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Abstract: T helper (Th) cells and their cytokines play a pleiotropic role in the pathogenesis of systemic lupus erythe-
matosus (SLE). Recently, a new effector T cell subset, Th9 cells, which preferentially secrete IL-9, has been identified.
IL-9 is mainly produced by several T cell subsets including Th9 and Th17, and effective on the functions of Th cells
and mast cell. However, there are no unambiguous conclusions that IL-9 contributes to the pathogenesis of SLE.
Recently, IL-9 was reported to mediate profound anti-inflammatory effects in several cells or experimental autoim-
mune models. In particular, IL-9 production seemed to be important in mast cell recruitment. Defect in IL-9/IL-9R axis
exhibited a more severe course of Experimental Autoimmune Encephalomyelitis (EAE) and enhanced activity of Tregs,
phenotypes reminiscent of SLE. Consistently, IL-9 was implicated in the proliferation of several types of CD4+ T cells,
indicating that IL-9 may be therapeutically relevant in SLE. In this article, we briefly discuss the biological features of

IL-9 and summarize recent advances on the role of IL-9 in the pathogenesis and treatment of SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a disor-
der of generalized autoimmunity, characterized
by multisystemic organ involvement, polyclonal
B-cell activation and the production of autoanti-
bodies. It has been reported that T helper (Th)
cells and dysregulation of proinflammatory cyto-
kine secretion play a pivotal role in its patho-
genesis. However, up to date, the exact mecha-
nisms that lead to the development of SLE re-
main ill defined. Initially, IFN-y-producing Th1l
cells and, more recently, IL-17- producing Th17
cells have been implicated in the pathogenesis
of SLE, but whether Thl or Th17 cells are the
key culprits of SLE remains controversial [1].
Recently, a new effector T cell subset, ThO cells,
which preferentially secrete IL-9, has been iden-
tified [2-3]. It has been reported that the Th9
cells may regulate chronic allergic inflammation
[4]. However, whether this T cell subset plays a
role in autoimmune diseases like SLE has not

been determined. The ability of the Th9 cell sub-
set to induce autoimmune disease were mostly
investigated in Experimental Autoimmune En-
cephalomyelitis (EAE), a model of human multi-
ple sclerosis [5]. The data demonstrated that
Th9 cells induced central nervous system (CNS)
autoimmunity, which correlated for the first time
Th9/IL-9 with autoimmune disease [5]. Recent
review of IL-9 signaling pathways in CD4+ T
cells concisely showed implications of this cyto-
kine in autoimmunity [6]. However, the precise
roles that IL-9 plays in the pathogenesis of SLE
have not been clearly described. Given that the
Th cell subsets express more IL-9 than other
cytokines such as IL-17, IL-4, IL-12, it is logical
to put the role of IL-9 in the context of Th cell-
mediated autoimmune inflammatory diseases.
In this review, we will summarize the biological
features of IL-9, and then focus on two conflict-
ing properties of IL-9 on lupus: both pro-
inflammatory and anti-inflammatory. Finally we
will discuss some recent advances on the
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potential roles of IL-9 in the pathogenesis of
lupus.

IL-9/ IL-9R

IL-9 belongs to a member of the four-helix bun-
dle cytokine family. Its gene has been shown to
reside within the Th2 cytokine cluster in the
region q31-35 on chromosome 5 [7]. Recent
study showed that IL-Q was produced by several
CD4+T cell subset, such as Th17 cells [5], regu-
latory T cells (Treg) cells [8], and Th9 cells [2, 3].
IL-9 exerts its biological activity through interac-
tion with a heterodimer receptor complex com-
posed of IL-9Ra and a common y chain (yC). IL-
9R« is a specific IL-9 receptor chain produced
in both soluble and member-bound forms. The
yC chain, however, is shared by IL-2, IL-4, IL-7,
and IL-15 receptor complex [9]. Past studies
have showed that IL-OR was expressed by sev-
eral cell types such as mast cells [10], macro-
phages [11], dendritic cells [12] immature neu-
rons [13], and human microglia [14]. More re-
cently, evidences suggested that this cytokine
receptor were also expressed on NKT cells [15],
NK cells [16], Th9 [3], Th17 and Treg cells [17].
The wide expression of IL-9 receptor on the mul-
tiple cell types is consistent with the diverse
activities of IL-9 [6]. Although the precise signal
pathway of IL-9/IL-9R axis and its biology func-
tion remain elusive, signal transduction in IL-9/
IL-9R has been shown to play critical roles in
cell growth, survival, and differentiation of many
types of cells [18, 19]. Moreover, the associa-
tion of JAK1 with IL-9R and the presence of IL-9-
induced activation complexes containing STAT1,
STAT3, and STAT5 have been noted in several
studies [18-20].

Anti-inflammatory roles of IL-9

IL-9 was believed to have an immunosuppres-
sive function that indirectly inhibits the produc-
tion of pro-inflammatory cytokines. Since the
maintenance of immune homeostasis and the
prevention of immunopathology are mediated
by Treg subset, and the exaggerated responses
of Thd, Th2, and Th17 cells can induce tissue
inflammation, abnormal functions of the Tregs
will lead to proliferation of Th cells and disregu-
lated expression of cytokines. Along these lines,
Elyamana et al demonstrated that IL-9 (here as
a Th17 cell-associated cytokine) acted on Tregs
and enhanced their suppressive function both
in vitro and in vivo. Furthermore, IL-9 was shown
to promote the survival of Tregs and induce the
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activation of STAT3 and STAT5 signaling in
Tregs [17].

Serum IL-23 was known to be upregulated in
lupus [21] and correlated with SLE disease ac-
tivity index (SLEDAI) [22, 23]. Recently, it was
reported that Th17 cells exposed to IL-23 during
a secondary stimulation resulted in a signifi-
cantly reduced production of IL-9, and the Th17
cells from IL-23R-/- mice produced significantly
higher levels of IL-9 [17]. These findings sug-
gested that IL-23 is a negative regulator of IL-9
secretion by Th17 cells, and the reverse asso-
ciation of IL-23 with IL-9 also implied a potential
protective role of IL-9 in lupus. Furthermore, IL-9
production was found to be important in recruit-
ment of mast cells [24], which has the potential
to exert both pro-inflammatory and anti-
inflammatory effects, depending on different
environmental factors it encounters [25].

Pro-inflammatory roles of IL-9

Extensive studies have been done in recent
years on the T cell subsets that produce IL-9, a
cytokine that was initially thought to be a T cell-
derived factor preferentially expressed by Th2
cells [24]. The newly identified Th9 cells that
predominantly produce IL-9 and IL-10 changed
this conception. However, unlike Th2 cells, the
Th9 cells do not exhibit any regulatory proper-
ties [2, 3], indicating that IL-9/IL-10-producing T
cells are not regulatory T cells but effector T
cells that induce tissue inflammation [17]. Con-
sistently, an early study reported that Th9 cells
induced severe colitis and peripheral neuritis
upon adoptive transfer into immune deficient
hosts [2]. Recently, Ja“ger et al have developed
protocols to generate myelin oligodendrocyte
glycoprotein-specific Th cells in vitro including
Th9 cells, and shown that not only Thl and
Th17 cells, but also Th9 cells, are capable of
inducing EAE upon adoptive transfer [5]. These
findings provided important insight into the
roles of IL-9 in the pathogenesis of autoimmu-
nity.

Over the last few years, several elegant studies
have advanced our understanding of the in-
volvement of Th17 cells in tissue inflammation
[25-27]. There has been an increasing focus on
the role of Th17 in SLE, and many studies have
indicated that Th17 cell might be a promising
therapeutic target for SLE [1]. Ja"ger et al ob-
served that Th17 cells secreted large amount of
IL-9 and showed that Th17 are capable of in-
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Figure 1. Proposed model of IL-9 production by Th9/Th17 cells and its downstream effects on SLE. TGF-B and IL-4
induces the differentiation of Th9, whereas TGF-B and IL-6 induces the differentiation of Th17. The Th9/Th17 cells
then exhibit two effects: i. produce pro-inflammatory cytokines; ii. secrete IL-9 to act on Th cells and mast cells, which
have the potential to exert both pro-inflammatory and anti-inflammatory effects, depending on different environ-

mental factors it encounters.

ducing EAE upon adoptive transfer [5]. Elya-
mana et al also found that IL-9 can be produced
by Th17 cells, and synergized with TGF-betal to
differentiate naive CD4+T cells into Th17 cells
in vitro, which was independent of IL-6 signal-
ing. Meanwhile, they suggested that IL-9 might
normally contribute to Thl17 differentiation in
spite of the fact that Th17 cells were differenti-
ated by other cytokine cocktails (TGF-beta plus
IL-6 or TGF-beta plus IL-21) [17]. These findings
suggested that IL-9 might play an important role
in the pathogenesis of SLE via regulating Th17
cells.

More recently, in the murine model of rheuma-
toid arthritis (RA), serum levels of IL-9 accompa-
nied by sustained activation of STAT3 and
pathologic cytokines, were elevated after the
second immunization [28, 29]. Multiplex kits
were use to test serial plasma samples from six
RA patients at baseline as well as several time
points (3, 6, and 9 months) following the treat-
ment with rituximab. While down-regulation of
inflammatory cytokines such as TNFalpha, IL-
1beta, IFN gamma, IL-10, IL-6, and IL-13 were
evident by rituximab, the profile of significantly
elevated immunomodulators included IL-9 [28],
indicating a pro-inflammatory role for this Th9
cytokine.

The proposed model of IL-9 production by Th9
and Th17 cells as well as its downstream ef-
fects on SLE is shown in Figure 1.

Roles and therapeutic potential of IL-9 in SLE

Cytokine-mediated immunity plays an important
role in the pathogenesis of SLE and other auto-
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immune diseases. Elyaman et al showed that IL-
9R-/— EAE mice had a higher frequency of Thl
cells and Th17 cells when compared with WT
mice. They also showed that Treg cells from IL-
9R—/— mice exhibited a defect in their suppres-
sive activity in comparison to their counterparts
from WT mice [17]. These data suggested that
IL-9 pathway might have a protective role in
SLE. However, Nowak et al demonstrated that IL
-9 receptor deficiency and IL-9 neutralization
attenuated EAE, which correlated with de-
creases of Th17 cells and IL-6-producing macro-
phages in the central nervous system, as well
as the reduction of mast cell numbers in the
regional lymph nodes [30]. The heterogeneous
effects of IL-9 could be explained by the differ-
ential expression of its receptor on multiple cell
types. The net outcomes of IL-9 signaling, how-
ever, may be pro-inflammatory in view of at-
tenuation of EAE with IL-9 neutralization. Along
this line, it has been reported that serum IL-9
levels were increased in patients with SLE (50.7
+ 52.0 pg/ml) compared to healthy individuals
(40.4 £ 41.7 pg/ml; p < 0.05) [31].

The symptoms of SLE ranged from rash and
arthritis to neuropathies and severe renal dis-
ease. Mast cell infiltrates were present in the
affected tissue from patients with SLE-mediated
glomerulonephritis, which strongly indicated an
influence of mast cells [32]. Indeed, there are
accumulating evidences to suggest that IL-Q is
associated with the recruitment and/or accumu-
lation of mast cells. For example, Forbes et al
demonstrated that IL-9-deficient mice failed to
develop experimental oral antigen-induced in-
testinal anaphylaxis, and the intestinal IL-9
overexpression induced an intestinal anaphy-
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laxis phenotype (intestinal mastocytosis, intesti-
nal permeability, and intravascular leakage). In
addition, intestinal IL-9 overexpression was pre-
disposed to oral antigen sensitization, which
required mast cells and increased intestinal
permeability [33]. Collectively, these findings
suggest that blocking IL-9-mast cell pathway
could be an effective strategy to attenuate lu-
pus phenotype.

Conclusion

Currently, the direct evidence from animal and
clinical studies for lupus is still scarce. The
available literature regarding IL-9 biology sug-
gested that IL-9/IL-9R pathway have the poten-
tial to exert both pro-inflammatory and anti-
inflammatory effect although the net outcomes
of IL-9/IL-9R signaling may be biased towards
pro-inflammatory roles. Therefore, it is not sur-
prising to propose IL-9 as possible mediator in
autoimmune disease. However, following points
should be taken into consideration in this re-
gard: First, IL-9 has pleiotropic functions, in par-
ticular when heterogeneity was observed in IL-9-
induced Th cell responses. Blocking IL-9 for
Th17 cell may also have a cross-effect on other
T cells. Second, much of the data regarding IL-9
were obtained from murine models, which may
not be applicable to human (or other experimen-
tal) SLE. Therefore, further studies are required,
especially in human systems, to comprehen-
sively explore the therapeutic potential of IL-9 in
SLE.
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