluble receptor (sIL-6Ra) and
associate with gp130 on target cells in the transsignaling
[18]. However, in IL-6 cluster signaling, the IL-6/IL-6Ra
complex forms internally in dendritic cells (DCs) and inter-
acts with gp130 expressed on antigen-specific T cells, a path-
way which may be relevant to multiple T lymphocyte-
associated autoimmune diseases (see Figure 2) [19]. After
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F1GURrE 2: The structures of IL-6, TGF-f1, IL-1p, IL-23, IL-27, IL-35, IL-2, IL-4, IL-21, IFN-y, and their receptors in CD4+ T cells.

IL-6 complexes with IL-6Ra and gp130, gp130 phosphory-
lates the Janus kinase family, including JAK1/2 and tyrosine
kinase 2 (Tyk2), and then activates the signal transducer
and activator of transcription1/3 (STAT1/3), resulting in var-
ious biological functions [20].

2.2. Promotional Effect of IL-6 on the Differentiation of
Pathogenic Th17 Cells. IL-6 contributes to the development
of autoimmune diseases by promoting the differentiation
and expansion of Th17 cells and suppressing Tregs. As men-
tioned above, IL-6 is essential for both pathogenic and non-
pathogenic differentiation of Th17 cells. IL-6/IL-6R
signaling can activate both STAT3 and STATI via the JAK
family. STAT3 activation up-regulates the expression of
RORyt transcription factor and promotes the differentiation
of Th17 cells (see Figure 3) [21]. Heink et al. have reported
that the IL-6 cluster signaling transmitting by Sirpa+ DCs
promotes the differentiation of pathogenic Th17 cells by
inducing earlier activation of STAT3 signaling and more
robust expression of IL-23R, while the classical IL-6 signaling
suppresses the differentiation of Foxp3+ Treg cells in exper-
imental autoimmune encephalomyelitis (EAE) [22]. STAT3
activation also can be induced by IL-21 and IL-23, which will
be elaborated upon below. In contrast to STAT3, STAT1 acti-
vation inhibits the differentiation of Th17 cells. The ratio of

phosphorylated STAT3 (p-STAT3) to p-STATI induced by
cytokines may predict whether highly proinflammatory
Th17 cells will be produced [23]. It has been demonstrated
that STATS3 activation is retained while STAT1 activation is
suppressed when Th17 cells are stimulated by IL-6 [24].

In addition, IL-6 influences the expression of IL-23R and
IL-1R via regulation of microRNAs, such as the microRNA-
183-96-182 cluster, which can promote Th17 cell pathoge-
nicity [25]. A recent study reports that the IL-6/STAT?3 path-
way inhibits the expression of transcription factor regulatory
factor X1(RFX1), which binds to the X boxes of MHC class II
genes. It has been proven in vitro that the deficiency of RFX1
can increase the differentiation of naive CD4+ T cells into
Th17 cells [26]. In conclusion, the IL-6/STAT3 signaling
pathway plays a critical role in mediating the differentiation
and pathogenicity of Th17 cells.

2.3. Therapeutic Potential of Blocking IL-6 in Autoimmune
Uveitis. The proinflammatory role of IL-6 in autoimmune
uveitis has been widely described. Both IL-6-deficiency and
intravitreal injection of anti-IL-6 antibody can effectively
attenuate EAU by inhibiting Th17 cell development [27,
28]. The levels of IL-6 are elevated in the serum, plasma, tear,
PBMCs, aqueous humor (AqH), and vitreous fluid of
patients with active autoimmune uveitis [29-33]. Therefore,
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treatment targeting the IL-6 and IL-6R has emerged as an
innovative therapeutic approach for autoimmune uveitis.
Currently, anti-IL-6 or IL-6R therapy is used worldwide
in various autoimmune diseases, such as rheumatoid arthritis
(RA), juvenile idiopathic arthritis (JIA), systemic sclerosis,
and uveitis [34]. Tocilizumab and Sarilumab are both mono-
clonal antibody inhibitors of IL-6R, while ALX-0061 is a bis-
pecific nanobody with a high affinity for IL-6R [35].
Sirukumab, Siltuximab, Olokizumab, Clazakizumab, and
EBI-031 are biological agents that target IL-6 [36]. Among
these, the efficacy of treatment with Tocilizumab has been
reported in noninfectious uveitis (NIU), BD, and severe
JIA-associated uveitis [37-39], and a clinical trial assessing
the efficacy and safety of tocilizumab for treating refractory
BD is in progress (ClinicalTrials.gov NCT03554161) (see
Table 1). The efficacy of Sarilumab to treat posterior segment
NIU has also been reported. In a phase 2 study, 58 patients
(one eye per patient) with noninfectious intermediate, poste-
rior, or panuveitis were treated with 200 mg of subcutaneous
Sarilumab or placebo every two weeks for 16 weeks. The
results demonstrated that patients treated with Sarilumab

have a better mean best-corrected visual acuity than placebo
patients [40]. The use of the other agents has not been
reported in uveitis.

3. Transforming Growth Factor-f1

3.1. TGF-f51 and TGF-f1 Receptor. The TGF-f family regu-
lates a wide variety of cellular processes, such as proliferation,
differentiation, migration, and apoptosis. Their effects are
context-dependent, depending on the concentration, target
cells, and growth stage [41]. The human TGF-f family
includes three TGF-f isoforms (TGF-f1, 2, and 3), activins,
nodal, bone morphogenetic proteins (BMPs), and growth
and differentiation factors (GDFs) [42]. Among these, TGF-
B1 is ubiquitously expressed in mammalian cells and acts as
an essential regulator for immune cell proliferation and dif-
ferentiation. TGF-B1-null mice show an early-onset multifo-
cal inflammation phenotype because of the vital role of TGF-
Bl in suppressing immune responses [43]. All three TGF-f3
ligands transmit signals through a heteromeric complex of
type I and type II TGF-p3 receptors (T SRI and TSRII). Upon
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TaBLE 1: The clinical trials of agents target Th17 differentiation-associated cytokines.

Cytokine Drug Target Dose Autoimmune Uveitis Reference or clinical trials
. Refractory uveitis of [37], NCT03554161
Tocilizumab IL-6R 4 or Slrgzgﬁg//;"c]';:zy i,:ieks or BD, JIA-associated [38]
IL-6 g/s.c.levery uveitis, NTU (39]
Sarilumab IL-6R 200 mg/s.c./every 2 weeks Posterior segment NIU [40]
Anakinra  IL-1f and IL-1a 100 mg/s.c./daily BD-related uveitis [76, 77]
Canakinumab IL-18 150 mg/s.c./every 4, 6, or 8 weeks BD-related uveitis [76,77]
; [78, 79], NCT01965145,
IL-1 . . . NCT01684345,
Gevokizumab 118 0.3 mg/kgs/in/legiz, 3(31 oreiﬁ Srngll.v. or BD-rele;\t]cilJ uveitis, NCTO01747538,
Clevery =W NCT02375685,
NCT02258854
BD-related uveitis,
. Active sight- NCT02648581
1L-23 Ustekinumab p40 subunit 20 mg/s(;:/;(t) ivnee/l: i;ewzekj ar::c:l:: eck 16; threatening uveitis, NCT02911116
gis.cievery £ w noninfectious severe NCT03847272
uveitis
2 mg/kg/s.c./every 2 weeks, twice,
followed by 1 mg/kg/s.c./every 2 weeks;  NIU, JIA-associated [143, 146]
Daclizumab IL-2Ra or 8 mg/kg/i.v./at week 1, 4mg/kg/i.v./ at  uveitis, BD-related [144]
week 2, and 2 mg/kg/i.v. or s.c./every 4 uveitis [145]
IL-2 weeks
1IMUTI/s.c./daily for five days, every week
for 4 weeks, or IMUI/s.c./daily for five . NCT01988506,
Low-dose IL-2 B days (day 1-day 5 in day 1-day 14) and BD-related uveitis NCT04065672
then twice a week for 8 weeks
Anti-TFN-y IFN-y Not found JRA-related uveitis [197]
IFN- i
y IFN-y1b . four drops (approximately 7 ug per CME secondary to NCT01376362

drop)/four times per day/1 week

uveitis

NIU: noninfectious uveitis; i.v: intravenous; s.c: subcutaneous; IL-1Ra: IL-1R antagonist; IMUTI: one million units; CME: cystoid macular edema; JRA: juvenile

rheumatoid arthritis.

binding of TGF-f3 to TSARIIL, TSRI is recruited and phosphor-
ylated. Phosphorylated TBRI phosphorylates the down-
stream mediators, the highly homologous TGF-f receptor
regulates mothers against decapentaplegic homolog 2 and 3
(SMAD2 and SMAD3), which then combine with SMAD4
and enter the nucleus where they activate or repress the tran-
scription of TGF-3 target genes [44].

3.2. Promotional Effect of TGF-f1 at Low Concentrations on
the Differentiation of Thl7 cells. As a context-dependent
cytokine, TGF-1 can promote the expression of IL-23R
and RORyt to induce Th17 cell differentiation when com-
bined with IL-6 or IL-21 at low concentrations. Meanwhile,
TGEF-1 represses IL-23R expression and supports Foxp3+
Treg cell generation when combined with IL-2 or at high
concentrations [7, 8, 45]. Furthermore, a recent publication
suggests that IL-6+TGF-3-induced Th17 cells may be more
pathogenic than that induced by IL-6+TGF-f1 in EAE [46].
The differentiation of Th17 cells is profoundly diminished in
mice with TGF-f1 deficiency or TGF-f1 signal locking but
enhanced in TGF-1 transgenic mice [8, 47]. Altogether,
these observations strongly confirm that TGF-f1 plays a
key role in Th17 cell differentiation. However, Ghoreschi
et al. have found that TGF- 81 is not essential when Th17 cells

are induced in IL-6+IL-13+IL-23 conditions in vivo [48].
Therefore, further exploration of the more concrete and
comprehensive role of TGF-f1 on Th17 cells continues.

The canonical TGF- pathway involves SMAD2/3/4,
which has been mentioned above. A report supports the idea
that SMAD2 and SMAD3 have opposite functions for Th17
cell differentiation when they act as transcription cofactors
of STATS3 at different phosphorylation states which are inde-
pendent of SMAD4 in a collagen-induced arthritis model
[49]. Namely, phosphorylated SMAD2 serves as a STAT3
coactivator, while unphosphorylated SMAD3 serves as a
STATS3 corepressor in regulating the expression of Rorc and
Il17a gene, respectively. Another report elucidates that
SMAD?3 also acts as a STAT3 corepressor in regulating the
T-lymphoma invasion and metastasis protein (Tiaml)
expression in Thl7 cells. Tiaml deficiency reduces the
expression of IL-17A partially and slows down the progres-
sion of EAE [50]. Therefore, the cross-regulation between
SMAD2/3 and STATS3 signaling pathways could balance the
interplay between TGF-f1 and IL-6 or IL-21 in inducing
Th17 cell differentiation.

Currently, the interaction of TGF-f1 with SMAD4 in
Th17 cell differentiation has been investigated with some
results. A series of experiments show that SMAD4 itself does
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not possess a suppressive or supportive function in Th17 cell
differentiation. Otherwise, SMAD4 has been found to inter-
act with SKI, a transcriptional repressor, to suppress Th17
differentiation. SKI promptly suppresses Rorc gene expres-
sion and Th17 cell differentiation through the mediation of
SMAD4. However, TGF-f1 could directly induce the degra-
dation of SKI and prevent it from binding with SMAD4, then
offset the suppression effect of SKI in Th17 cell differentia-
tion, which is partially SMAD2/3-dependent [51, 52]. In
addition to the canonical TGF-B/SMAD signaling pathway,
TGF-fB1 can activate some other noncanonical signaling
pathways such as the mitogen-activated protein kinase
(MAPK) pathway, Rho family GTPases, and nuclear factor-
KB(NF-KB) pathway, which may also play a role in Th17 cell
differentiation [53].

3.3.  Therapeutic Potential of Blocking TGF-B1 in
Autoimmune Uveitis. It has been reported that the lymph
node cells from mice immunized with IRBP would acquire
pathogenicity when stimulated by IL-23+IL-6+TGF-f1 and
immunizing antigen [54]. In some clinical research, the
serum levels of TGF-f1 are elevated in active HLA-A29-
associated BSRC patients and BD patients [55, 56]. Shimizu
et al. have reported that skin lesion-infiltrating CD4+ T cells
express stronger staining intensity for TGF-f1 in active BD
patients than those CD4+ T cells infiltrating into primary
erythema nodosum [57]. In contrast, one research group
has found that the methylation levels of IL-4 and TGF-f1
are significantly upregulated, and the corresponding mRNA
expression is down-regulated in active BD patients [58].
The multiple functions of TGF-1 may explain the opposite
result in CD4+T cell differentiation, which refers to regulat-
ing the balance of Th17 cells versus Tregs in autoimmune
uveitis.

Currently, a phase 1 study for Systemic Sclerosis patients
with human anti-TGF-f1 monoclonal antibody started in
2002 (ClinicalTrials.gov NCT00043706), but no results have
been published, and no clinical trials have described the role
of TGF-p1-related drugs in uveitis. Related animal experi-
mentation reported that rapamycin can decrease Th17 cells
but upregulated Tregs in EAU, which may be due to the sig-
nificant increase in TGF- 81 production [59]. The application
of TGF-p1-related biologic agents in autoimmune uveitis
remains to have a long way to go due to the main role of
TGF-1 in pathogenic or nonpathogenic Th17 or Treg cell
differentiation being relevant to the complex immune envi-
ronment in various types of autoimmune uveitis and has
not been clearly elucidated in previous studies.

4. Interleukin-1p

4.1. IL-1f3 and IL-1f3 Receptor. As a proinflammatory cyto-
kine, IL-1p is mainly produced by DCs, monocytes, macro-
phages, and neutrophils. The cleavage of pro-IL-1f in the
N-terminal region is facilitated by the active protease
caspase-1 to yield the bioactive form. IL-1§ can activate
inflammasomes, recruit inflammatory cells, and enhance T
cell activation and TCR antigen recognition. The disorders
of IL-1f production are related to numerous inflammatory
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and autoimmune diseases [60]. IL-1f3 is a member of the
IL-1 family, which also includes six proinflammatory ago-
nists (IL-1a, IL-18, IL- 33, IL-36a, IL-363, and IL-36y) and
four antagonists (IL-1R antagonist [IL-1Ra], IL-36Ra, IL-
37, and IL-38) [61].

IL-1p are agonists of the heterodimeric receptor IL-1R
which consists of IL-1R1 and IL-1R3. IL-1f binds and trans-
mits signals with IL-1R1, while IL-1R3 is an accessory chain
[62]. IL-1R is expressed in nearly all tissues and can recruit
intracellular adapter molecules, including IL-1R-associated
kinase (IRAK), myeloid differentiation factor 88 (MyD88),
TNF receptor-associated factor 6 (TRAF6), and B cell
adapter for phosphoinositide 3-kinase (BCAP). They activate
the downstream pathways, such as the mechanistic target of
rapamycin (mTOR), NF-«B, p38, JNK, and MAPK pathways
(63, 64].

4.2. Promotional Effect of IL-1f3 on the Differentiation of Th17
cells. IL-13 signaling plays a significant role in Th17 cell dif-
ferentiation and the maintenance and proliferation of polar-
ized Th17 cells. It has been confirmed that IL-1/ synergizes
with IL-6 and IL-23 to promote Th17 cell differentiation
and that the mechanism involves the transcription factor
interleukin regulatory factor 4 (IRF4) [48]. The expression
of IRF4 and RORyt is significantly increased when Th17 cells
are induced by IL-6+IL-1p, while Th17 cells stimulated with
IL-6 only moderately upregulate RORyt. IRF4-deficient mice
are resistant to the induction of Th17 cell differentiation in
the EAE model [65]. Sha et al. have reported that the expres-
sion of the IRF4, RORC, IL17, IL21, IL22, and IL23R genes in
human naive CD4+ T cells which cultured by Thl7-
polarizing cytokines are inhibited when ILIRI gene expres-
sion is silenced. Subsequently, they identified that Th17 cell
differentiation could also be suppressed when the IRF4 gene
is silenced by siRNA [66]. Therefore, IL-1f signaling pro-
motes Th17 cell differentiation mainly via the induction of
IRF4. The activation of p38 via TCR may also be required
for the induction of IRF4 in Th17 cells [67]. Mailer et al. have
reported that IL-1f3 promotes Th17 cell differentiation by
inducing the excision of FOXP3 exon 7 in Crohn’s disease
[68]. In addition, IL-1f and IL-23 drive naive T cells to pro-
mote glucose uptake and increase glycolysis in the absence of
the costimulatory molecule CD28, which is necessary for
Th17 cell differentiation and expansion [69]. BCAP, the
intracellular adapter molecule of IL-1R, is critical for IL-18-
induced phosphoinositide 3-kinase (PI3K)-AKT-mTOR
activation. The deficiency of BCAP and the inhibition of
mTOR together completely prevent pathogenic Th17 cell dif-
ferentiation in the presence of IL-1f3 [64].

IL-13 also plays a critical role in the proliferation and
survival of polarized Th17 cells. The downstream pathway
involves the activation of the IxB kinase (IKKi)-glycogen
synthase kinase 3a- (GSK3a-) mediated AKT-mTOR path-
way, which is essential for the regulation of immune
responses and cell metabolism [70]. Before IL-1f3 stimula-
tion, AKT forms a complex with GSK3« and IKKi, and
GSK3a serves a function in negatively regulating AKT
activation; meanwhile, IKKi is activated and inhibits the
function of GSK3« after IL-18 stimulation, resulting in
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AKT-mTOR activation and the proliferation/survival of
polarized Th17 cells [71].

4.3. Therapeutic Potential of Blocking IL-1f in Autoimmune
Uveitis. The pro-inflammatory role of IL-1f in the EAU
model has been confirmed. IL-1R-deficient mice are related
to a lower number of pathogenic Th17 cells in the retina
and an abirritant EAU [60]. The levels of IL-1f in serum,
tears, and AqH are increased in patients with active HLA-
B27-associated uveitis and BD compared with healthy con-
trols [72, 73].

Currently, the biologic agents targeting IL-18 mainly
include anakinra, canakinumab, gevokizumab, and rilona-
cept, which have an efficient role in the treatment of uveitis,
especially in BD [74]. Anakinra is a recombinant form of
human IL-1R antagonist, which blocks the signal transduc-
tion of both IL-1« and IL-1f and has been approved to treat
active RA and cryopyrin-associated periodic syndromes
(CAPS). Canakinumab and gevokizumab both are monoclo-
nal antibodies to IL-1f. Canakinumab has been approved for
the treatment of CAPS and systemic juvenile idiopathic
arthritis. Rilonacept is an IL-1R fusion protein consisting of
the Fc portion of human IgG1 and the human IL-1R. It has
also been approved for treating CAPS, but no literature has
reported its role in uveitis until now [75]. In BD patients,
some studies have found that anakinra and canakinumab
are effective in the management of BD-related uveitis, espe-
cially in those patients with a long-lasting disease [76, 77].
In addition, gevokizumab was reported to have the ability
to rapidly control acute ocular exacerbations in BD patients
in a phase 2 study [78]. Moreover, a series of clinical trials
have been reported on the safety and efficacy of gevokizumab
for the treatment of BD uveitis or NIU (Clinicaltrials.gov
NCT01684345, NCT01747538, NCT01965145). However,
the randomized, double-masked, placebo-controlled clinical
trial of gevokizumab in BD uveitis failed to significantly
reduce the time of the first acute ocular exacerbation, and
the other two trials designed to evaluate the long-term safety
data of gevokizumab in uveitis were cancelled as the Behcet
uveitis trial did not meet the primary outcome, although
gevokizumab was benefit to preserve visual acuity, reduce
the emergence of macular edema, and was well tolerated
[79] (Clinicaltrials.gov NCT01965145, NCT02375685,
NCT02258854). Overall, controlling the IL-1f3 pathway in
uveitis patients deserves further exploration.

5. Interleukin-23

5.1. IL-23 and IL-23 Receptor. IL-23 was found by Oppmann
in 2000 and is a member of the IL-12 cytokine family, which
also includes IL-12, IL-27, IL-35, and IL-39 [80]. The hetero-
dimeric cytokines of the IL-12 family consist of an « chain
(p19, p28, or p35) and a B chain (p40 or Epstein-Barr
virus-induced gene 3 (Ebi3)). Ebi3 and IL-27p28 form IL-
27. Ebi3 also associates with IL-12p35 or IL-23p19 to form
IL-35 or IL-39, whereas IL-12p35 and IL-12p40 form IL-12.
Similarly, IL-23p19 and IL-12p40 constitute IL-23 [81]. IL-
23 is secreted by activated DCs, phagocytic cells, B cells,
and dermal Langerhans cells. Multiple lines of evidence have

proven that IL-23 plays an important pro-inflammatory role
in autoimmune diseases and is critical for the conversion of
naive T cells to homeostatic and pathogenic Th17 effector
cells [82].

IL-23 binds to a receptor composed of a unique IL-23R
subunit and a B1 subunit of IL-12 (IL-12RB1) which is
shared with IL-12 [83]. IL-23R is expressed on Th17 cells,
p8 T cells, natural killer (NK) cells, and DCs [82]. Bloch
et al. have found that the biological activity of IL-23 is medi-
ated by the interaction of the IL-23p19 subunit with the N-
terminal immunoglobulin (Ig) domain of IL-23R, leading to
the receptor-mediated restraint of the IL-12p40 subunit to
enable a high-affinity interaction with IL-12R1 [84]. IL-
23/IL-23 receptor signaling activates STAT3/4 through
JAK2/ TYK2.

5.2. Promotional Effect of IL-23 on the Differentiation of
Pathogenic Th17 Cells. IL-23 is not necessary for the initial
stage of Th17 cell differentiation due to the lack of IL-23R
on naive CD4+ T cells [85], but the expression of IL-23R
and its exposure to IL-23 in the later stages are vital for evok-
ing the pathogenic potential in Th17 cells [4]. Some cytokines
have been discovered that play a key role in upregulating IL-
23R expression when naive CD4+ T cells are exposed to
them, such as IL-6, TGF-1, IL-21, and IL-12. When IL-6 is
used to stimulate naive CD4+ T cells, it can upregulate IL-
23R expression via the binding of STAT3 to the IL23R locus.
The activation of STAT3 further increases the miR-183-96-
182 cluster, which restrains the activity of forkhead box Ol
(FOXO1), a negative transcription factor of pathogenic
Th17 cell responses, thus positively regulating pathogenic
Th17 cell function [25, 86]. Another study has found that
STAT3 increases miR-223-3p to repress the expression of
FOXO3, positively regulating IL-23R expression, and thus
increasing the pathogenic Thl7 cells in the EAU model
[87].1L-21,1IL-12, and low concentrations of TGF-f1 are also
important for the induction of IL-23R. IL-21R deficiency
limits IL-23R expression and Th17 cell development in the
transgenic EAE model, and the level of I123r mRNA is signif-
icantly increased when naive CD4+ T cells are within anti-
CD3/CD28 and IL-12 conditions [88, 89]. Some reports sug-
gest that estrogen receptor a (ER«) signaling increases IL-
17A production in Th17 cells by upregulating IL-23R expres-
sion in a Let-7f-dependent manner, and this might be a rea-
son for the increasing prevalence of systemic lupus
erythematosus (SLE) and multiple sclerosis in women [90].
Whether this mechanism contributes to the increased sus-
ceptibility to uveitis in certain women has not been studied.

Currently, it is widely accepted that after the upregulation
of IL-23R, IL-23 signaling activates STAT3 through JAK2/
TYK2 and then mediates the transactivation of RORyt to
induce the differentiation of pathogenic Th17 cells and the
production of proinflammation cytokines, including IL-
17A, IL-17F, IL-22, GM-CSF, and TNF-a, thereby driving
inflammatory and autoimmune diseases [91]. Furthermore,
IL-23 signaling also activates STAT4, which is mainly
involved in the IL-12 signaling pathway and has a major
effect on the induction of IFN-y in Thl and Th17 cells [21,
89]. Maturation protein-1 (Blimp-1), induced by B
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lymphocytes, is also a key IL-23-dependent transcription reg-
ulator, and it synergizes with RORyt to activate Th17 cell-
specific inflammatory genes [92]. It should be highlighted
that IL-23 acts on not only Th17 cells but also CD8+ T cells,
p8 T cells, and innate lymphoid cells (ILCs) to induce IL-17
production, and all these cells are involved in mediating
autoimmune tissue inflammation [93].

5.3. Therapeutic Potential of Blocking IL-23 in Autoimmune
Uveitis. It has been confirmed that IL-23 is necessary for
the pathogenesis of EAU; IL-23p19 or IL-12p40 subunit-
deficient mice show resistance to EAU [94]. In clinical stud-
ies, high IL-23 levels have been observed in the serum and
PBMC:s of patients with active autoimmune uveitis, such as
VKH, BD, and BSRC [56, 95, 96]. Human genome-wide
association studies (GWASs) demonstrate that several
single-nucleotide polymorphisms (SNPs) in the IL-23R genes
are linked to the progression of some immune disorders [97],
including uveitis. Jiang et al. have identified that the SNPs of
IL-23R, including rs17375018 GG and rs11209032 AA, are
strongly associated with uveitis [98].

To date, the biological agents that target IL-23 include
apilimod mesylate, brazikumab, briakinumab, guselkumab,
mirikizumab, risankizumab, tildrakizumab, and ustekinu-
mab [99]. Among these, ustekinumab and guselkumab have
been reported in uveitis-related cases. Ustekinumab, which
targets the p40 subunit of IL-23 and IL-12, has been reported
in three clinical registration studies. A phase 2 study for 16
active BD patients was completed in May 2019 (Clinical-
trials.gov NCT02648581), but no results were published. A
phase 2 study for the use of ustekinumab in 11 participants
with active intermediate uveitis, posterior uveitis, or panuvei-
tis is expected to be completed in December 2020 (Clinical-
Trials.gov NCT02911116). Another phase 2 study for
treating 29 patients with noninfectious severe uveitis (NISU)
is expected to be completed by January 2022 (Clinicaltrials.-
gov NCT03847272). Ustekinumab also has been reported as
an effective agent for treating BD-related oral ulcers when
resisting treatment with colchicine [100]. Therefore, usteki-
numab may have positive therapeutic effects on uveitis.
Guselkumab inhibits the intracellular and downstream sig-
naling of IL-23 by binding to the p19 subunit [101]. How-
ever, a case report described a patient whose sarcoidosis-
related panuveitis worsened after receiving guselkumab
[102]. Nevertheless, inhibiting IL-23/IL-23R signaling is a
promising potential strategy for treating autoimmune uveitis.

6. Interleukin-27

6.1. IL-27 and IL-27 Receptor. IL-27, which consists of Ebi3
and IL-27p28, was first identified in 2002. Recent advances
reveal that IL-27 not only has significant functions in anti-
inflammation and immune regulation but also plays an
important role in regulating the differentiation and immune
response of CD4+ T cells [103]. IL-27 is mainly produced
by antigen-presenting cells (APCs) which include DCs,
monocytes, and macrophages. IL-27 receptor (IL-27R) is
expressed on T lymphocytes, NK cells, mast cells, endothelial
cells, and APCs. It is a heterodimer composed of an « chain,
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an orphan cytokine receptor WSX-1, and a 8 chain gp130.
IL-27 binds with a high affinity to WSX-1 and transduces sig-
naling via gp130. Indeed, IL-27 belongs to both the IL-6 and
IL-12 families due to the structure itself and that of IL-27R.
After IL-27 binds to its receptor complexes, gp130 activates
the JAK1/2-STAT1 pathways, resulting in anti-
inflammatory biological functions [104].

6.2. Inhibitory Effect of IL-27 on the Differentiation of Th17
Cells. IL-27-induced STAT1 signaling has been demonstrated
to play a role in inhibiting Th17 cell differentiation but acti-
vating the differentiation of Th1 cells. Lee et al. have found
that STAT1-deficient mice produce reduced amounts of IL-
27 and develop more severe EAU [105]. The relevant under-
lying mechanism includes the contribution of IL-27
mediated-STAT1 phosphorylation to the activation of the
T-box transcription factor (T-bet), a specific transcription
factor of Thl cells, which interacts with the Runt-related
transcription factor 1 (Runx1) and blocks Runx1-mediated
transactivation of RORyt, thus inhibiting the differentiation
of Th17 cells [106]. Another study has found that IL-27-
primed naive CD4+ T cells upregulate the expression of pro-
grammed death-ligand 1 (PD-L1) in a STATI1-dependent
manner, leading to the inhibition of Th17 cell differentiation.
The PD-LI restraint mouse model could partly overcome the
defect in the differentiation of Th17 cells [107]. Photorecep-
tors express IL-27R and respond to IL-27 signaling by pro-
ducing IL-10 and the suppressor of cytokine signaling 1
(SOCS1) through STAT1-dependent mechanisms [105].

SOCS proteins belong to a family of cytoplasmic proteins
that function as negative-feedback regulators of the JAK/-
STAT pathway and the cytokine signaling. SOCS proteins
directly interact with cytokine receptors and/or JAKs to pre-
vent the recruitment of STATs to the signaling complex
[108]. SOCS1 and SOCS3 are the best-characterized mem-
bers of this family. SOCS1 plays a potential role in mitigating
ocular inflammation; rats and mice with targeted overexpres-
sion of SOCSI in the retina are partially protected from EAU
[109]. A study has found that SOCS3 and IL-27 are tempo-
rally correlated with the progression of EAU, and IL-27
may negatively regulate IL-6- or IL-23-induced expansion
of Th17 cells through SOSC3-dependent mechanisms [9].
In conclusion, IL-27 and STAT1 are potential biological
agents to help prevent autoimmune uveitis.

6.3. Therapeutic Potential of IL-27 in Autoimmune Ubveitis.
Many reports show the inhibitory effect of IL-27 on the dif-
ferentiation of Th17 cells and the considerable role of IL-27
in suppressing EAU. In clinical research studies, it has been
proven that the expression of IL-27p28 mRNA by PBMCs
and the IL-27 expression in serum and supernatants of
PBMCs are markedly lower in patients with active VKH
and BD compared with healthy subjects, while the Ebi3
mRNA expression is no different among the groups tested
[110, 111].

The effects of both Ebi3 and IL-27p28 on the pathogenic-
ity of Th17 cells in EAU have been studied separately. Stum-
hofer et al. have reported that IL-27p28 functions as a natural
antagonist of gp130-mediated signaling and finally results in


https://clinicaltrials.gov/ct2/show/NCT02648581?term=NCT02648581&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT02911116?term=NCT02911116&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03847272?term=NCT03847272&draw=2&rank=1

Journal of Immunology Research

the mitigation of cytokine-mediated inflammatory diseases
[112]. The overexpression of IL-27p28 in mice contributes
to the attenuation of uveitis and the inhibition of the differen-
tiation of Th17 cells, of which the latter is partly attributable
to the repression of STAT3 phosphorylation [113]. In Ebi3"/"
mice immunized with human IRBP to induce EAU, Ebi3 may
act as a positive regulator of Thl cells in the early phase of
EAU progress but as a negative regulator of both Thl and
Th17 cells in the late phase of EAU progress [114]. Therefore,
in view of the inhibiting effect on Th17 cell differentiation,
Ebi3 and IL27p28 deserve further research and may become
potential therapeutic targets of uveitis.

Considering the effect of the IL-27 subunit alone on uve-
itis, studies that explore the effects of recombinant cytokine
subunits in the treatment of uveitis are also being carried
out [115]. Some reports underscored the promotion of
inflammatory diseases by IL-12 and IL-23 (shared p40) and
the inhibition of autoimmune diseases, such as uveitis and
multiple sclerosis, by IL-27 and IL-35 (shared Ebi3). It has
been envisaged that the pairing of an « subunit protein with
IL-12p40 might promote proinflammatory responses, while
coupling with Ebi3 might be associated with immune sup-
pression. However, the results do not follow this prediction.
It was discovered that the recombinant IL-27p28/IL-12p40
heterodimeric cytokine treatment outperforms the treatment
with p28 alone, which not only inhibits uveitis by inhibiting
Thl and Thl7 responses but also promotes the Foxp3
expression and IL-10 production by Treg cells [116]. IL-39,
a novel cytokine of the IL-12 family formed by the pairing
of Ebi3 and IL-23p19, mediates proinflammatory response
in Lupus-like mice but appears to contribute to wound heal-
ing by inhibiting inflammatory responses when produced by
keratinocytes [117, 118]. Therefore, the combination study of
different subunits of the cytokines of the IL-12 family is com-
plex, and whether it will show unexpected results for inflam-
matory and autoimmune diseases is unknown. Future
research should consider not only the advantages but also
the risk of potential deleterious consequences.

7. Interleukin-35

7.1. IL-35 and IL-35 Receptor. IL-35, which consists of Ebi3
and IL-12p35, was discovered by Niedbala and Collison in
2007 [119]. IL-35 is a regulatory cytokine released mainly
by CD4'Foxp3™Treg and regulatory B (Breg) cells [120,
121]. IL-35 receptors use three possible receptor pairs of the
B2 subunit of IL-12 (IL-12Rf2) and gp130, including IL-
12Rp32/gp130, IL-12RB2/IL-12RB2, and gp130/gp130, for
signal transduction [122].

7.2. Inhibitory Effect of IL-35 on the Differentiation of Th17
Cells. After IL-35 binds to its receptor, the Breg and Treg cells
are promoted, but the Th17 and Th1 cells are inhibited. This
may be associated with the activation of STAT1 or STAT4
through JAK1/2, thus inhibiting inflammation and reducing
the severity of autoimmune diseases [15, 122]. However,
the specific mechanism of the regulation of inflammatory
and autoimmune diseases by IL-35 remains unknown, and
hence, must be studied.

7.3. Therapeutic Potential of IL-35 in Autoimmune Uveitis.
Recent findings have indicated the protective effect of IL-35
on EAE and EAU [121, 123]. Wang et al. have used genetic
engineering to produce highly purified murine rIL-35 and
proved that the treatment of EAU in mice with rIL-35 could
inhibit uveitis and protect the eyes from pathological effects
by inhibiting Th17 and Th1 cells and inducing the expansion
of Breg and Treg cells [121]. However, isolating or producing
an ample amount of functional IL-35 is challenging and very
labor-intensive [124]. Obtaining functional IL-35 more effi-
ciently is still a problem that needs to be solved in the future.

Another study prepared mouse rIL-12p35 and rEbi3 to
examine whether the IL-35 subunit proteins showed endoge-
nous immune-suppressive activities, independent of their
heterodimeric partner. It was concluded that IL-12p35 could
antagonize the pathogenic Th17 cell response and induce the
expansion of IL-10- and IL-35-expressing B cells and, thus,
ameliorate autoimmune uveitis in mice. It is stated that IL-
12p35 shows at least some of the immunomodulatory prop-
erties of IL-35, which control autoimmune diseases that
affect the neuroretina. Compared to rIL-12p35, rEbi3 shows
a less potent effect on the expression of IL-10, IL-12p35,
and Ebi3 [125]. IL-12p35 also mediates the amplification of
Treg and Breg cells to improve EAE [126]. These results sug-
gested that IL-12p35 might serve as a novel biological agent
for the treatment of autoimmune diseases of the central ner-
vous system.

8. Interleukin-2

8.1. IL-2 and IL-2 Receptor. IL-2 was discovered as an impor-
tant T cell growth factor that supports the proliferation and
generation of T cells, and it is predominantly produced by
activated T lymphocytes [127, 128]. Currently, IL-2 plays a
crucial role in not only T cell proliferation but also in
CD4+ T cell differentiation; it is essential for the differentia-
tion of Treg, Th1, and Th2 cells and for the generation of Th9
cells [129, 130]. However, it inhibits the differentiation of
Th17 and Tth cells and promotes the proliferative expansion
of Th17 cells after differentiation [9].

IL-2 receptor (IL-2R) is formed by various combinations
of three distinct subunits, including IL-2R« (also known as
CD25), IL-2Rf3 (CD122), and IL-2Ry (CD132). IL-2Ry is a
common cytokine receptor chain known as the y chain (yc)
and is shared with the receptors of IL-4, IL-7, IL-9, IL-15,
and IL-21 [131]. IL-2R is expressed with different affinities
on T cells, B cells, and NK cells, and it is formed by IL-
2Ra/Bly in Th17 cells [132]. JAK] and JAK3 transmit down-
stream signals composed of a group of IL-2 family cytokines,
resulting in the phosphorylation of STAT1, STAT3, STAT4,
STATS5, and STAT6 [133].

8.2. The Paradoxical Effect of IL-2 on the Proliferation and
Differentiation of Th17 Cells. IL-2 is a repressor for the differ-
entiation of Th17 cells, and various mechanisms have been
proposed to account for this. IL-2-mediated activation of
STATS5 through JAK1/3 inhibits RORyt expression [134].
STATS5 not only has a negative effect on Th17 cell differenti-
ation but also is essential for Treg development. STAT5 can
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compete with STAT3 to repress IL-17a transcription and reg-
ulate the Th17/Treg balance [135]. Moreover, IL-2 inhibits
the expression of mIL-6Ra and gp130 to inhibit the differen-
tiation of Th17 cells [130]. Currently, the phosphatase and
tensin homologue (PTEN), a tumor suppressor, have been
found to drive the differentiation of Th17 cells by preventing
IL-2 production [136].

Interestingly, IL-2 inhibits the differentiation of Th17
cells but promotes their expansion. This may be a pathogenic
mechanism of uveitis and scleritis [9]. Yu et al. have found
that Th17 cells produce low levels of IL-2 in EAU and healthy
humans, and these low levels of IL-2 are sufficient to promote
the persistent expansion of Th17 cells but could not initiate
activation-induced cell death, leading to chronic inflamma-
tion [137].

8.3. Therapeutic Potential of Targeting IL-2 in Autoimmune
Uveitis. IL-2 may mediate the development of uveitis by stim-
ulating the proliferation of Th17 cells and the differentiation
of Th1 cells [9, 138]. It has been reported that IL-2 and reti-
noic acid (RA) can promote the induction of antigen-specific
type 1 Treg (Tr1) cells in EAU, suggesting that IL-2 might be
a promising agent for the treatment of uveitis [139]. The
levels of IL-2 are significantly higher in the serum and AqH
of active BD patients [31, 140, 141]. The levels of soluble
IL-2R in serum are also elevated in patients with
sarcoidosis-associated uveitis and HLA-B27-associated uve-
itis [142].

Daclizumab, a humanized anti-IL-2Ra drug, has been
reported for treating BSRC, BD, and JIA-associated active
anterior uveitis [143-146]. However, daclizumab was with-
drawn from the market worldwide in 2018 due to unexpected
severe adverse events. It has been reported that during long-
term daclizumab therapy for 39 patients with refractory pos-
terior uveitis, visual acuity improved in seven patients
(18.4%) and worsened in six patients (15.8%). It was espe-
cially unfortunate that four patients (10.3%) developed solid
tumor malignancies during the 11-year period [147].

Recently, due to the important role of IL-2 in promoting
the differentiation of Treg cells and inhibiting the differenti-
ation of Th17 cells, there is growing interest in using IL-2 for
the treatment of autoimmune diseases. The trial of low-dose
IL-2 treatment has reported positive results in patients with
primary Sjogren’s syndrome [148]. Klatzmann describes IL-
2 as “the corticosteroid of the 21st century” because low-
dose IL-2 is well-tolerated in patients with 11 types of differ-
ent autoimmune diseases (including BD) (Clinicaltrials.gov
NCT01988506 and NCT04065672) [149]. Based on current
results, low-dose IL-2, rather than anti-IL-2 agents, shows
great promise for the treatment of autoimmune diseases.

9. Interleukin-4

9.1. IL-4 and IL-4 Receptor. IL-4 is a key anti-inflammatory
cytokine driving the differentiation of Th2 cells from naive
CD4+T cells, mediating immunoglobulin E (IgE) class
switching in B cells, and inducing alternative macrophage
activation [150]. IL-4 is mainly produced by mast cells and
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matured lymphoid cells, such as Th2 cells, NK T cells, baso-
phils, and type II innate lymphoid cells [151].

The IL-4 receptor (IL-4R) has two types. Type I IL-4R is
formed by an IL-4Re chain (the binding receptor chain for
IL-4) and yc, which shares receptors with the IL-2 family
and expresses on the surface of lymphocytes and myeloid
cells. Type I IL-4R is formed by the IL-4Ra chain and the
IL-13Ral chain, which shares with the IL-13 receptor and
expresses on the surface of nonhematopoietic cells and mye-
loid cells [152]. After IL-4 binds to type I IL-4R in lympho-
cytes, IL-4Ra associates with JAKI, and ypc associates with
JAK3 to activate downstream transcription factor STAT6
[153].

9.2. Inhibitory Effect of IL-4 on the Differentiation of
Pathogenic Th17 Cells. IL-4 is an essential instructive signal
that preferentially promotes the Th2 cell-mediated immune
responses, which relies on the activation of JAK1/3-STAT6
and results in the expression of GATA3, a key Th2 cell-
specific transcription factor [154]. It works as the negative
regulator of Thl and Th17 cell differentiation. It has been
proven that GATA3 suppresses Th17 cell differentiation
from naive CD4+ T cells by downregulating STAT3, STAT4,
and RORyt expression [155]. IL-4 also inhibits the pathogen-
esis of preexisting or memory Th17 cells by repressing the
expression of IL-17A, IL-17F, IL-23R, and RORyt, which
depend on the activation of STAT6 but not GATA3. But
the precise mechanisms remain to be determined. However,
Th17 cells become resistant to the suppression of IL-4 when
being repeatedly stimulated, which may due to the loss of
phosphorylating STAT6 capacity for IL-4R [156]. Therefore,
the treatment of autoimmune disease using IL-4 may not
achieve the desired effect when used repeatedly.

9.3. Therapeutic Potential of IL-4 in Autoimmune Uveitis.
Although IL-4 can mediate protection by directly promoting
Th2 cell response and suppressing Th1 and Th17 differentia-
tion, it also promotes the production of IgE from B cells,
which likely mediate autoimmune disease, at least in part
[157]. The specific functions of IL-4 in uveitis remain to be
explored. Previous research has established that rIL-4 aggra-
vates EAU in rats immunized with S-Ag but decreases the
development of uveitis in rats immunized with 60 kDa heat
shock protein (HSP60) peptide 336-351. HSPs are a group
of intracellular proteins that have a special role in the etiology
of BD [158]. The expression of IL-4 is increased when EAU is
induced by IRBP peptide 1-20 in CFA. Treating EAU mice
with rapamycin or suppressing the reactive oxygen response
both reduce the levels of IL-4 and other cytokines related to
Th1 and Th17 cells, thus ameliorating EAU [59, 159]. Data
from a clinical study suggests that the levels of IL-4 increase
in serum and AqH of patients with endogenous uveitis and
BD, but the levels are relatively low in BD [160]. However,
in some other reports, no significant differences were found
between uveitis and healthy control groups for AqH and
serum IL-4 levels [161, 162]. Thus, the role of IL-4 in autoim-
mune uveitis is still unclear, and no IL-4-related biological
agents have been developed, although we often think of IL-
4 as an anti-inflammatory cytokine.
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10. Interleukin-21

10.1. IL-21 and IL-21 Receptor. IL-21, a pleiotropic cytokine
identified in 2000 [163], plays a significant role in promoting
CD4+ T cell differentiation and proliferation, effector CD8+
T cell amplification, NK cell activation, B cell proliferation,
and Ig production, but inhibits the differentiation, genera-
tion, and survival of Treg cells [164, 165]. It is homologous
to the IL-2 cytokine family and is predominantly produced
by Th17 cells, Tth cells, and NK T cells [166].

IL-21 receptor (IL-21R) is composed of an & chain (IL-
21Ra) and a yc. IL-21R is expressed in various immune cells
(T cells, B cells, NK cells, DCs, and macrophages), thyroid
cells, and synovial fibroblasts [166]. IL-21/IL-21R signaling
has the potential to activate JAK1/3 and subsequently acti-
vates STAT3, as well as STAT1 and STATS5 to a lesser extent
[167].

10.2.  Promotional Effect of Blocking IL-21 on the
Differentiation of Pathogenic Th17 Cells. IL-21 is not only
an autocrine cytokine generated by Th17 cells but also plays
an indispensable role in the induction and amplification of
Th17 cells. IL-21/IL-21R signaling interacts with JAK1/3-
STATS3, inducing the increase of IL-23R expression and the
upregulation of RORyt but inhibiting the expression of
Foxp3 [168].

When naive CD4+ T cells are stimulated by IL-6 and
TGEF-f1, IL-6 can induce the secretion of IL-21, which acts
through a regenerative feedback mechanism for Th17 cell
amplification and differentiation [169]. IL-21- or IL-21R-
deficient CD4+ T cells fail to differentiate into Th17 cells in
IL-6+TGF-f1 conditions, but naive IL-67" CD4+ T cells
can differentiate into Th17 cells in IL-21 +TGF-f1 condi-
tions [7]. In other words, the combination of TGF-f1 and
IL-21 has the capability to induce mice and human naive
CD4+ T cells differentiation into Th17 cells. But IL-21-
TGEF-f1-induced Th17 cells may have different pathogenicity
in different species. Mice Th17 cells induced by TGF- 1 and
IL-21 secrete IL-17A, IL-17F, and IL-22, while human Th17
cells induced by TGF-81 and IL-21 only secrete IL-17A with-
out IFN-y and IL-10. Interestingly, IL-21 increases the level
of IL22 mRNA in human naive CD4+ T cells when given
alone, but TGF-f1 suppresses the expression of IL21 and
IL22 mRNA [6]. However, there are no definitive follow-up
study reports on whether the human Th17 cells are patho-
genic under IL-21+TGF-f1 culture conditions, and the spe-
cific mechanism of the difference between mice and human
Th 17 cells is unclear.

Recently, a series of experiments show that SMAD4, in
cooperation with SKI, regulates the IL-21-TGF-$1-induced
differentiation of Th17 cells by modulating the expression
of Rorc mRNA. In the absence of TGF-1, SMAD4 cooper-
ates with SKI to repress Rorc transcription to prevent IL-
21-induced Th17 cell differentiation. While in the presence
of TGF-1, SMAD4 losses its suppression effect due to the
TGEF- f-directed degradation of SKI [53, 170]. Furthermore,
it has been confirmed that the CD4+T cells from SMAD4
and TBRII double KO mice have the power to differentiate
into pathogenic Th17 cells with IL-21 alone. At the same
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time, activin, a member of the TGF-f superfamily, can also
interact with IL-21 to induce Thl17 cell differentiation by
inhibiting SKI [170]. In addition, the production of IL-21
and IL-17 from Thl7 cells can be drastically down-
regulated by inhibiting Rho-associated kinase 2 (ROCK2).
ROCK2 can interact with pSTAT3 in the Th17 cell cyto-
plasm, which is followed by the recruitment of the ROCK2-
STAT3 complex to the Th17 cell-related gene promoters in
the nucleus and the production of proinflammatory
responses [171].

10.3. Therapeutic Potential of Blocking Targeting IL-21 in
Autoimmune Uveitis. IL-21 has been shown to play a vital
role in the EAU model. The expression of IL21 and IL2IR
mRNA is significantly increased in the Th17 cells of draining
lymph nodes and the spleen in the EAU model compared
with normal controls and mice in the recovery phase [172].
In clinical research, IL-21 also has been found to mediate
the innate or acquired immune responses in ocular inflam-
matory and autoimmune diseases, such as primary Sjégren’s
syndrome, Graves’ disease, BD, and age-related macular
degeneration [173-177]. The levels of IL-21 in the serum
and PBMCs are significantly increased in patients with
chronic or recurrent active VKH and active BD [178]. Serum
IL-21 is upregulated in patients with active BSRC [56]. Con-
trastingly, blocking IL-21 restores the homeostasis of T cells
in patients with BD [177, 179]. Although there is a distinct
relationship between IL-21 and autoimmune uveitis, the bio-
logical agents that target IL-21 or IL-21R have not been tested
in uveitis. Some animal experiments and clinical trials have
discovered that IL-21R-Fc fusion proteins or anti-IL-21 anti-
bodies could be promising drugs to treat SLE and RA [180,
181]. The effectiveness of anti-IL-21/IL-21R or downstream
signals in uveitis may be confirmed in future studies.

11. Interferon-y

11.1. IEN-y and IFN-y Receptor. IFN-y participates in regu-
lating multiple immune processes such as the activation of
macrophages, antigen processing and presentation, B cell
proliferation and antibody class switching, the production
of CD4+ T cells, and CD8+ T cell proliferation [182]. IFN-
y is mainly produced by CD4+ and CD8+ effector T cells,
NK cells, NK T cells, and y5-T cells [183].

IFN-y receptor (IFN-yR) is formed from the interaction
of IFN-pR1 subunits with IFN-yR2 and is expressed on
nearly every cell type. IFN-yR1 associates with JAK1 and
IFN-yR2 associates with JAK2 to activate downstream tran-
scription factor STAT1 [184].

11.2. Inhibitory Effects of IFN-y on the Differentiation of Th17
Cells. IFN-y is the hallmark Thl cytokine and activates the
JAK1/2-STAT1 and the downstream transcriptional target
T-bet, a special transcription factor of Thl cells, resulting in
the production of the Thl phenotype [185]. IFN-y inhibits
the differentiation of Th17 cells by activating STAT1 and
increasing the expression of SOCS3. SOCS3 has the function
to repress the expression of STAT3, resulting in the inhibition
of RORyt and Thl7 cell differentiation [186]. IFN-y also
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suppresses the differentiation of Th17 cells by reducing the
expression of IL-23R and TGF-f31 [47], but the specific mech-
anisms are not clear. In addition, the IFN-y-IL-27 axis plays a
role in inhibiting Th17 cell differentiation. IFN-y can upregu-
late the expression of IL-27 in the retinal ganglion and photo-
receptor cells to inhibit the differentiation of Th17 cells [9],
and it has been confirmed that the IFN-y-producing NK cells
can interact with DCs to produce IL-27 in EAU [187].

In addition, IFN-y may promote the conversion of Th17
cells into cells with a Th1-like phenotype (called Th17.1 cells)
by virtue of the plasticity of Th17 cells. Th17.1 cells can pro-
duce IL-17 and IFN-y simultaneously and express CCR6 and
CXCR3; this expression is controlled by the transcription fac-
tors RORyt and T-bet. In many studies, Th17.1 cells are
found to be pathogenic [188, 189]. A study on the EAE model
shows that the development of Th17.1 cells requires T-bet
and Runx1/3. T-bet deficiency or the inhibition of the tran-
scriptional activity of Runx weakens the development of
Th17.1 cells in EAE [190]. However, the molecular mecha-
nisms that govern the generation of Th17.1 cells are unclear.
At present, IFN-y also seems to play an important role in the
recurrence of uveitis [191], but the related mechanisms still
need to be investigated.

11.3.  Therapeutic Potential of Targeting IFN-y in
Autoimmune Uveitis. It has been reported that I[FN-y KO
mice develop elevated Th17 cells and more severe local IL-
17 responses and inflammation in the EAU model compared
with WT counterparts, suggesting an inhibitory function of
IFN-y in Th17 cell differentiation [192]. Nevertheless, polar-
ized IL-17-producing Th17 cells or IFN-y-producing Thl
cells can drive the disease in recipients who lack mutual sig-
nal cytokines. EAU still develops in mice when IFN-y or IL-
17 is deficient [94]. Therefore, treating autoimmune uveitis
with IFN-y to inhibit the pathogenicity of Th17 cells may
not be a suitable choice. Besides, a study found that treating
EAU-susceptible B10.A mice with IFN-y monoclonal anti-
bodies increased the severity of EAU, while that with rIFN-
y ameliorated EAU. This suggests that EAU could be down-
regulated through the use of rIFN-y, which may be due to the
inhibition of Th17 cells [193]. However, a later report ques-
tioned the protective effect of IFN-y in EAU because of the
inhibitory effect of IFN-y on myelopoiesis elicited by myco-
bacteria (from CFA) but lack of suppression of Th17 cell dif-
ferentiation [194].

The levels of IFN-y were elevated in the serum of patients
with both active BD and VKH [195, 196]. Anti-IFN-y has
been reported to treat six cases of juvenile rheumatoid
arthritis-associated uveitis. In four of the six patients, using
anti-IFN-y with standard treatment halved the duration
and reduced the severity of the symptoms in the acute phase
of the disease [197]. In addition, topical IFN-y (IFN-y 1b)
was tested for treating cystoid macular edema (CME) sec-
ondary to uveitis, and it seemed to improve the CME (Clin-
icaltrials.gov. NCT01376362). In brief, the treatment of
uveitis with IFN-y shows opportunities and challenges, while
the drug targeting both Thl and pathogenic Th17 cells or
inducing them to transform into Tregs may be a better choice
for treating autoimmune uveitis.

Journal of Immunology Research

12. Conclusion

An increasing number of animal and clinical studies have
shown the critical role of pathogenic Th17 cells in the initia-
tion and progression of autoimmune uveitis. The mechanism
of Th17 cell differentiation has been intensively studied in the
past decade. In summary, IL-6, low concentration of TGF-
B1, IL-1B, IL-23, and IL-21 have been proven to promote
the differentiation of Th17 cells, while IL-27, IL-35, IL-2,
IL-4, and IFN-y can exert inhibitory effects. Several promis-
ing biological agents targeting these cytokines and their
receptors have been developed. However, more details of
the mechanisms need to be elucidated in the future due to
the diversity of cytokine functions, the complicated microen-
vironments, and the plasticity of Th17 cells. Further investi-
gations are needed to clarify the exact typical and
pathogenic surface markers, transcription factors, and prod-
ucts of pathogenic Th17 cells in autoimmune uveitis and to
find precise ways to induce the conversion of pathogenic cells
to nonpathogenic phenotypes.
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