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Abstract

CDA4+ T cells have the capacity to differentiate into various T helper (Th) cell subsets after
activation, and by acquiring distinct cytokine profiles and effector functions, they regulate the
nature as well as the outcomes of immune responses. Th9 cells are a relatively new member in the
Th cell family. The signature cytokine for Th9 cells is IL-9, a cytokine in the IL-2R-yc-chain
family. Over the past few years, there has been an explosion of knowledge on the roles of Th9
cells in immunity and immunopathology, but the exact mechanisms in the control of Th9 cells
remain poorly defined. This apparent paradox presents both challenges and opportunities. Here we
review recent advances in our understanding of the fundamental biology of IL-9 and Th9 cells,
highlighting the challenges and unanswered questions in the field. We also discuss potential
opportunities in targeting Th9 cells for therapeutic purposes in the clinic.
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Introduction

T cells are hardwired to protective immunity, immune surveillance, and autoimmune
diseases. One of the remarkable features of T cells is their ability to differentiate into
functionally diverse subsets, and in the case of CD4+ T cells, such subsets include Thl, Th2,
Th9, Thl7, Th22, Tth and Foxp3+Tregs[1-5]. These subsets, by acquiring distinct cytokine
profiles and functional attributes, define the nature as well as the outcomes of immune
responses. Among all the T helper subsets, Th9 cells are a relative new and less well-
characterized one[6]. It is only recently do we witness a rapid expansion of knowledge on
the induction and functions of Th9 cells [6-15]. In essence, the signature cytokine for Th9
cells is IL-9, a pleiotropic cytokine with diverse functions [7, 8, 10, 12, 14-16].
Functionally, Th9 cells promote immune tolerance in certain models [17], and protect
against parasitic infections [18, 19]. They also exert strong anti-tumor immunity, thus
providing a promising strategy in cancer immunotherapy [20-23]. However, Th9 cells also
trigger prominent allergic inflammation, asthma, and autoimmune diseases, highlighting
their pathological roles in the immune system [24-26].

There remain significant challenges in the Th9 field and further studies in this area are
warranted to overcome such challenges, so that therapeutic manipulation of Th9 cells could
one day be possible for the benefit of patients. The //9locus per se has been well
characterized and the transcription network involved in IL-9 expression has been extensively
reviewed[9]. However, we remain poorly informed about how Th9 cells are induced and
sustained, especially under in vivo conditions[27]. In most in vitro studies, Th9 cells are best
induced by TGF-p and IL-4, but this induction is confined to a very small fraction of CD4+
T cells, and most T cells are refractory to Th9 induction [27, 28]. In contrast to other T
helper subsets whose induction is controlled by lineage-specific transcription factors [29],
numerous transcription factors are involved in the generation of Th9 cells, and a Th9 specific
transcription factor has not been identified thus far[9]. Furthermore, costimulatory molecules
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in the TNFR super family (TNFRSF), such as OX40, glucocorticoid-induced tumor necrosis
factor receptor (GITR), and death receptor 3 (DR3), have been consistently shown to
promote Th9 induction[11]. These findings suggest that Th9 cells may be controlled by
different mechanisms, but such mechanisms remain to be uncovered.

Besides Th9 cells, other cell types, such as innate lymphoid cells and mast cells, can also
produce IL-9, but little is known about potential interactions among such cell types, either
under physiological conditions or in disease settings. Additionally, Th9 cells are extremely
unstable, at least under in vitro conditions. Once induced, they tend to lose IL-9 expression
within days [27, 28]. Thus, mechanisms involved in Th9 induction and stability are likely to
be very different, and further studies are required in understanding exactly what sustains Th9
cells both in vitro and in vivo. Importantly, more translational studies are needed in
clarifying whether human Th9 cells behave in the same way as mouse Th9 cells, and how
such information can be translated into better therapies in the clinic.

In this review, we provide a broad overview on the unique features of Th9 cells, highlighting
recent development in the field and some of the challenges in defining Th9 cells. We also
discuss the evolving role of Th9 cells in vivo, both under physiological conditions and in
disease settings. We conclude by highlighting the emerging strategies in therapeutically
manipulating Th9 cells in treatment of human diseases.

A historic perspective

IL-9 was discovered more than two decades ago from mouse T-cell clones, and classified as
a common IL-2Ryc-chain family cytokine. Similar to the other members in the family (i.e.,
IL-2, IL-4, IL-7, IL-15, I1L-21), IL-9 was initially thought to be a T cell growth factor, and its
chief function was driving T cell proliferation[30]. Because of the sharing of receptor
component with other -yc-chain family cytokines, 1L-9 was also thought to be redundant in T
cell proliferation [31]. Subsequent studies revealed that IL-9 had marginal effects on
proliferation of primary T cells, despite the fact that it could drive vigorous proliferation of
T cell clones [30]. In most cases, IL-9 was induced under Th2 conditions in vitro or in a
Th2-type of immunity in vivo. Thus, for a long time 1L-9 was believed to be just a Th2
cytokine. In the mouse, transgenic expression of IL-9 in the lungs resulted in extensive
airway inflammation, characterized by airway epithelial hyperplasia, proliferation of mucin-
producing cells, and eosinophilia[24, 26, 32], features that are also seen in Th2 responses.
These mice exhibited severe airway hypersensitivity to Ag challenges. Studies using I1L-9
knockout mice further established the role of IL-9 in proliferation of mucin-producing cells,
as well as mast cells and eosinophils in the lungs [24]. Thus, IL-9 has unexpected effects on
cells other than T cells. Moreover, besides Th2 cells, other cell types, including mast cells,
innate lymphoid cells (ILCs), NKT cells and even Foxp3+ Tregs, could also produce
IL-9[33]. For various reasons, interest in 1L-9 and its clinical significance was very much
limited at that time.

In 1994, Schmidt et al reported that naive CD4+ T cells could be converted to IL-9-
producing cells when activated in the presence of IL-2, IL-4, and TGF-$ [34]. Although
IL-4 alone was insufficient to promote the production of IL-9, it strongly enhanced IL-9
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production in the presence of TGF-p and IL-2. Interestingly, IL-9 expression by CD4+ T
cells was strongly inhibited by IFN-y [34]. This is a landmark study, and for the first time
revealed the cytokine milieu that either promotes or inhibits 1L-9 production by CD4+ T
cells. Intriguingly, later studies demonstrated that a combination of TGF-p and IL-2 had
remarkable potency in the induction of Foxp3+ Tregs [35], but IL-4 alone was known to
promote the induction of Th2 cells. How Th9 cells would fit in this cellular dynamics was
entirely unknown. In 2008, a pair of papers published in Nature Immunology provide
substantial insights into this issue [36, 37]. At a cellular level, CD4+ T cells that produced
IL-4 are segregated from those that produced IL-9, and only cells that turned off 1L-4
expression do they become IL-9 producing cells [36, 37]. At a molecular level, it appears
that IL-4 shuts down Foxp3 expression in CD4+ T cells, and together with TGF-, they
convert activated CD4+ T cells into Th9 cells [36, 37]. In those in vitro cultures, TGF- is a
potent inhibitor of Th2 cells, but is required for Th9 induction [36, 37]. IL-4 promotes Th9
cells with TGF-B, but supports Th2 cells without TGF-B. Collectively, these studies provide
strong evidence that Th2 cells and Th9 cells are distinct cell types. However, Th9 cells
induced by TGF- § and IL-4 are low in cell numbers (~5% activated CD4+T cells), critically
dependent on STAT6 and GATA3, and also express low levels of IL-10 [36, 37]. Thus, the
possibility that Th2 and Th9 cells are somehow related remains.

In the time that followed, studies from several labs identified PU.1, IRF4, and Batf as key
transcription factors that are involved in the induction of Th9 cells in vitro and Th9-mediated
airway inflammation in vivo [38-41]. Moreover, expression of PU.1 and IRF4 in Th9 cells
are induced by TGF-p and IL-4, respectively [38, 41]. These studies place Th9 cells under
the same conceptual framework as other Th subsets in which Th9 induction is
transcriptionally regulated and driven by polarizing cytokines in the local milieu. This
allows the generation of renewed interest in the field, and this interest led to remarkable
advances in our understanding of Th9 cells.

Key features of Th9 cells

What’s unique about Th9 cells? Historically, IL-9 was thought to be a Th2 cytokine and its
re-assignment to Th9 cells put Th2 cells and Th9 cells at odds. It remains unclear what the
exact relationships are between Th2 cells and Th9 cells. They clearly share certain features.
For example, both subsets depend on IL-4 for their induction, and possibly differentiation;
transcription factors that are central to Th2 induction (e.g., STAT6, GATA3) are also
important for the induction of Th9 cells[9]. However, Th2 and Th9 subsets are also very
different, especially the cytokine milieu required for their induction. As mentioned above,
TGF-p is critical to Th9 induction, but it inhibits Th2 cells. Functionally, evidence
supporting Th9 cells as a distinct subset is strong[13]. Some studies suggest that Th9 cells
might be a subset of Th2 cells, derived in a Th2 environment in which I1L-4 expression in
Th2 cells is turned off [37]. In earlier studies, Th9 cells were found to express other Th2
cytokines also such as IL-10[36, 37], but in other studies, IL-10 was clearly absent in Th9
cells.

Th9 cells are closely associated with other cell types in the immune system, and their
interactions are involved in mounting protective immune responses, as well as induction of
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immunopathologies. For example, Th9 cells are closely associated with mast cells, type Il
innate lymph cells (ILC2), and Foxp3+Tregs [33]. Their crosstalks can have profound
impact on the outcomes of immune responses, and therefore, attracting much attention
recently. The interaction between Th9 cells and mast cells was studied in multiple models.
Th9 cells, by producing IL-9, promote the proliferation and survival of mast cells, which
play a key role in allergic inflammation[42]. IL-9 is not required for the generation of mast
cell precursors, but 1L-9 acts as a crucial growth factor of mast cells. Indeed, neutralization
of IL-9 or deficiency of IL-9 receptor resulted in defective expansion and recruitment of
mast cells in different disease models [43, 44]. Moreover, IL-9 was shown to induce mast
cell to produce multiple other cytokines, including IL-5, IL-6, IL-9, IL-10 and IL-13, which
mediate allergic inflammation. IL-9 also facilitates the expansion of Th17 cells in certain
models, thus promoting autoimmune inflammation [45, 46]. Besides Th17 cells, 1L-9 also
targets Foxp3+Tregs. It has been shown that IL-9 is required for the suppressive function of
Tregs, as IL-9 receptor deficient Foxp3+Tregs exhibit impaired ability to suppress effector
CDA4+ T cells in vitro and in vivo, resulting in much more severe experimental autoimmune
encephalomyelitis (EAE) [46].

Another cell type that often associates with Th9 cells is ILC2. ILC2 cells are prominently
featured in the pathogenesis of asthma; they produce copious amount of cytokines,
especially IL-5 and IL-13, and act as key drivers of type 2 immunity[47]. ILC2 cells also
serve as a source of IL-9 in allergic and autoimmune inflammation. In a model of papain-
induced lung inflammation, IL-9 from ILC2 cells was clearly involved in lung inflammation
[48]. Additionally, IL-9 is required for ILC2 cell functions, as neutralization of IL-9 leads to
reduced expression of 1L-5 and IL-13 by ILC2 cells [48]. Other studies also showed that
reduced IL-9 and Th9 cells were correlated with decreased IL-9+ ILC2 and allergic
responses in itk-deficient mice[49]. More recently, Moretti and colleagues reported that in
cystic fibrosis, mast cells, ILC2, and Th9 cells form an intricate amplification loop, driving
severe lung inflammation [50]. Clearly, Th9 cells, together with the above-mentioned cell
types, can form a network that drives productive type 2 immunity, as well as allergic and
autoimmune inflammations.

Inducing and defining Th9 cells

The 119 locus and its transcriptional network

The genomic structure of 119 locus has been extensive characterized[9]. IL-9 gene is located
at chromosome 5 in the mouse. The 119 locus is about 11kb in size, and the coding region of
the 119 locus consists of 5 exons, with additional 3 conserved non-coding sequences (CNSO-
2). CNSO is located ~6kb upstream of the 119 transcription start site (TSS) (-6kb), while
CNS2 is about 5.4kb downstream of the TSS site (+5.4kb). CNS1 denotes the promoter
region, which contains binding sites for multiple transcription factors [24, 41, 51, 52].
Consistent with the complex cytokine milieu in which Th9 cells are induced, the
transcription factors that are shown to promote Th9 induction are numerous. For example,
those that can engage the 119 promoter region include PU.1, IRF1, IRF4, STAT5, STAT6,
NFAT, GATAL, GATA3, Smads, Etv5 and Notch, as well as NF-xB, BATF, AP-1[9]. Etv5
can also bind the CNS0O and CNS2 regions and mediate chromatin remodeling by recruiting
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the histone acetyltransferase p300 [53]. TCR stimulation, polarizing cytokines, and
costimulatory molecules, especially those in the TNFR superfamily, are all involved in the
expression of such transcription factors. It should be noted that none of those transcription
factors are Th9 specific, thus making a detailed study of Th9 cells a challenging task. In fact,
as compared to other Th subsets (Th1, Th2, Th17), a “lineage-specific” or a “lineage-
defining” transcription factor has not been identified thus far for Th9 cells, despite enormous
efforts devoted to this area[9]. It remains contentious whether Th9 cells are truly a distinct
subset or simply intermediaries of other Th subsets.

Mechanisms driving the transcriptional network

Because of the complexity of transcription factors in regulating Th9 differentiation,
induction of Th9 cells remains conditional, relying on a combination of multiple signals
during T cell activation, which are summarized below.

T cell receptor signaling

T cell receptor (TCR) stimulation by cognate antigens is a key prerequisite for the
development of T helper subsets. Thus, TCR-derived signaling is indispensable for induction
of Th9 cells. IL-9 gene expression is positively correlated with the strength of TCR signals
[49, 54]. TCR stimulation activates the transcription factor NFAT1 and NF-xB (p65),
promoting their nuclear localization to stimulate transcription of IL-9 [52]. NFAT1 also
cooperates with p300 to induce permissive chromatin modification at //9locus, while NF-
kB (p65) induces transactivation of IL-9 gene. In fact, both deficiency of NFAT1 and
knockdown of NF-xB (p65) impaired the expression of IL-9[52]. In addition, TCR
activation can induce the expression of the IFN-regulation factor 4 (IRF4), which is essential
for the development of Th9 cells, as well as differentiation of Th2 and Th17 cells [41, 55,
56]. IRF4 was critical for Th9 differentiation, as either IRF4-deficiency or IRF4 knockdown
by IRF4-specific sSiRNA impaired I1L-9 expression under Th9 conditions [41]. Besides,
overexpression of IRF4 enhanced the differentiation of Th9 cells [40]. Furthermore, recent
studies suggest that TCR signaling induces Itk, which regulates 1L-2 and IRF4 in the control
of Th9 differentiation and IL-9 expression [49].

Cytokines

Cytokines in the local environment where naive CD4+ T cells are activated play a critical
role in the induction of T helper subsets. In the case of Th9 cells, a combination of TGF-p
and IL-4 is required for Th9 induction [34, 36]. TGF-B and IL-4 individually exhibits
strikingly different functions, but integration of both cytokine signals activates the Th9
inducing program. Deficiency of IL-4 or TGF-B signaling dramatically impairs Th9
differentiation. However, induction of Th9 cells is complex as IL-4 alone without TGF-p
promotes Th2 induction, while TGF-p without IL-4 induces Foxp3+ Tregs [36, 37]. Certain
evidence suggests that IL-4 inhibits Foxp3 induction by TGF-f and TGF-p prevents IL-4
from inducing Th2 cells. But together, they induce PU.1 and histone acetyltransferases to
program differentiation of activated CD4+ T cells toward Th9 cells.
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TGF- B signals through the Smad proteins Smad2, Smad3 as well as Smad4 for
differentiation of Th9 cells, as deficiency of Smad2, Smad3 or Smad4 all leads to
diminished Th9 induction [39, 57]. The Smad proteins can bind to the CNS regions of 119
gene, and the induction of I1L-9 is partially mediated by displacement of EZH2, a histone
methyltransferase that represses gene expression [57]. Additionally, Smad3 also cooperates
with RBP-Jk and the Notch intracellular domain (NICD) to mediate Th9 differentiation [51].
Furthermore, PU.1, an ETS-family transcription factor, also plays a critical role in TGF-p-
mediated Th9 polarization. It has been shown that reduced expression of PU.1 resulted in
impaired IL-9 production, whereas overexpression of PU.1 enhanced IL-9 production.
Moreover, mice with PU.1-deficient T cells exhibited attenuated lung inflammation with
reduced expression of 1L-9 [38]. Mechanistically, PU.1 serves as transcription factor to bind
to the IL-9 promoter; PU.1 also regulates permissive chromatin remodeling at the IL-9 locus
via recruiting histone acetyltransferases [38, 58]. In addition, PU.1 promotes Th9
differentiation by inhibiting the expression of Th2 cytokines primarily through modulating
the DNA binding activities of GATA3 and IRF4 [59-61].

Besides TGF-B, IL-4 signaling is mandatory for Th9 differentiation. STAT6 is activated
downstream of IL-4 receptor and is required for induction of IL-9. STAT6 deficiency in
CDA4+ T cells leads to impaired IL-9 differentiation, which is associated with increased
expression of T-bet and Foxp3 transcription factors that suppress IL-9 expression [36, 37,
62]. In addition, STAT6 promotes the expression of BATF, GATA3 and IRF4, which are
essential transcription factors for Th9 differentiation. However, recent studies suggest that
IL-4 signaling can attenuate Th9 differentiation via negative feedback mechanisms. IL-4
induces cytokine-induced SH-2 protein (CIS), a member of the suppressor of cytokine
signaling (SOCS) family, which inhibits activation of STAT3, STAT5 and STAT6 in T cells
[32]. CIS deficiency in T cells results in enhanced Th9 differentiation, which is associated
with increased binding of STAT5 and STAT6 to the IL-9 promoter. Moreover, CIS-deficient
mice spontaneously develop airway inflammation in which Th9 cells are involved [32],
demonstrating a role for CIS in the control of Th9 differentiation.

Among other cytokines, I1L-1 and IL-25 enhance the induction of Th9 cells. Moreover,
IL-33, an IL-1 family member cytokine, favors IL-9 expression in activated CD4+ T cells
[63]. However, some cytokines, including IFN-y, 1L-12, IL-18 and IL-27, suppress Th9
differentiation by upregulating T-bet expression.

Costimulatory signals

Emerging evidence suggests that T-cell costimulatory signals are not only critical to T-cell
activation, but also to T helper cell differentiation. CD28 engagement leads to enhanced
induction of IL-9, which is correlated with increased IL-4 production as well as expression
and phosphorylation of FoxO3a [64]. Costimulatory molecules in the TNFRSF (OX40,
GITR, DR3) are known to stimulate T cell proliferation and survival[11]. But recent studies
have identified exciting new roles for such costimulatory molecules in regulating Th9
differentiation[11]. Our group first reported that OX40 is surprisingly potent in inducing
IL-9 production. OX40 engagement on CD4+ T cells under Th9-inducing conditions
dramatically increased the generation of Th9 cells, while induction of Foxp3+ Tregs and
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Th17 cells was strongly inhibited by OX40 costimulation[24]. Enhanced Th9 differentiation
was observed in OX40L transgenic mice or administration of agonist anti-OX40 antibody in
vivo. However, the role of OX40 in robust Th9 induction is neither through modification of
cytokine-signaling pathways, nor through induction of PU.1 or IRF4 [24]. Instead, OX40
costimulation activated the NF-kB inducing kinase (NIK) in CD4+ T cells, which resulted in
activation of the non-canonical NF-kB pathway to drive robust Th9 generation [24].

Besides OX40, we and other groups found that GITR can also promote Th9 induction [22,
23]. Interestingly, GITR ligation not only induces Th9 cells under Th9-inducing conditions
but also converts Foxp3+ Tregs to Th9 cells. Mechanistically, GITR activates the NF-kB
family member p50, which closes the Foxp3 locus via recruiting histone deacetylases.
Moreover, GITR ligation activates STAT6, which recruits histone acetyltransferase to
mediate 'open’ chromatin remodeling, thus resulting in strong Th9 induction [22]. The DR3
ligand TL1A (TNFSF15) was recently reported to enhance Th9 induction. TL1A strongly
repressed the generation of iTregs under iTreg polarization conditions, meanwhile promoted
the expression of IL-9[65]. Under Th9 inducing conditions (TGF-B and IL-4), however,
TL1A exhibits strong effects in supporting Th9 generation[65].

Other costimulatory molecules capable of regulating Th9 cells include the Notch pathway
and PD-L2 [51, 66]. Conditional deletion of Notchl and Notch2 significantly impaired IL-9
production in Th9 cultures [51]. And among the multiple ligands for the Notch receptors, it
is Jagged2 but not Delta-like 1 that induced IL-9 expression under Th9 inducing conditions.
On the other hand, PD-L2 was shown to negatively regulate Th9 cell development, as
blockade of PD-L2 leads to increased numbers of IL-9-secreting Th9 cells [66]. Clearly,
these studies highlight the complex roles of costimulatory pathways, in addition to
cytokines, in regulation of Th9 cells.

IL-9 and Th9 cells in immunity and immunopathology

IL-9 is a pleiotropic cytokine that is involved in both protective immunity and
immunopathologies. Thus, the role of Th9 cells in vivo can be multi-faceted, depending on
the context and specific disease settings. Here we highlight our current understanding of Th9
cells in various disease models.

Th9 cells in parasitic infections

Besides Th2 cells, Th9 cells also exhibit potent effects against parasitic infections [10]. Ag-
specific expansion of Th9 cells was observed in patients with lymphatic filariasis, a chronic
helminth infection. Moreover, positive correlation was found between the frequency of Th9
cells and the severity of lymphedema in filarial-infected patients, suggesting the involvement
of Th9 cells in chronic lymphatic filariasis and other inflammatory disorders [67]. In a
Trichuris muris infection model, it has been shown that CD4dnTGF-BRII mice with
defective TGF-p signaling showed decreased 1L-9 expression and increased parasite burden
[37]. Thus, an impaired Th9 development often results in severe helminth infection,
demonstrating the importance of Th9 cells in anti-parasitic immunity. Indeed, adoptive
transfer of Th9 cells into Rag-1 deficient mice induced rapid expulsion of Nippostrongylus
brasiliensis[19], further demonstrating a critical role for Th9 cells in immunity against

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 9

parasitic infection. These studies clearly highlight the protective effects of Th9 cells in
resistance to helminth infections.

Th9 cells in allergic inflammation

Studies in multiple mouse models demonstrate a critical role for Th9 cells in allergic
inflammation, including atopic dermatitis and asthma [7, 16]. In mouse models of asthma,
high levels of Th9 cells were detected. Adoptive transfer of OVA specific Th9 cells caused
allergic airway diseases following OVA challenge. And constitutive expression of 1L-9 in the
lungs of IL-9 transgenic mice results in prominent asthma symptoms [68—70]. Furthermore,
neutralization of 1L-9 markedly reduced asthma symptoms in the mouse, such as airway
hyper-responsiveness, eosinophil recruitment, mucus production, and goblet cell metaplasia
[40, 41].

Patients with allergic diseases have higher levels of IL-9-secreting T cells, suggesting that
these cells may contribute to allergic diseases. And there is a strong correlation between
elevated IgE levels and increased Th9 cells in those allergic patients. Besides, preclinical and
certain clinical studies provide strong support that modulation of Th9 cells may be
therapeutically valuable. Among the translational studies of 1L-9 or Th9 cells in different
diseases, asthma studies are leading the way. The humanized anti-1L-9, MEDI-528 (also
known as enokizumab) has entered clinic trials [76—78]. However, the clinic trials on the
efficacy of anti-1L-9 in asthma patients did not meet the expected endpoints. At phase 1 trial,
MEDI-528 showed an acceptable safety profile, and MEDI-528 treatment displayed positive
trends for improvement in asthma symptoms, as well as a reduction in the number of asthma
attacks in patients with mild or mild-to-moderate asthma [77]. This suggests potential
benefits of MEDI-528 in asthma treatment. Nonetheless, no positive effects were noted in
adults with moderate-to-severe, persistent asthma [78]. Collectively, clinical effects of
neutralizing I1L-9 remains promising, but better designed trials are needed in future studies in
the clinic.

Th9 cells in transplant tolerance

Earlier studies suggest a role for IL-9 in the induction of transplant tolerance. In a mouse
model of skin transplantation, Noelle’s group reported that mast cells produced high levels
of IL-9 in the tolerant grafts, which boosted the suppressive activities of Foxp3+ Tregs and
consequently allograft tolerance [17]. Thus, mice those are genetically deficient in mast cells
are resistant to tolerance induction. They also showed that neutralizing IL-9 led to
accelerated allograft rejection [17]. Though the role of Th9 cells was not directly addressed
in those studies, the cytokine I1L-9 seems to act as a linchpin in Treg functions and donor
specific transplant tolerance [17]. However, subsequent studies showed that IL-9 doesn’t
appear to promote the survival or proliferation of Foxp3+ Treg cells, but IL-9 may facilitate
the suppressive functions of Tregs[46], which inhibited ongoing immune responses against
the allografts. Furthermore, IL-9 seems to have a protective role in renal ischemia and
reperfusion injury, as neutralization of IL-9 aggravated kidney damage[71]. However,
considering the pro-inflammatory nature of mast cells and Th9 cells, the context in which
allograft tolerance is induced by IL-9 deserves further clarification. Importantly, the exact
role of Th9 cells in transplant outcomes remains to be elucidated.
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Th9 cells in tumor immunity

Th9 cells show unexpected potency in anti-cancer immune responses. It has been shown that
that RORyt-deficient mice are resistant to tumor growth, partly because of induction of Th9
cells in vivo [20]. Moreover, adoptive transfer of Th9 cells into mice bearing B16 melanoma
or lung carcinoma significantly reduced tumor cell growth. Other studies reported that
administration of recombinant IL-9 protein also markedly restricted tumor growth, while
neutralizing anti-1L-9 antibody abolished the beneficial effect of adoptively transferred Th9
cells in vivo[20, 21]. Mechanistically, the anti-tumor effects of Th9 cells are mediated by
promoting activation of innate and adaptive immune cells. Anti-tumor effects of IL-9 or
adoptive transfer of Th9 cell were observed in tumor bearing Rag-1 deficient mice,
suggesting innate immune cells may be critically involved in the anti-tumor effects. As IL-9
strongly promotes proliferation and functions of mast cells, mast cells are a key component
of Th9-mediated anti-tumor immunity [20]. In fact, mast-cell-deficient mice failed to mount
effective anti-tumor immunity upon administration of recombinant IL-9. Additionally,
inhibition of mast cell activities or depleting mast cells in vivo abrogated tumor-specific Th9
mediated suppression of tumor cell engraftment [72], which further confirmed the role of
mast cells in Th9-mediated anti-tumor immunity.

In other models, the anti-tumor activity of Th9 is mediated by activation of the adaptive
immune responses. Specifically, adoptive transfer of Th9 triggered intense leukocyte
infiltration in the tumor tissue by CD4+ T cells and CD8+ T cells, as well as dendritic cells
[21]. Furthermore, Th9 cells mediated recruitment of dendritic cells and lymphocytes to the
tumor sites via the CCL20/CCR®6 pathway, resulting in CD8+ T cell activation and strong
tumor immunity [21].

The direct involvement of Th9 cells in human in malignancy remains unclear. But some
studies indicated the correlations between Th9 cells and anti-tumor responses. It has been
reported that the markedly decreased Th9 cells were detected in the blood and skin of
patients with aggressive melanoma [20]. Some studies suggest that the IL-9 single-
nucleotide polymorphism is associated with an increased risk of cutaneous malignant
melanoma.[73]

Th9 cells in autoimmune diseases

There are multiple autoimmune diseases where Th9 cells are potentially involved.
Inflammatory bowel diseases (IBD) are characterized by chronic relapsing inflammation of
the gastrointestinal tract. Current studies indicate that Th9 cells are involved in the
pathogenesis of IBD[15]. High expression of IL-9 and increased IL-9+ T cells were detected
in patients with IBD, especially in those with ulcerative colitis. Moreover, induction of Th9
cells is associated with severity of gut pathology. In mouse models, increased IL-9 and
IL-9R were also observed during inflammation in the gut. Importantly, adoptive transfer of
Th9 cells into Ragl-deficient mice induced severe colitis, and treatment with neutralizing
anti-1L-9 monoclonal antibody (mAb) markedly suppressed the development of colitis [74].
Furthermore, in IL-9 deficient mice, the progression of colitis was attenuated. Thus, Th9
may contribute to the pathogenesis of IBD.
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Th9 cells are also involved in other autoimmune diseases, such as multiple sclerosis (MS),
systemic lupus erythematosus (SLE) and rheumatic arthritis (RA). In the case of MS, which
is an autoimmune disease targeting the central nerve system (CNS), Thi, Th17 and Th2 cells
play important roles in the pathogenesis of MS, but Th9 cells are increasing appreciated in
MS. In animal models of MS (e.g., EAE), which is characterized by T cell-dependent
demyelination, Th9 cell infiltration in CNS was observed [75], and adoptive transfer of
myelin oligodendrocyte glycoprotein (MOG)-specific Th9 cells resulted in EAE [45]. IL-9
signaling deficiency mice displayed reduced T cell infiltration in CNS and reduced IL-17
and IFN-g, which suggest that I1L-9 plays a critical role in EAE. This effect was thought due
to its ability to enhance Th1l and Th17 cell responses. Nevertheless, the connection between
Th9 cells and the pathogenesis of EAE is still contentious. Some studies suggest a protective
role of IL-9 in EAE, via strengthening the suppressive function of Tregs[46]. Additionally,
in EAE model, whether IL-9 is derived from Th9 or Th17 cells remains to be elucidated.
Thus, further study is needed to validate the role of Th9 in EAE and ultimately its role in
MS.

Unanswered questions and path forward

In the past few years, significant progress has been made in our understanding of the
fundamental biology of IL-9 and Th9 cells, as well as the role of Th9 cells in various disease
settings. It is widely accepted that development of Th9 cells, including the expression of
IL-9, requires integration of multiple signaling pathways triggered by the TCR, cytokine
receptors (IL-4R, TGF-BR and IL-2R), and the T cell costimulatory molecules. Although
findings in preclinical models of allergic inflammation, autoimmunity, parasitic infections
and tumors demonstrate the involvement of Th9 cells and the therapeutic potentials of
targeting Th9 cells in the clinic, many questions remain, especially about the transcriptional
control of Th9 cells, Th9 stability, and the role of Th9 cells in human diseases.

The current paradigm suggests that the Th cell differentiation is specified by the lineage-
defining transcription factors, such as T-bet for Th1l, GATA3 for Th2 or RORyt for Th17
cells. However, Th9 cells appear to be an exception, as a lineage-defining factor for Th9
cells has not been identified. Meanwhile, the stability and flexibility of Th9 are not fully
understood. Clearly, resolving those questions is critical in therapeutically manipulating Th9
cells in the clinic to treat Th9-mediated diseases.

Current studies demonstrate the beneficial and detrimental functions of Th9 and IL-9 in
multiple models. Substantial data suggest that Th9 and IL-9 are pathogenic in asthma, IBD,
EAE and other allergic and autoimmune diseases, while neutralization of I1L-9 or deficiency
of IL-9 signaling resulted in attenuated diseases. It is also reported that Th9 and IL-9 have
beneficial effects in initiating immunity against helminth infection and tumor, and high
levels of IL-9 lead to better outcome of these diseases. Thus, Th9-targeted therapies have
tremendous therapeutic potential in the clinic and deserve further investigation. However, it
remains unclear whether Th9 development and functions in the mouse are the same as those
in humans. Our knowledge about human Th9 cells is very much limited, and much remains
to be studied to move the field forward.
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Abbreviation

TNFRSF  Tumor necrosis factor receptor super family

GITR Glucocorticoid-induced tumor necrosis factor receptor
DR3 Death receptor 3

ILC2 Type Il innate lymph cells

CNS Conserved non-coding sequences

TSS Transcription start site

TCR T cell receptor

NICD Notch intracellular domain

CIS Cytokine-induced SH-2

SOCS Suppressor of cytokine signaling
NIK NF-Kb inducing kinase

TL1A TNF-like ligand 1A

IBD Inflammatory bowel diseases

MS Multiple sclerosis

SLE Systemic lupus erythematosus

RA Rheumatic arthritis

EAE Experimental autoimmune encephalomyelitis
MOG Myelin oligodendrocyte glycoprotein

IRF4 IFN-regulation factor 4

mAb Monoclonal antibody
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Highlights

. Th9 cells are a relatively new subset of T helper cells; they are induced by a
combination of TGF-B and IL-4 and are characterized by producing IL-9.

. IL-9 is a pleiotropic cytokine, exerting beneficial effects in graft tolerance,
parasitic infections and tumor immunity, but also inducing allergic and
autoimmune diseases.

. IL-9 and Th9 cells are considered as a promising target for clinical
intervention, though the mechanisms of inducing and maintaining Th9 cells
are still poorly defined, especially in vivo.

. Fundamental research is required in the understanding Th9 cells, aimed at
therapeutically targeting Th9 cells to improve disease outcomes and patient
wellbeing.
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Fig 1.

Tr%nscriptional regulation of Th9 cell generation. The generation of Th9 cells from naive
CD4+ T cells requires T cell receptor (TCR) signaling, IL-2 and stimulation by a
combination of TGF-p and IL-4. Thus, TCR-nuclear factor of activated T cells (NFAT),
IL-2-signal transducer and activator of transcription 5 (STAT5) and I1L-4-STAT6 signaling,
as well as TGFp-mediated diversion from Th2 cell differentiation pathway, synergistically
induce Th9 differentiation. Though these signaling was sufficient for the development of
Th9 cells, costimulation signaling pathways have been identified that drive robust Th9
generation. Costimulatory molecules in TNF receptor superfamily, including OX40, GITR
and DR3, can activate NF-kB which will translocate to the nucleus to induce gene
expression. IRF4, interferon (IFN)-regulatory factor 4; BATF, basic leucine zipper
transcription factor ATF-like; CGRP, calcitonin gene-related peptide; DLL, Delta-like
ligand; GATA3, GATA-binding protein 3; OX40L, OX40 ligand; TSLP, thymic stromal
lymphopoietin.
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Fig 2.

Tr?g cells and IL-9 in immunity and immunopathology. Th9 cells were demonstrated to have
protect effects in resistance to certain parasites infections. This anti-helminth activity was
mediated by 1L-9, which provided epithelial cell protection and augmented innate immune
cell infiltration and function at infected location. Moreover, Th9 cells were involved in
antitumor immunity. Th9 cells can inhibit the growth of melanoma cells by promoting
proliferation and function of mast cells, and by recruitment of CD8+ T cells and dendritic
cells (DCs). Besides, IL-9 was found can contribute to transplant tolerance via mast cells
and suppressive Foxp3+Tregs. On the contrast, Th9 cell was shown to favor allergic asthma,
especially upon induction of immune cell inflammation and mucus and IgE. MOG-specific
Th9 cells can induce experimental autoimmune encephalomyelitis (EAE), through IL-9-
mediated recruitment of autoimmune Th17 cells. Furthermore, IBD can be induced by Th9
cells, through IL-9 mediated impaired tissue repair processes and enhanced pro-
inflammatory responses.
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