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Abstract

Interleukin-27 (IL-27) is a new member of the IL-12 family. It is produced by activated antigen-
presenting cells and plays an important role in the regulation of CD4+ T cell differentiation and
immune response. IL-27 activates multiple signaling cascades, including the JAK-STAT and p38
MAPK pathways. Several studies have revealed that IL-27 promotes the differentiation of Th1 and
Trl, but inhibits Th2, Th17, and Treg cells. However, a few studies have shown an opposite effect
on certain T cell subsets, such as Treg. IL-27 displays both pro- and anti- inflammatory activities
in different autoimmune diseases. Here, we have discussed the role of IL-27 in rheumatoid
arthritis, multiple sclerosis, colitis, lupus, psoriasis, type 1 diabetes, and uveitis. Most of this
information is derived from experimental models of these autoimmune diseases. The mechanistic
basis of the dual role of IL-27 in inflammation and autoimmunity is still not fully defined. In
general, the pro-/ anti- inflammatory activity of IL-27 is influenced by the underlying immune
effector pathways, the phase of the disease, the presence or absence of counter-regulatory
cytokines/T cell subsets, and the tissue/cell type under study. Despite a spectrum of outcomes in
various autoimmune diseases, mostly anti-inflammatory and immunomodulatory effects of IL-27
have been observed in this category of diseases. Accordingly, IL-27 represents a novel, promising
target/agent for the treatment of autoimmune diseases.
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1. Introduction

Cytokines play a pivotal role in the pathogenesis of various autoimmune and other immune-
mediated diseases. Cytokines serve as mediators of cellular and humoral immune responses.
Interleukin-27 (IL-27) is a relatively new cytokine, which is a member of the IL-12 family
(Figure 1) [1]. IL-27 was first identified in the year 2002 by Pflanz and colleagues [1].
IL-27 is mainly produced by antigen presenting cells (APCs), including dendritic cells
(DCs), monocytes, and macrophages following stimulation by microbial products or other
immune stimuli. This cytokine binds to, and signals through, the 1L-27 receptor (IL-27R)
(Figure 1) expressed on dendritic cells, monocytes, macrophages, T and B lymphocytes,
natural killer cells, mast cells, and endothelial cells. 1L-27 regulates both adaptive and innate
immune responses. In regard to the T cells, IL-27 modulates their differentiation and
response. The CD4™ T cells carry out multiple functions, including the activation of cells of
the innate immune system (e.g., macrophages), B-lymphocytes, cytotoxic T lymphocytes
(CTL), and certain non-immune cells, as well as regulation of immune responses. Under
specific activation conditions, including the cytokine milieu, CD4" T cells can differentiate
into different T helper (Th) or T regulatory cell subsets. The Th cell subsets include Thi,
Th2, Th17 and T follicular helper (Tfh) cells, whereas the regulatory T cell subsets include
type 1 regulatory (Trl) cells and forkhead box P3 (Foxp3)-expressing CD4+CD25+ T
regulatory cells (Treg) [2-4] (Figure 2). Many of the functional attributes of IL-27 were
initially unraveled through studies based on infectious pathogens, including parasitic
protozoa, bacteria, and nematodes [5-13]. In this article, we elaborate on the structure and
signaling aspects of IL-27 (Figure 1, 3), the role of this cytokine on T cell subset
differentiation and T/B cell response, the pro- versus anti-inflammatory activity of IL-27 in
different autoimmune diseases, and its therapeutic potential in controlling these diseases.

2. Structure of IL-27 and its receptor

IL-27 shares structural similarities with 1L-12, IL-23 and IL-35 (Figure 1). IL-27 consists of
two subunits, an 1L-12 p40-related protein, EBI3 (Epstein-Barr virus induced gene 3) (also
known as IL-27p or IL-27B) and an 1L-12 p35 (p35)-related polypeptide, p28 (also known
as IL-27a, IL-27A, IL-27p28 or IL-30) [1]. EBI3 is secreted as a 34 kDa glycoprotein,
whereas the p28 subunit is a 24.5 kDa polypeptide [1, 14]. The two subunits bind non-
covalently to form IL-27. EBI3 also associates with 1L-12p35 to form 1L-35, whereas
IL-12p35 and IL-12p40 form IL-12. Similarly, 1L-12p40 and 1L-12p35-related protein p19
constitute IL-23 (Figure 1).

IL-27R is a heterodimer composed of the orphan cytokine receptor WSX-1 (also known as
T-cell cytokine receptor (TCCR) or IL-27Ra) and a signal-transducing chain, glycoprotein
130 (gp130) (also known as interleukin 6 signal transducer (IL6ST), IL-6 receptor beta, or

CD130) [15]. IL-27Ra is unique to IL-27R, whereas the gp130 subunit of IL-27R is shared
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with receptors for IL-6 and IL-35, among other cytokines. Both the receptor subunits are
required for IL-27 signaling.

3. IL-27 Signaling

IL-27 signals through the Janus kinase (JAK)/ signal transducer and activator of
transcription (STAT) and p38 mitogen-activated protein kinase (MAPK) pathways (Figure
3). The binding of IL-27 to its receptor, IL-27Ra, activates cytoplasmic domain Box 1
motif-binding sites for JAK1/2, which subsequently activates STAT1 and STAT3 pathways
[16, 17]. Primarily STAT1/STATS3 pathway is believed to be involved in Th1/Trl
differentiation, respectively, although both STATs might participate in certain events in
these pathways [16-18]. The gp130 subunit of the IL-27 receptor is utilized in other
receptors as well, and therefore, it has been difficult to comprehend how different cytokines
such as IL-6 and IL-27 can signal via a shared receptor but yield different outcomes. In this
context, it has recently been shown that asymmetric action of STAT1/STATS3 can influence
the repertoire of transcriptional products as well as determine cytokine specificity [19].

For Th1l differentiation, STAT1 signaling leads to interferon-y (IFN-y) production by
activating T-box expressed in T cells (T-bet), also known as T-box transcription factor
(TBX21) (Figure 3). Alternatively, STATL1 signaling increases the surface expression and
interaction of intercellular adhesion molecule 1 (ICAM-1)/ lymphocyte function-associated
antigen 1 (LFA-1) [20]. This interaction induces extracellular signal-regulated kinase (ERK)
activation. However, JAK/STAT-independent, p38/MAPK signaling by IL-27 has also been
reported, which ultimately leads to IFN-y secretion by activating T-bet [17, 20]. In this case,
IL-27 signaling induces GADDA45y (growth arrest and DNA damage-inducible 45 gamma),
which then activates p38 MAPK, leading to T-bet activation and IFN-y production [17, 20].

Trl differentiation involves cooperation between aryl hydrocarbon receptor (Ahr) and
STAT3-induced c-musculoaponeurotic fibrosarcoma oncogene (c-Maf), which leads to
IL-10 induction in Trl cells (Figure 3) [21]. In an additional pathway, STAT3 upregulates
early growth response gene-2 (Egr-2), which is a transcriptional regulator for B lymphocyte-
induced maturation protein-1 (Blimp-1), and it leads to I1L-10 induction in these cells [18,
22]. IL-27 can induce Tr1, but inhibit the generation of another type of regulatory T cell, the
Foxp3-expressing Treg cell [23]. This effect of IL-27 involves STAT3-mediated inhibition
of Foxp3, the key transcription factor for Treg (Figure 3).

Besides Th1l differentiation, IL-27-induced STAT1 signaling has been shown to play a role
in inhibition of Th17 and activation of natural Killer (NK) cells. In the case of Th17, STAT1
is involved in IL-27-induced upregulation of programmed cell death ligand 1 (PD-L1),
which in turn inhibits Th17 in-trans via PD-1/PD-L1 interaction [24]. In the case of NK
cells, IL-27-induced STAT1 signaling leads to increased IFN-y secretion and thereby,
enhanced effector function of these cells [25]. Furthermore, 1L-27 acts on osteoclast
precursors and suppresses receptor activator of nuclear factor kappa B ligand (RANKL)-
mediated osteoclastogenesis through STAT1-dependent inhibition of c-Fos and nuclear
factor of activated T cells c1 (NFATc1) [26].
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4. Influence of IL-27 on T cells and B cells

Taking together the results of several studies described below, a general pattern of 1L-27-
induced modulation of CD4+ T differentiation has emerged. IL-27 promotes the
differentiation of Th1 and Tr1 cells, but inhibits the differentiation of Th2, Th17, and Treg
cells (Figure 2). However, as the local milieu of cytokines and other mediators affecting T
cell activation and differentiation can differ in different pathophysiological conditions,
including inflammation and autoimmunity, it is conceivable that the above pattern of 1L-27
action can deviate for one or more T cell subset(s). For example, under certain conditions,
IL-27 can inhibit Th1, but promote Treg generation.

4.1. 1L-27 promotes Th1 differentiation

Th1 cells produce IFN-y and play a pathogenic role in many autoimmune and inflammatory
diseases. Naive Th cells, in the presence of IFN-y and IL-12, express transcription factor T-
bet and differentiate into Thl cells [2, 27]. IL-27 induces STAT-1 phosphorylation and
increases T-bet expression [28]. Furthermore, IL-27 also increases both the surface
expression of IL-12Rf32 and IL-12-dependent IFN-vy production [28, 29]. IL-27 also
facilitates Th1 differentiation by inhibiting basal levels of the transcription factor GATA-
binding protein-3 (GATA-3), which otherwise serves to inhibit Th1l development by
suppressing STAT4 [29]. A T-bet-independent pathway has also been described, which
involves IL-27-mediated enhanced surface expression and interaction of ICAM/LFA-1;
downstream of this interaction lies ERK 1/2, which leads to the differentiation of T cells into
Th1 cells [20]. Furthermore, as discussed below, IL-27 and transforming growth factor §
(TGF-B) have some cross-regulatory effects such that TGF-f3 can inhibit the effect of 1L-27
on Thl differentiation, whereas IL-27 can inhibit Treg generation [23].

IL-27 also has the ability to regulate excessive Thl response via increased production of
IL-10 by Th1 cells and inhibition of IL-2 production. IL-27 increases IL-10 production by
IFN-y-producing CD4 T cells [30]. This effect is STAT1-dependent, but IL-12-independent,
and is not because of differentiation of T cells into Th2 or Treg cells. Similarly, IL-2 plays
pivotal roles in proliferation and survival of Thl cells, and IL-27 suppresses CD28-mediated
IL-2 production [31]. This effect is STAT1-dependent and mediated via increased
expression of suppressor of cytokine signaling 3 (SOCS3), forming an inhibitory loop to
regulate excessive Thl response [31].

4.2. 1L-27 suppresses Th2 response

Th2 cells produce IL-4 and play a role in immune response to large extracellular pathogens.
In the presence of IL-2 and IL-4, naive Th cells express the transcription factor GATA-3 and
differentiate into Th2 cells [32, 33]. IL-27 suppresses Th2 differentiation by inhibiting
GATA-3, and this effect is STAT1 dependent [29]. It also inhibits T cell proliferation and
production of Th2 cytokines [34]. Furthermore, mast cells have been shown to express IL-27
receptor [15], and 1L-27 can regulate mast cell functions and thereby influence Th2-type
immune response [34].
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4.3. IL-27-induced inhibition of Th17

Th17 cells produce pro-inflammatory cytokines IL-17, IL-22, and granulocyte macrophage
colony-stimulating factor (GM-CSF), which play a role in the pathogenesis of several
autoimmune disorders [35, 36]. Naive Th cells (murine) in the presence of TGF-f3 and I1L-6
(or IL-21/IL-1B) express retinoic acid-related orphan receptor gamma t (RORyt) and
differentiate into Th17 cells. IL-27 suppresses the expression of RORa and RORy and
inhibits the differentiation of Th17 cells [37-40]. Thus, in regard to Th17 differentiation,
IL-27 acts in a manner antagonistic to IL-6. IL-27 also inhibits the production of IL-17 from
Th17 cells, and this effect is STAT1- but not T-bet-dependent and is independent of SOCS3,
which antagonizes gp130 signaling [41, 42]. In addition, 1L-27 suppresses the production of
IL-22 and GM-CSF, which mediate some of the effectors functions of Th17 cells [40, 43].
While multiple reports support the inhibitory effect of IL-27 on Th17 differentiation, there is
disparity in regard to the effect of 1L-27 on established or committed Th17 [22, 38, 41].

4.4. T follicular helper (Tfh) cell activation by IL-27

Tth cells play a role in the development of antigen-specific B-cell immunity [44]. Tth cells
help B cells and generate antibody-producing plasma cells and memory B cells. In the
presence of IL-6 and IL-21, activated CD4+ cells express the transcription factor B-cell
lymphoma 6 protein (Bcl-6) and differentiation into Tfh cells [45]. Inducible T-cell co-
stimulator (ICOS)-induced c-Maf also is involved in Tfh generation [46]. IL-27 acts directly
on Tth cells and results in the production of IL-21, which mediates some of Tth functions,
but it may not influence Tfh differentiation per se [47]. However, in another study, signaling
via DC-SIGN (dendritic cell-specific intracellular adhesion molecule-3-grabbing non-
integrin) has been implicated in Tfh differentiation [48]. Thus, the precise role of IL-27 in
the differentiation of Tfh is not yet fully clear [47, 48].

4.5.1L-27 induces Type 1 regulatory cell (Trl) differentiation

Trl cells are an important subset of CD4+T cells, and they control excessive inflammatory
responses [49-51]. A typical phenotype of this T cell subset is Foxp3™ IFN-y* IL-10* T cell.
In the presence of IL-10, naive Th cells differentiate into Tr1 cells. IL-27 induces the
expression of IL-21, which acts as an autocrine growth factor for Trl cells [49]. IL-27 also
induces the transcription factor c-Maf, which is vital for Tr1 differentiation. Under the
influence of IL-27, AhR and c-Maf activate the transcription of IL-10 and 1L-21 [21, 49,
52]. As a parallel pathway independent of Ahr and c-Maf, IL-27 induces Egr-2 and Blimp-1,
which play an important role in IL-10 production [18, 21]. Thus, both STAT1 and STAT3
are involved in IL-10 production (Figure 3). In contrast to the positive regulators,
metallothioneins can inhibit Trl generation by inhibiting phosphorylation of STAT1 and
STAT3 [53]. Besides increasing the production of IL-10 by Tr1, IL-27 can induce IL-10
production in other activated T cell subsets, including Th1, Th2, Th17, and Treg [13, 50,
54].

4.6. Effect of IL-27 on regulatory T cells (Treg)

Naive T cells in the presence of TGF-f express transcription factor Foxp3 and differentiate
into T regulatory (Treg) cells [55]. It has been reported that IL-27 suppresses the
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development of Treg [23, 56, 57]. It was shown that this effect is STAT1-independent [56],
and suggested to be mediated in part via STAT3 [23]. The outcome of IL-27 action is the
reduced expression of Foxp3, CD25, and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) [23]. Although IL-2 is required for Treg development and IL-27 inhibits IL-2
production, the inhibitory effect of IL-27 on Treg generation has been shown to be IL-2-
independent [56]. However, there is contrary evidence from another study showing that
IL-27 does not inhibit Treg generation, but rather endows them with IL-10 production and
more effective suppression besides facilitating their survival and proliferation [58]. These
effects are attributable to IL-27-induced T-bet and CXCR3 coupled with increased 1L-10
production in Treg, imparting these cells with the ability to control pathogenic Th1 effector
responses at local sites [13, 58]. These effects of IL-27 are STAT1-mediated. In addition,
IL-27 promotes the survival of T cells, including Treg, and this in turn enhances the
inhibitory effect of Treg on pathogenic T cells [59]. IL-27 can also enhance the suppressive
effect of Treg by increasing the expression of CTLA-4 and PD-1 [60], or lymphocyte-
activation gene 3 (Lag3) (on human Treg) [61] on their cell surface. Thus, IL-27 displays a
dual effect on Treg.

4.7. Impact of IL-27 on CD8+ T cells

IL-27 induces the expression of IL-12Rp2 and secretion of IFN-y in CD8+ T cells, and it
promotes CTL responses by inducing the expression of granzyme B and perforin in CD8+ T
cells [62, 63]. The generation of CTL response by IL-27 is dependent on STAT1 activation,
and both T-bet-dependent and T-bet-independent pathways have been reported [63]. The
findings of IL-27-induced CTL activation is relevant in view of the observed effects of
IL-27 on the induction of antigen-specific CTL response as well as the enhancement of anti-
tumor immunity via CD8 T cells [63]. This effect on CD8 is also of interest in regard to
vaccinations [13].

4.8. Influence of IL-27 on B cell response

IL-27 can induce T-bet expression and regulate immunoglobulin (1g) class switching in B
cells. IL-27 induces IgG2a production, but inhibits IgG1 production by mouse B cells [64].
However, IL-27 enhances 1gG1 production by human B cells [65]. In the case of mouse
antibodies, 1gG2a but not 19G1 class switching is STAT-1-dependent, but IFN-vy-
independent [64]. IL-27 also promotes B-cell expansion indirectly by inducing CD4 + T
cells to produce IL-21. IL-21 then induces Blimp-1 and Bcl-6, which are critical for plasma
cell differentiation [44]. Thus, IL-27 influences class switching and plasma cell
differentiation. These findings are relevant for immune deviation for the control of allergic
diseases as well as for antibody-mediated autoimmune diseases. However, at present, it is
not fully clear if IL-27 has any direct effect on B cells per se [13].

5. Involvement of IL-27 in the pathogenesis of autoimmune diseases

IL-27 has been shown to play an important role in a variety of autoimmune diseases.
General mechanisms of T cell differentiation and modulation of immune response by IL-27
have been discussed above. IL-27 activates multiple signaling cascades and possesses both
pro- and anti- inflammatory activities. In general, the pro- or anti- inflammatory roles of
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IL-27 depend on the type of the disease in humans, the animal model studied, and the tissue/
cell type under study. However, because of obvious limitations in determining the precise
role of 1L-27 from the serum or urine levels of this cytokine in patients with autoimmunity,
we have mostly relied on results from animal models of autoimmunity in elaborating its
likely role in the disease processes. These results in turn would help plan and guide
additional studies to investigate the role of IL-27 in patients with autoimmunity.

5.1. Rheumatoid arthritis (RA)

RA is a systemic autoimmune disease characterized by synovial inflammation that is
initiated by the infiltration of pathogenic cells into the joints, leading eventually to cartilage
and bone damage. The pro-inflammatory cytokines such as tumor necrosis factor a (TNFa),
IL-1, IL-6 and IL-17 promote the migration of mononuclear cells into the joints, the
differentiation of pathogenic Th17 cells, the activation of osteoclasts, the formation of new
blood vessels (angiogenesis), and the production of additional mediators of bone/cartilage
damage (Figure 4) [66, 67]. Various animal models have been used to study the
pathogenesis of RA as well as to test new therapeutic interventions [68]. Two of the
commonly used models are collagen-induced arthritis (CIA) in mice and adjuvant-induced
arthritis (AA) in rats. IL-27 has been shown to be expressed in the synovial tissue of RA
joints and it is present in the RA synovial fluid [69-71]. Studies in RA and animal models of
this disease have revealed both anti- and pro-inflammatory activities of I1L-27.

5.1.1. Anti-inflammatory effects of IL-27 in arthritis—The level of IL-27 in the
synovial fluid of RA patients was found to be higher than that of osteoarthritis (OA)
patients, and IL-27 levels showed a positive correlation with IFN-v, but a negative
correlation with 1L-17 levels in RA synovial fluid [71]. The CD14* mononuclear cells
(MNCs) and not fibroblast-like synoviocytes (FLS) were shown to be the major producers of
IL-27 in RA joints. Apparently, these MNCs infiltrate into inflamed synovium of the
arthritic joints and mediate their anti-inflammatory effects [71]. These effects include
inhibition of IL-6 activity; increase in IFN-vy, which in turn inhibits 1L-17 response; and
reduction of chemokine CCL20, which is chemotactic for CCR6-expresing Th17 cells for
their migration into the joints. IL-27 can also suppress osteoclastogenesis as tested in human
osteoclasts [69]. This effect was associated with inhibition of NFATc1 induction, RANK
expression, and RANKL-induced activation of nuclear factor-kB (NF-kB) and MAPK
pathways. The suppressive effect of IL-27 on osteoclastogenesis was much more marked on
human osteoclasts than that on murine osteoclasts, which express relatively lower levels of
receptor for IL-27. Thus, IL-27 can limit bone erosion in arthritis by inhibiting
osteoclastogenesis. Another study revealed that IL-27 suppresses osteoclast differentiation
by reducing the expression of RANKL through STAT1-dependent inhibition of c-Fos [26].
IL-27 has also been shown to reduce RANKL expression in T cells [72], further supporting
the anti-arthritic activity of this cytokine. IL-27 can also inhibit osteoclastogenesis via
reduction of IFN-y [73].

Studies in the CIA model of RA have unraveled the disease-protective effects of IL-27. For
example, the local expression of IL-27 using intra-articular injection of an adenoviral vector
in mice with CIA showed reduction in the clinical and histopathological features of arthritis
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[74]. The level of IL-17 in the serum and joint of these mice was found to be reduced.
Accordingly, there was reduction in monocyte recruitment and angiogenesis; both these
processes are otherwise facilitated by 1L-17 during the course of arthritis. Similarly, 1L-27
treatment reduced Th17 but increased Foxp3-expressing Treg, thus altering the Th17/Treg
balance towards disease regression in mice with CIA [60]. Furthermore, IL-27 enhanced the
suppressive activity of Treg in vivo and in vitro. The IL-27-induced inhibition of Th17
involved suppression of STAT3 phosphorylation and inhibition of RORyt. On the other
hand, IL-27 enhanced Foxp3 expression and IL-10 production. Furthermore, the effect of
IL-27 in modulating the Th17/Treg balance was also observed in PBMC from RA patients
[60]. In another study, treatment with IL-27 reduced the severity of arthritis in mice with
CIA. This correlated with reduction in cellular infiltration into the joints, in synovial
hyperplasia and bone erosion, in serum IL-6 and collagen-specific 1gG2a, and in the
production of IFN-y and IL-17 by peripheral lymphoid cells [70].

Our study in the rat AA model revealed the anti-arthritic activity of IL-27 in Lewis rats [39].
IL-27 controlled arthritic inflammation in these rats by inhibition of Th17 responses,
angiogenesis, cell survival, apoptosis, and tissue damage. Th17 cells play an important role
in RA pathogenesis, including osteoclastogenesis [75], and we showed that IL-27 inhibits
IL-17 response in arthritic rats treated with 1L-27. This further explains the protective effect
of 1L-27 against tissue damage in arthritic joints. The inhibition of Th17 response was
attributable in part to the blockade of STAT3 phosphorylation and suppression of RORt.
Furthermore, IL-27 treatment inhibited MMP-9 activity, VEGF secretion, and Akt
phosphorylation. In addition, IFN-y induced the production of 1L-27, and both cytokines
inhibited Th17 response and arthritis, demonstrating a cooperative interplay between the two
cytokines.

5.1.2 Pro-inflammatory effects of IL-27 in arthritis—In contrast to the findings
described above, some of the earlier studies have suggested a pro-inflammatory role for
IL-27 in RA. IL-27 is found to be elevated in the plasma of RA patients compared with
controls [76]. Furthermore, IL-27 was shown to induce ICAM-1, vascular cell adhesion
molecule (VCAM)-1, pro-inflammatory cytokine IL-6, chemokines (CCL2, CXCLY9,
CXCL10), and matrix metalloproteinase-1 (MMP-1) in RA-FLS [76]. These effects of IL-27
were mediated via signaling involving STAT1, PI3k-Akt, c-JNK and JAK. Furthermore,
IL-27 showed synergy with TNF-a or IL-10 in its pro-inflammatory effects [76]. In addition,
a single nucleotide polymorphism (-924A/G) in the IL-27 gene has been reported to be
associated with RA susceptibility [77].

In a study in the rat AA model, neutralization of p28 subunit of IL-27 by autoantibodies was
shown to suppress ongoing AA in Lewis rats [78]. Such antibodies could be generated either
naturally during the course of AA or experimentally via vaccination with DNA encoding
p28. The protective effect of this vaccination approach was attributable in part to
suppression of pro-inflammatory cytokine production and inhibition of Thl polarization, as
well as inhibition of antigen-specific effector/memory Th1l cells [78]. In proteoglycan-
induced arthritis (PGIA), a Th1-mediated model of RA, the development of the disease was
inhibited in IL-27R (TCCR)-/- mice. These results were attributed to a reduction in IFN-vy-
producing Thl cells, but not IL-4- or IL-17-expressing T cells in these mice [79]. Thus,
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IL-27 contributed to disease development in this model by inducing Thl cells and increasing
IFN-y production.

sclerosis (MS)

MS is an autoimmune disease that affects the brain and the spinal cord, and it is
characterized by neuroinflammation as well as neurodegeneration caused by the depletion of
myelin in the central nervous system (CNS) [80, 81]. The pathogenesis of MS involves Thl
and Th17 responses to myelin antigens [80, 81]. The level of IL-27 in the plasma/serum
from MS patients was found to be significantly lower than that of healthy controls [82-84],
and IL-27 level showed an inverse correlation with the level of plasma IL-17 as well as the
frequency of Th17 cells in the blood [82]. The patients in these studies included newly
diagnosed or progressive MS patients.

Experimental autoimmune encephalomyelitis (EAE) is a well-established animal model of
human MS [85]. Although IL-27 has been shown to possess both pro- and anti-inflammatory
properties in various immune-mediated conditions, mostly anti-inflammatory activity of
IL-27 has been observed in different studies in MS/EAE. For example, IL-27 receptor
(WSX-1)-deficient mice were found to be highly susceptible to EAE compared to wild type
mice [42]. The increased severity of EAE in these mice was attributable to increased
production and activity of Th17 cells in the absence of normal IL-27 signaling. This
inference was supported by the finding that IL-27 inhibited the generation of Th17 in vitro,
and this effect was STAT1-dependent [42]. Similarly, the level of expression of the IL-27
receptor (WSX-1) and IL-27 subunits in the CNS of mice with relapsing-remitting EAE was
found to be the highest at the effector phase of the disease [86]. Furthermore, the disease-
regulating role of IL-27 in this EAE model was shown by inhibiting passive EAE induction
using potentially encephalitogenic T cells exposed to IL-27 in vitro prior to their adoptive
transfer, as well as by suppressing active EAE induction by s.c. injection of IL-27 [86].
However, in one study, IL-27 failed to inhibit IL-17 production from Th17 in vitro and in
vivo, and consequently failed to suppress EAE development, showing the inhibitory effect
of IL-27 on T cell differentiation but not on committed Th17 cells [38]. In another study,
overexpression of the p28 subunit of IL-27 inhibited the initiation and progression of EAE,
thus showing the immunoregulatory effect on IL-27 on CNS autoimmunity [87]. This
outcome involved reduced generation and activity of both Thl and Th17 cells.

The results of a study based on multiwalled carbon nanotube (MWCNT), which activate
APCs to produce IL-27, support the role of this cytokine in suppressing EAE by inhibiting
Th17 response [88]. Wild type APCs could activate antigen-induced T cells into Th1 cells,
which were pathogenic as tested in the passive EAE induction model. However, APCs that
had been exposed to MWCNT, and thereby produced IL-27, failed to prime an effective
Th17 population and these T cells were ineffective in inducing EAE compared to controls.
Neutralization of IL-27 in APCs exposed to MWCNT further supported the role of IL-27 in
the above-mentioned regulation of EAE.

IFN-B is being used for the treatment of relapsing remitting MS (RRMS) patients [89].
Studies in EAE and MS patients have revealed that IL-27 is involved in mediating the
disease-modulating effects of IFN-f. It has been shown that IFN-B suppresses IL-1 and
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IL-23 production by activated human dendritic cells as well as the ability of these DCs to
promote Th17 generation, but it enhances IL-10 production by DCs [90]. These effects of
IFN-B are mediated in part via IL-27, as assessed from experiments based on I1L-27
neutralization or on IL-27 receptor deficient mice using the EAE model [90]. In regard to
MS, the responsiveness of RRMS patients to IFN-p positively correlates with the level of
IL-27, such that poor responders to IFN-f3 have lower level of IL-27 than that of good
responders [90]. IFN-B and IL-27 share similar properties in regard to the induction of
IL-10, the inhibition of Th17 response, and the suppression of EAE. Furthermore, EAE
pathogenesis may involve predominantly either Thl or Th17 responses. However, IFN-f3-
mediated suppression of EAE is not dependent on IL-27 signaling [91]. Furthermore, I1L-27-
mediated control of EAE requires IL-10 in the case of Th1l-induced EAE, but not Th17-
induced EAE [91].

Additional anti-inflammatory mechanisms of 1L-27 in EAE include suppression of the
generation of pathogenic effector T cells [92] as well as upregulation of CD39 in DCs,
which in turn inhibit the NLRP3 inflammasome activation [92]. In addition, IL-27 can
upregulate PD-L1 on naive T cells, which then can inhibit Th17 differentiation in trans
through PD-1-PD-L1 interaction [24]. This pathways can inhibit the activity of
encephalitogenic T cells and suppress EAE [24].

Above studies demonstrate the immunoregulatory activity of IL-27. However, IL-27 has
also been shown to be involved in disease progression in EAE. Using the approach of DNA
vaccination to produce autoantibodies to p28 subunit of 1L-27, it was shown that in vivo
neutralization of p28 inhibited ongoing EAE in mice [93]. This outcome was attributable in
part to inhibition of antigen-specific Th1 cells and production of pro-inflammatory
cytokines. The effect on T cells involved inhibition of polarization of naive T cells to Thl as
well as suppression of antigen-specific activated/memory Th1l cells [93].

Inflammatory bowel disease (IBD) can manifest in two forms, Crohn's disease and
ulcerative colitis [94, 95]. Autoimmune effector mechanisms have been implicated in the
pathogenesis of IBD. IL-27p28 and EBI3 transcripts were found to be significantly
increased in patients with Crohn's disease, but not in ulcerative colitis [96]. Similarly, the
expression of these two subunits was also demonstrated in granulomas of Crohn's disease
[97]. These findings are of relevance, considering the role of IL-27 in modulation of Thl
and Th17, which are involved in the pathogenesis of Crohn's disease [94, 95]. Colitis can be
induced in mice by injection of chemicals such as 2,4,6-trinitrobenzene sulfonic acid
(TNBS) [98] or dextran sodium sulphate (DSS) [99], and by adoptive transfer of
CD4+CD45RBhi T cells into Rag—/— mice [100]. Furthermore, mice deficient in IL-10
develop spontaneous colitis [12].

5.3.1. IL-27 induces protection against colitis—Subcutaneous injection of a single-
chain recombinant human IL-27 attenuated TNBS-induced colitis in mice through
suppression of Th17 cell differentiation [98]. This was evident from the gross and
histological features of colitis, as well as from inhibition of IL-17 and other pro-
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inflammatory cytokines couple with reduced frequency of Th17 cells. IL-27 treatment was
effective in containing the ongoing colitis as well. Similarly, oral delivery of genetically
engineered, IL-27-expressing Lactococcus lactis was shown to suppress enterocolitis
induced by T cell transfer and its lethal consequences [100]. In this model, colitis is induced
by the adoptive transfer of CD4+CD45RBhi T cells into Rag—/— mice. The beneficial effect
of mucosal delivery of 1L-27 involved the production of IL-10 by the T cells, and reduction
of pro-inflammatory cytokines and Th17 frequency in the gut-associated lymphoid tissue
[100]. The delivery of IL-27 via L. Lactiswas more effective than either IL-10 administered
in a similar fashion or soluble IL-27. Oral delivery of IL-27 was also effective in another
model of colitis, DSS-induced colitis. In another study, mice deficient in IL-27 receptor
subunit EBI3 showed differential susceptibility to colitis in two different models [101].
IL-27R-/- mice have decreased numbers of invariant natural killer T cells (iNKT), and
upon stimulation with their ligand aGalCer in vitro, produce decreased IL-4 and IFN-y.
These mice were protected against oxazolone-induced colitis, whose development requires
IL-4 produced by iNKT cells, but displayed typical development of TNBS-induced colitis,
whose pathogenesis is dependent on Th1 response. IL-27 also contributes to the protective
effect of Treg by enhancing their survival [59].

5.3.2. IL-27 promotes inflammation in colitis—IL-10-deficient mice spontaneously
develop intestinal inflammation [12]. Mice deficient in both IL-10 and IL-27 receptor
(WSX-1) showed delayed onset of colitis compared with mice deficient in IL-10 only [12].
A pro-inflammatory role of IL-27 has been reported in a colitis model in which the disease
is induced by CD4 T cell transfer. IL-27Ra+/+ T cell receptor (TCR)p—/- recipients
developed severe colitis, whereas IL-27Ra-/— TCRB—/- mice were protected against this
disease [102]. Gut inflammation in the former recipients involved IL-27-induced enhanced
production of IL-6 and IL-18 by APCs and consequently increased Th17 differentiation,
which contribute to the development of colitis. In another study, mice deficient in IL-27R
(WSX-1) showed markedly reduced severity of DSS-induced colitis compared to controls
[99]. Furthermore, protection against colitis in these mice was associated with reduced
production of pro-inflammatory cytokines IFN-vy, IL-6, and TNFa by immune cells
infiltrating the lamina propria. IL-27 has also been shown to be required for fully
manifesting the pathogenicity of T cells in an adoptive transfer model of colitis, and this
effect was attributable to the ability of this cytokine to increase the survival of T cells [59].

5.4 Systemic lupus erythematosus (SLE) (Lupus)

Lupus is a systemic autoimmune disease involving the formation of autoantibodies to
double-stranded deoxyribonucleic acid (dsDNA) and other self antigens, the generation of
immune complexes, and tissue damage in the kidneys and other organs [103]. Type | IFN,
IL-17, and other cytokines have been invoked in the pathogenesis of this disease [103, 104].
The testing of serum/plasma or urine levels of IL-27 revealed disparate findings in different
studies: reduced IL-27 levels in SLE compared to healthy controls [105] versus increased
levels in SLE compared with controls [106]. In the former study, no correlation was found
between IL-27 levels and disease activity. However, in the latter study reporting increased
IL-27, the level of that cytokine showed correlation with I1L-6 and anti-dsSDNA antibodies
[106]. Furthermore, glucocorticoid treatment led to reduction in IL-27 levels in that study.
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Increased serum and urine levels of IL-27 were also observed in other studies, but with the
difference that IL-27 level showed positive correlation with disease activity in one [107], but
inverse correlation with disease in another [108]. However, in both these studies, IL-27 level
increased following treatment leading to improvement in disease activity. Taken together,
these studies point to pro- versus anti-inflammatory activity of IL-27 in SLE patients.

Mouse models of lupus include spontaneously developing disease (e.g., in MRL/lpr and
BWF1 mice) [109] and experimentally-induced disease (e.g., that induced by chronic graft
versus host disease) [110]. IL-27 signaling has been associated with the pathogenesis of
lupus nephritis in mice [109, 111-113]. MRL/Ipr mice develop a Th1-mediated renal
pathology that represents diffuse proliferative glomerulonephritis in human SLE. However,
the same mouse strain but deficient in IL-27 receptor a (WSX-1) revealed a change in
immunopathology from Th1 type in wild mice to a Th2 type, which resembled human
membranous glomerulonephritis [109]. Similarly, mice deficient in EBI3 subunit of the
cytokine IL-27 showed a shift in cytokine response from Thl to Th2 and consequent change
in immune pathology of glomerulonephritis [111], which was similar to that described above
in WSX-1-deficient mice. On the contrary, overexpression of the same receptor (WSX-1)
afforded protection against autoimmune lupus nephritis, validating the role of IL-27-
mediated Th1 response in regulation of autoimmunity in this disease model [112]. WSX-
overexpression also reduced spontaneous lupus-like skin inflammation [114]. Taken
together, these results emphasize the role of IL-27 in Th1/Th2 balance and its impact on
disease pathogenesis.

5.5. Psoriasis

Psoriasis is a chronic inflammatory skin disease of autoimmune origin. Activated T cells,
neutrophils, and other types of leukocytes infiltrate the skin causing skin hyperplasia [115].
Keratinocyte hyperplasia is a feature of the disease process in psoriasis. Mouse models of
psoriasis include various spontaneous mutation models, transgenic and knockout models,
and xenograft models [116]. IL-27 levels were found to be higher in the serum and the
diseased tissue in psoriatic patients compared with controls [117, 118], and this increase
correlated with the severity of the disease. IL-27-secreting cells were shown to infiltrate into
the psoriatic lesions, but not into other type of dermatitis or normal skin.

The pro-inflammatory cytokines TNFa and IL-18 play an important role in the pathogenesis
of psoriasis [119, 120]. TNFa induces chemokine expression in keratinocytes, and these
chemokines facilitate the cellular migration into skin lesions in psoriasis. It has been shown
that IL-17 and IL-27 have opposite effects on these TNFa-mediated events in human
keratinocytes, and thereby on skin inflammation in psoriasis [119]. It has been proposed that
IL-27 has a dual role in the pathogenesis of psoriasis such that it might promote the onset of
psoriasis by inducing certain chemokines in keratinocytes, but it may also inhibit the
spreading of inflammation in the course of disease by suppressing TNFa-induced cytokines
and chemokines [118]. Furthermore, 1L-18 binding protein (IL-18BP) is a natural
endogenous antagonist of I1L-18, and IL-27 has been shown to upregulate IL-18BP in human
keratinocytes and induce anti-inflammatory activity by neutralizing IL-18 [120]. This effect
of IL-27 is STAT1-mediated. The role of IL-27 was tested in a mouse model of psoriasis in
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which the disease was induced by local application of imiquimod to the skin [121]. IL-27
injected locally s.c. aggravated the disease compared to controls injected with the vehicle.
Following IL-27 treatment, the levels of mMRNA for IFN-y, TNFa, and various chemokines
in the injected skin were increased. However, the levels of these mediators of inflammation
and chemotaxis were reduced along with protection against disease following neutralization
of the IL-27 effect [121].

5.6. Type 1 diabetes mellitus (T1D)

5.7 Uveitis

T1D is an autoimmune disease characterized by inflammation of pancreatic islets (insulitis)
and destruction of pancreatic B-cells. The precise trigger for these events is not clear, but
infiltration of the islets of Langerhans by CD4 and CD8 T cells, B cells. and macrophages is
an early event in individuals susceptible to T1D [122]. These immune cells attack and
damage B-cells leading to reduction in insulin production. The non-obese diabetic (NOD)
mouse and streptozotocin (STZ)-induced diabetes are two of the commonly used models of
human T1D. There is limited information on the involvement of IL-27 in T1D in humans.
Furthermore, in a study on a Brazilian population, a lack of association between IL-27 gene
variants and susceptibility to T1D was observed [123].

Mice deficient in IL-27 subunit (EBI3-/-) or IL-27 receptor subunit (WSX-1-/-) mice)
treated with STZ for induction of diabetes showed increased blood glucose and islet
proinsulin levels as well as enhanced immune cell infiltration into the islets compared to
wild type controls [124]. Furthermore, treatment of EBI3—/- and wild type mice with IL-27
led to reduction of these disease-associated parameters, demonstrating the
immunoregulatory role of IL-27 in this model of T1D [124].

In contrast to the STZ-induced diabetes model, the NOD mouse model of T1D revealed a
disease-propagating role for IL-27 in diabetes [125]. In that study, diabetes was passively
induced by the adoptive transfer of diabetogenic splenocytes. The treatment of diabetogenic
splenocytes with IL-27 prior to their adoptive transfer accelerated the onset of the disease in
the recipients. The IL-27-treated splenocytes showed increased production of pro-
inflammatory cytokines coupled with inhibition of anti-inflammatory cytokine production.
On the contrary, the blockade of IL-27 caused a marked delay in the onset of diabetes [125].

Uveitis is an intraocular inflammatory disease of infectious or autoimmune etiology [126,
127]. Th17 cells have been shown to be present in PBMC of patients with uveitis, and the
number of these cells increased during acute phase of the disease but reduced as a result of
therapy [127]. Experimental autoimmune uveitis (EAU) is an experimental model of human
uveitis [128]. Both Thl and Th17 cells have been shown to be involved in the pathogenesis
of uveitis. IL-27 plays a role in uveitis, and depending on the stage of the disease, both pro-
inflammatory/pathogenic and anti-inflammatory/protective roles have been assigned to this
cytokine.

The role of IL-27 in the disease process was evident in mice deficient in IL-27R (WSX-1),
which showed reduced clinical and histopathological features of uveitis in the early phase of
the disease compared to wild type mice [129]. This protection was associated with reduction
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in IFN-y, chemokines, and pathogenicity of T cells. However, this difference in disease
severity was abated in the late of the disease in the two groups of mice. Similar results
showing differential effects in the early and late phase of uveitis were obtained in mice
deficient in EBI3 subunit of IL-27 [130]. The attenuation of uveitis was associated with
decreased Thl response.

IL-27 was shown to be expressed in retina in mice with uveitis [127]. This cytokine was
shown to inhibit Th17 cells in vitro in a STAT1-dependent manner. Furthermore, IFN-vy can
induce IL-27, and both these cytokines can inhibit Th17 [127]. Thus, Thl response
emerging in the late phase of uveitis can regulate progression of the disease by Th17 by
controlling them directly through IFN-y as well as via IL-27. Other studies in the EAU
model in which mice with uveitis were treated with IL-27 or its variant revealed the disease-
regulating attribute of IL-27. Treatment with a recombinant p28/p40 cytokine suppressed
uveitis by inhibiting both Th1 and Th17 responses, but promoting Foxp3-expressing, 1L-10-
producing Treg [131]. The effect of p28/p40 was superior to that of p28 alone. Similarly, the
overexpression of 1L-27p28 in mice led to attenuated uveitis following the regimen aimed at
prevention versus progression of uveitis [87]. The protective effect of IL-27 was attributed
to the inhibitory effect of IL-27 on pathogenic Thl and Th17 responses. We have described
above the role of STAT1 in IL-27 signaling. STAT1-deficient mice were shown to develop
more severe uveitis than control mice [132], and this disease aggravation was associated
with reduced production of IL-27 and IL-10.

6. Conclusion

IL-27 is a regulator of T cell differentiation and function. IL-27 induces Th1l and Tr1, but
inhibits Th2, Th17 and Treg differentiation and function. However, under certain conditions,
opposite effects on certain T cell subsets have been observed, for example, inhibition of Thl
and enhancement of Th17 or Treg generation and activity. IL-27 can display pro- or anti-
inflammatory activity in different autoimmune diseases. The precise conditions that impart
dual functional attributes to IL-27 have not yet been fully defined. However, with some
exceptions, mostly anti-inflammatory activity of IL-27 has been observed in different
experimental models of autoimmunity. These results in turn would help plan and guide
additional studies to investigate the role of IL-27 in patients with autoimmunity. Regardless,
IL-27 represents a novel, promising therapeutic agent for autoimmune diseases. Pilot clinical
trials using IL-27 in patients with autoimmunity in the near future would unravel the
translational significance of the basic research summarized in this article.
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Tfh T follicular helper
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c-maf c-musculoaponeurotic fibrosarcoma oncogene
Ahr aryl hydrocarbon receptor
Egr-2 early growth response gene-2
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Take-home messages

e IL-27 generally promotes the differentiation of Th1 and Trl cells, but inhibits
Th2, Th17, and Treg cells.

e IL-27 inhibits the production of pro-inflammatory cytokines IL-1, IL-6 and
IL-17, but induces the production of anti-inflammatory cytokine IL-10.

e IL-27 is involved in the pathogenesis of autoimmunity, and with some
exceptions, mostly anti-inflammatory effects have been described in different
diseases.

o IL-27 represents a promising new therapeutic agent/target for the control of
autoimmune diseases.
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Highlights
* |L-27 is a new cytokine of the IL-12 family and consists of EBI3 and p28 subunits.
* The receptor for IL-27 consists of the orphan receptor WSX-1 and gp130.
* IL-27 modulates the differentiation and activity of various T cell subsets.

* Both pro- and anti-inflammatory effects of IL-27 have been observed in
autoimmunity.

* |L-27 is a promising therapeutic target/agent for the control of autoimmune
diseases.
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Figure 1. A schematic representation of IL-12 cytokine family members and their receptors
These cytokines are heterodimeric complexes, and they, as well as their respective receptors,

share subunits among them. IL-27 consists of p28 and Epstein-Barr virus-induced gene 3
(EBI3), and its receptor is composed of gp130 and WSX1. In comparison, IL-12 consists of
p35 and p40, and it binds to the IL-12 receptor comprised of IL-12RB1 and IL-12Rp2. IL-23
is composed of p19 and p40, and its receptor is formed by the association of IL-23R and
IL-12Rp1. IL-35 contains p35 and EBI3 subunits, and its receptor consists of gp130 and
IL-12Rp2.
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Figure 2. Differential effect of IL-27 on T cell subsets and antibody response
Antigen-presenting cells (APCs) including dendritic cells (DCs) and macrophages produce

IL-27 on exposure to microbial products or other immune stimuli. IL-27 generally promotes
the differentiation of Th1 and IL-10-producing type 1 regulatory (Trl) cells, but inhibits
Th2, Th17 cells, and Treg cell differentiation. However, contrary effects of IL-27 on Thl
(decrease), Treg (increase), and Th17 (increase) cells have also been reported. Furthermore,
IL-27 promotes cytotoxic T lymphocyte (CTL) response involving CD8+ T cells, and
induces 1gG1 but suppresses 1gG2a production (in mice).
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Figure 3. IL-27 signaling pathways
The schematic pathways shown in the figure are derived from the findings of multiple

studies described in the main text. The binding of IL-27 to its receptor leads to activation of
JAK/STAT and P38/MAPK pathways. IL-27 can induce Thl and Trl differentiation
through multiple signaling pathways. Activation of STAT1 promotes Th1 differentiation
either through activating T-bet or via upregulating membrane ICAM-1, which interacts with
LFA-1 and signals via ERK. Another pathway of T-bet activation is through GADDA45,
leading to p38/MAPK activation. All these pathways of T-bet activation lead to IFN-y
secretion. SOCS3 represents one of the negative inhibitory loops for regulation of Thl
response. IL-27 signaling induces Tr1 differentiation by activating IL-10-related
transcription factors Ahr and c-Maf. An additional pathway operates via Egr2 and Blimp-1.
In addition, IL-27 can inhibit Foxp3 and suppress Treg generation.
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Figure 4. Modulation of autoimmune arthritis by 1L-27
The major mechanisms of IL-27-induced suppression of arthritic inflammation shown in the

figure are derived from multiple studies described in the main text. IL-27 acts on APCs and
decreases the production of pro-inflammatory cytokines- IL-1f, IL-6 and 1L-23. IL-27 can
directly inhibit Th17 differentiation as well as indirectly inhibit Th17 response by increasing
Th1 (IFN-y) response. Furthermore, IL-27 can increase Treg and IL-10 production, and
thereby alter Th17/Treg ratio in favor of immune regulation. IL-27 acts on fibroblasts and
other cell types and inhibits the production of MMPs and VEGF, leading to reduced
angiogenesis. In addition, IL-27 decreases the production of RANKL from T cells and other
cells, and inhibits RANKL/RANK pathway of osteoclast generation. The outcome of these
actions of 1L-27 is reduced arthritic inflammation. (Induction is shown as a green upward
arrow, while inhibition or blockade is shown as a “T’. A direct influence is shown as straight
line arrow, whereas an indirect influence is shown as a dashed line arrow. APCs, antigen
presenting cells; MMPs, matrix metalloproteases; RANK, receptor activator for nuclear
factor xB; RANKL, RANK ligand; and VEGF, vascular endothelial growth factor. (*)
indicates similar direction of change in all cytokines or bone mediators indicated therein.)
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