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Abstract

Purposes of Review Th9 cells are recognized as a novel subset of effector T helper cells that preferentially produce IL-9. Here, we
provide a current update on the reports related to the function of Th9 cells in allergic inflammatory diseases.

Recent Findings The effector Th9 cells differentiating from naive T helper cells have recently been identified. Because of
accumulating findings of Th9 cells in many inflammatory diseases, including allergic diseases, diverse functions of Th9 cells
in regulating immune responses have been suggested. Related reports indicate multiple sources of IL-9 besides Th9 cells and their
association with the pathogenesis of allergic rhinitis, asthma, atopic dermatitis, contact dermatitis, and food allergy. More
recently, elements of the epigenetic landscape involving in the regulation of IL-9 by Th9 cells have been identified to be the
potential target for allergic inflammation.

Summary This review provides the most recent information about Th9 cells and their contribution in airway allergic disease,

skin, and food allergy.
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Introduction

Diversity of T helper cell differentiation has significant impact
on the functional contribution of effector T helper cells in
immune responses to pathogens and immune-mediated dis-
eases, including allergic disease. Many effector T helper cell
lineages have been identified, and the Th9 subset that has been
described to mainly produce IL-9 is one of them.
Development and function of Th9 cells and Th2 cells are
closely related because IL-9 was originally found to be pro-
duced by Th2 cells, and Th2 cells can be further driven to Th9
cells in the presence of TGF-f3 [1, 2]. Clustering analysis also
indicated the close relationship between Th2 and Th9 cells
[3]- ThO cells have a gene signature that is distinct from Th2
and Treg subsets [3]. More recent studies have proposed that
human Th9 cells are indeed a subpopulation of Th2 cells that
briefly upregulated IL-9 expression and appeared transiently
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in skin allergic inflammation [4ee, 5]. Th9 cells function to
enhance the protective immune responses to intestinal hel-
minth infection and exacerbate allergic disease by promoting
the function of mast cells, epithelial cells, and smooth muscle
cells [6-10]. In addition, they have unique roles in promoting
tumor progression of hematological tumor and enhancing tu-
mor immunity for solid tumor by activating function of mast
cells and cytotoxic T lymphocytes as well as driving direct
cytotoxicity to tumor cells [11]. A more recent study related
the function of Th9 cells in driving intestinal inflammation in
colitis [12]. In this review, we aim to provide current informa-
tion on the role of Th9 cells in allergic diseases, emphasizing
on the recent evidence of Th9 cells in airway allergic disease,
skin, and food allergy in humans and murine models.

The Role of T Helper Cells in Allergic Diseases

Allergic diseases are chronic inflammatory diseases caused by
dysregulated immune responses to allergens. The exposure to
innocuous environmental antigens influences the activation of
naive to effector T helper cells. It has been appreciated for
many years that the increase of cytokines associated to Th2
cells correlates with the clinical pathology of various allergic
diseases [13]. The Th2-derived cytokines, including IL-4, IL-
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5, and IL-13, function to promote the production of IgE, eo-
sinophil survival, epithelial cell hyperplasia, and airway
hyperresponsiveness. Recently, type 2 innate lymphoid cells
have been discovered to mirror the function of adaptive coun-
terpart of Th2 cells to produce type 2 cytokines [14—16] and
the cooperation of ILC2 and Th2 cells thus contributed to the
exacerbation of allergic diseases [17, 18]. Moreover, since the
discovery of the diversity of T helper cell subsets in the past
decade, there has been increasing evidence for the influence of
other T helper cell lineages on regulating allergic diseases.
Th17, the third T helper cell lineage, was found to participate
in the progression of certain forms of allergic diseases, such as
neutrophilic allergic asthma and allergic contact dermatitis by
promoting neutrophil recruitment and tissue inflammation
[19]. ThY cells, a distinct T helper cell lineage that produced
IL-9 but not IL-4, IL-5, and IL-13, were reported to enhance
allergic lung inflammation, particularly through the activation
of mast cell function [8, 10, 20]. In addition to these effector
CDA4+ T cells, extensive data have demonstrated the suppres-
sive effect of regulatory T cells in the control of allergic re-
sponses, and the induction of these cell types may be an alter-
native approach for treatment of established allergic diseases
[21]. Therefore, the balance between the inductions of effector
T helper subsets and regulatory T cells plays critical roles in
determining allergic disease outcomes.

Th9 Cells

Activation of naive T helper cells in the presence of IL-4 and
TGF-f3 was identified to promote development of Th9 cells
[1, 2]. Several cytokines and costimulatory molecules were
found to be involved in the regulation of Th9 cells. While
IFN-y strongly inhibited IL-9 expression [22], IL-1(3 [23],
IL-2 [24], TSLP [25], IL-21 and IL-25 promoted IL-9 produc-
tion by Th9 cells [9, 26]. Moreover, costimulatory molecules,
including OX40 [27], PDL-2 [28], GITR [29, 30], Notch re-
ceptor [31], and TL1A [32], were shown to enhance the dif-
ferentiation of Th9 cells. The activation of transcription fac-
tors STAT6 [33], IRF4 [34], and GATAS3 [2] is critical for the
development of Th9 cells. In addition, transcription factors
PU.1 [10], BAFT [3], NF-kB [35], NFAT1 [36], STATS5
[24], SMAD2/3 [37], IRF8 [38], and FOXO1 [39] also pro-
moted Th9 cell polarization and IL-9 production. More recent-
ly, the regulatory element super-enhancer (SE) region and
element 25 kb upstream from the 719 gene (//9 CNS-25) were
identified involving in the regulation of IL-9 [40ee, 41e°].
Besides Th9 cells, IL-9 can be produced by innate immune
cells, including mucosal mast cell precursor (MMC9) [42],
type 2 innate lymphoid cells [43, 44], and adaptive immune
cells such as CD8+ T (Tc9) cells [45] and Th17 cells [46, 47],
depending on the disease settings. The most recent study using
ex vivo human T helper cells proposes that Th9 cells are a Th2
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cell subpopulation [4]. By analyzing chemokine receptors on
memory T helper cells, it was found that Th9 cells expressed
Th2 chemokine receptor CCR4 but with unique expression of
skin-homing receptor CCRS, indicating shared characteristics
of Th2 and Th9 cells. However, both Th2 and Th9 clones,
generated from isolated memory T helper cells, expressing
CCR4*"CCR8™ and CCR4"CCRS", respectively, were capa-
ble of producing IL-9, and Th9 clones after activation can also
secrete IL-5 and 1L-13. This study termed IL-9"Th2 cells as
the subpopulation of Th2 cells that produced IL-9. Moreover,
it suggested that the phenotype of Th9 cell lineage indeed
derived from the transient down-regulation of signature Th2
cytokines in IL-9*Th2 cells. Using transcriptome analysis to
analyze Thl, Th2, Th17, and IL-9"Th2 clones, the principal
component analysis demonstrated that Th9 cells are related to
Th2 cells and identified PPAR~y as transcriptional factor in-
volved in the regulation of IL-9-producing Th2 cells [4]. IL-9
production by human-naive T helper cells induced by IL-4
and TGF-f3 as well as by Th2 cells was dependent on tran-
scription factor PPAR~y [4¢¢]. How Th9 cells are derived from
Th2 cells in vivo and their differential function in different
disease settings awaits further investigation.

Th9 Cells in Airway Allergic Diseases

Indeed, the up-regulation of IL-9 and its contribution to
allergic lung diseases have been reported even before the
discovery of Th9 cells. The characterization of genetic
factors in asthma and atopy demonstrated the contribution
of the IL-9 locus on the level of serum IgE but not bron-
chial hyperresponsiveness [48, 49]. Chemokine and mu-
cin expression by lung epithelial cells and eosinophil che-
motaxis in the lungs was observed after both exogenous
IL-9 treatment and in IL-9 transgenic mice [50-52]. More
importantly, deficiency of IL-9 and IL-9 blockade reduced
goblet cell hyperplasia and mast cell proliferation in re-
sponse to lung challenge to allergens [53—55]. The roles
of IL-9 in promoting the function of lung epithelial cells,
eosinophil, mast cells, and the production of IgE may thus
account for its involvement in the pathogenesis of airway
allergic diseases.

Evidence for Th9 Cell Involvement in Allergic
Lung Diseases in Mice

Numerous studies in mice indicate the importance of 1L-9
and Th9 cells in exacerbating allergic lung diseases
[50-52]. After Th9 cells were identified [1, 2], the contri-
bution of IL-9-producing T helper cells in allergic disease
was then further investigated by characterizing antigen-
specific IL-9 production by ELISA, analyzing the
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frequency of Th9 cells by flow cytometry, evaluating Th9
cell function by in vivo adoptive transfer of Th9 cells, and
by using mice deficient in IL-9-promoting transcription
factors in T cells [56]. Th9 cells were found to express
IL-17 receptor B, the cognate IL-25 receptor, and antigen-
specific IL-9 responses that were enhanced by IL-25 in
mice with allergic airway inflammation [9]. Deficiency of
transcription factor PU.1 specifically in T cells reduced
IL-9 expression in association with the attenuated allergic
lung inflammation [10]. To evaluate the role of Th9 cells
in allergic airway disease, Th9 cells were adoptively
transferred to Rag2-deficient mice and these mice were
then exposed to allergen ovalbumin [34]. Compared with
adoptively transferred Th2 cells, Th9 cells induced similar
asthma symptoms characterized by increased airway
hyperresponsiveness, eosinophils, and mucus-producing
goblet cells. A neutralizing IL-9 antibody ameliorated
these symptoms in Th9 cell but not Th2 cell-recipient
mice [34], suggesting the in vivo source of IL-9 derived
from Th9 cells and the critical contribution of Th9 cells in
mediating asthma pathogenesis [34]. However, it has been
demonstrated that ILC2s are the major source of IL-9 in
papain-induced allergic inflammation in the lungs [57].
These data suggest that [L-9 may be produced by different
cell types in response to different allergens and Th9 cells
may contribute to some types of allergic airway diseases.

Chronic allergic airway diseases seem to potentiate the
induction of Th9 cells more than acute allergic airway dis-
eases. Stimulation of chronic airway hyperresponsiveness
(AHR) using Aspergillus fumigatus lysate resulted in induc-
tion of pulmonary Th2 by week 4 and was followed by
accumulation of Th9 cells by week 6 [28]. This study
showed a direct correlation between the presence of Th9
cells and the severity of lung inflammation, mucus produc-
tion and AHR, and strengthened the importance of Th9 cells
in chronic allergic airway responses. Furthermore, adoptive
transfer of Th9 cells showed the obligate contribution of
Th9 cells to the enhanced allergic inflammation by promot-
ing mast cell accumulation [20]. In murine models, expo-
sure to HDM-induced Th9 cells was the major cellular
source of IL-9 in response to allergen challenge [8].
Adoptive transfer of in vitro generated Th9 cells followed
by HDM exposure enhanced inflammatory cell infiltration
and mast cell activation [8]. Moreover, neutralization of IL-
9 in murine model of allergic bronchopulmonary aspergil-
losis ameliorated allergic lung pathology in response to fun-
gus. Indeed, the production of IL-9 by Th9 cells and
IL9*ILC2s was found to drive IL-2 production by mast
cells, resulting in the expansion of ILC2, which in turn ac-
tivate Th9 cells, leading to an amplified allergic lung in-
flammation [58e¢]. This study emphasizes the cooperative
function of Th9 cells, mast cells, and ILC2s in promoting
lung inflammation.

Evidence for Th9 Cell Involvement in Allergic
Lung Diseases in Humans

Research in human mostly evaluated the expression of IL-9,
either by detecting serum IL-9 or IL-9 mRNA in peripheral
blood mononuclear cells of patients with allergy. In earlier
studies in bronchial biopsy of patients with asthma, the amount
of IL-9 transcript was found to be higher than in atopic non-
asthmatic controls and in healthy subjects [59, 60]. The expres-
sion of IL-9 was also increased in bronchoalveolar lavage cells
after allergen challenge in atopic asthma subjects [60]. Before
discovery of Th9 cells, it had been demonstrated that T lym-
phocytes in bronchoalveolar lavage cells were the major cellu-
lar source of IL-9 [60] and more than 60% of cells expressing
IL-9 mRNA in asthmatic tissue were CD3+ lymphocytes [59],
suggesting that IL-9 originated from T cells. In patients with
allergic rhinitis, the nasal mucosal IL-9" cells were increased
during pollen season and the increase was inhibited after im-
munotherapy [61]. This study found that several cell types,
including T cells, eosinophils, and mast cells, were potential
cellular sources of IL-9 [61]. In an in vitro study of PBMCs
restimulated with allergen, the cells isolated from atopic pa-
tients and individuals with asthma showed higher IL-9 produc-
tion than those isolated from non-atopic and rhinitis individuals
[62]. The level of IL-9 derived from adult atopic patient
PBMCs was strongly correlated with the allergen-specific IgE
titer [62]. Furthermore, CD4 depletion completely abolished
IL-9 production by PBMCs, suggesting that the principal
source of IL-9 was from T helper cells [63].

A few studies reported direct evidence for the existence of
Th9 cells during allergic responses in humans. In vitro differ-
entiation of human naive T helper cells (CD4*CD45RA* T
cells) stimulated with TGF-3 and IL-4 showed greater induc-
tion of Th9 cells in atopic patients than non-atopic patients [3,
20, 64]. The number of Th9 cells in PBMCs isolated from
house dust mite (HDM) or pollen allergic atopic subjects
was significantly higher than non-allergic subjects and was
correlated with IgE levels [8]. These studies demonstrated that
Th9 cells can be detected in atopic subject peripheral blood. In
patients with chronic rhinosinusitis, a significant number of
Th9 cells were detected in nasal polyp tissue but not in
PBMCs and a higher number of Th9 cells were found in
eosinophilic chronic rhinosinusitis than in non-eosinophilic
subjects [65]. These data suggest that the presence of Th9 cells
may be more localized in tissue and important in the patho-
genesis of certain subtypes of allergic airway diseases.

However, it appeared that the percentage of Th9 cells and
IL-9 level in patients with allergic asthma were correlated
[66]. In this study, the peripheral blood Th9 cells in patients
with allergic asthma were also compared with allergic rhinitis
and healthy subjects [66]. Consistent with other studies, great-
er frequencies of Th9 cells were observed in the allergic asth-
ma group than in the allergic rhinitis and healthy groups [66],

@ Springer



29 Page4of9

Curr Allergy Asthma Rep (2019) 19: 29

suggesting a substantial role of Th9 cells in the contribution of
the pathogenesis of allergic asthma. In children with HDM
allergic asthma, significantly higher IL-9-expressing CD4* T
cells were detected compared with healthy children and these
cells did not express IL-4 [67]. More importantly, the presence
of IL-9 may contribute to lung pathology by promoting lung
inflammation, IgE production, and mast cell activation as
demonstrated in the study of cystic fibrosis patients who
overproduced IL-9 [58e¢]. Altogether, these data suggest that
the cooperation of type 2 cytokines and IL-9 derived from
innate ILC2 and adaptive Th9 cells thus plays critical roles
in exacerbating allergic lung inflammation.

Th9 Cells in Skin Allergic Diseases

The two most common allergic skin disorders are atopic der-
matitis and contact dermatitis. Atopic dermatitis, often called
eczema, is a chronic allergic skin disease caused by skin barrier
dysfunction, followed by inflammation of the skin. Children
with atopic dermatitis tend to develop food allergy, allergic
rhinitis, and asthma in later age [68]. Recent evidence indicated
that allergic sensitization of the skin may be a cause of subse-
quent elevation in food allergy and allergic airway diseases
[69]. The initiation of atopic dermatitis has been associated
with the activation of effector T helper cells with predominant
expression of Th2 cytokines. Blocking cytokines derived from
Th2 cells using a human monoclonal antibody directed against
IL-4 receptors (Dupilumb) attenuated atopic dermatitis activi-
ties in patients, indicating the critical function of Th2 cells in
pathogenesis of atopic dermatitis [70, 71¢¢]. Moreover, it has
been demonstrated that novel effector T helper cells, including
Th17 and Th22 cells, may also contribute to the disease pro-
gression, particularly in the chronic stage [72]. Because IL-9
was originally considered to be a Th2 cell-derived cytokine, the
activation of Th9 cells may thus contribute to the pathophysi-
ology underlying atopic dermatitis development.

In support of this, it has been demonstrated that
epicutaneous sensitization with ovalbumin promotes the in-
duction of Th9 cells in draining lymph nodes [73].
Genotypic analysis in humans found an association of poly-
morphisms of the IL-9 gene with development of atopic der-
matitis [74], suggesting the potential participation of this cy-
tokine in disease pathogenesis. Moreover, the transcript
amounts of IL-9 and IL-9 receptor genes were significantly
higher in skin biopsies of atopic dermatitis lesion than normal
control [75]. This study suggested that the overexpression of
IL-9 in skin caused activation of mast cells in atopic dermati-
tis. Furthermore, the level of serum IL-9 in patients with atopic
dermatitis was also evaluated and shown to be related with the
clinical severity using Scoring Atopic Dermatitis (SCORAD)
index [76]. In a recent study, increased IL-9 and PU.1 expres-
sion in atopic dermatitis was found significantly correlated
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with the SCORAD index [77]. In early-onset pediatric atopic
dermatitis, increased expression of genes associated with ac-
tivation of Th2, Th9, and Th17 was observed [78], suggesting
a contribution of multiple T helper cell responses in skin al-
lergic inflammation.

Many studies demonstrated the contribution of IL-9 that
may not directly be derived from Th9 cells in atopic dermatitis.
By investigating memory T cells in human blood and tissue, it
has been suggested that human Th9 cells express cutaneous
homing receptor and are tropic for the skin [79]. Ma et al.
observed a higher level of Th9 cells in peripheral circulation
of patients with atopic dermatitis than in those with psoriasis
and healthy controls [80]. The number of Th9 cells in PBMCs
was associated with serum IL-9, transcript amount of IL-9 and
PU.1 in PBMCs, as well as IL-9 and VEGF expression in
atopic dermatitis lesions. Furthermore, the percentage of Th9
cells was correlated with clinical severity graded by SCORAD
index and with the level of serum IgE in atopic dermatitis
patients [80], suggesting the direct function of Th9 cell activa-
tion in contributing to the pathogenesis of atopic dermatitis.

Besides the involvement in atopic dermatitis, Th9 cells
were also reported to function in contact dermatitis. Allergic
contact dermatitis is the allergic reaction in the skin that occurs
upon contact with substances such as cosmetics, latex gloves,
and nickel. Using PBMCs from individuals allergic to the p-
phenylenediamine (PPD), hair dye component allergen, PPD
stimulation increased the expression of IL-5, IL-9, and IL-13
in allergic but not tolerant individuals [81, 82]. Furthermore,
expression of IL-9 and Th9 associated genes was found to be
elevated in allergic contact dermatitis skin compared to nor-
mal skin [83]. Using immunohistochemical analysis,
PU.1"CD4" double positive T cells were identified in cellular
infiltrates of allergic contact dermatitis but not detectable in
normal skin samples [83]. Moreover, deficiency of IL-9 in
mice attenuated contact hypersensitivity with diminished
Th2 and enhanced Thl responses [83], suggesting the balance
of effector T helper cells involving in regulating allergic con-
tact dermatitis. In PPD-allergic patients, Th9 cells were found
to be increased in both skin and PBMCs and the expression of
IL-9 correlated with the severity of inflammatory reaction af-
ter patch test [82]. However, it should be noted that a protec-
tive role for Th9 cells has been suggested in the context of
contact hypersensitivity induced by PPD because IL-9 recep-
tor-deficient mice exhibited severe development of contact
hypersensitivity with more ear swelling [82]. The relative im-
portance of Th9 cell involvement in contact hypersensitivity
may be dependent on the experimental model since less pro-
nounced ear swelling in IL-9-deficient mice was observed in
contact hypersensitivity induced by 2,4-dinitrofluorobenzene
(DNFB) [83]. Moreover, the balance between effector and
regulatory T cells is a critical determinant for the development
of disease pathogenesis. It has been suggested that IL-9 is also
a key mediator of regulatory T cells in immunosuppression
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because the absence of IL-9 receptor can weaken the suppres-
sive activity of regulatory T cells in inflammatory diseases
[84]. Future studies focusing on the mechanisms by which
effector and regulatory T cells involve in chemically induced
dermatitis in different models in depth will provide important
clues and enhance our understanding.

More recently, it has been demonstrated that IL-9 induction
was highest in an acute contact dermatitis reaction to nickel
compared with other skin allergic reactions [4¢¢]. The level of
IL-9 in the skin was positively correlated with the disease
severity of patients with chronic atopic dermatitis and acute
contact dermatitis [4++]. This recent study suggested that [L-9
was predominantly expressed by Th2 cells and not a bona fide
ThO cell lineage in the skin [4]. Taken together, accumulating
lines of evidence suggest the contribution of IL-9 and Th9
cells in exacerbating the pathogenesis of atopic dermatitis
and acute contact dermatitis. The function of multiple cell
types and cytokine network derived from T helper cells, in-
cluding Th9 cells, may be required to integrate in the full
development of allergic skin diseases.

Th9 Cells in Food Allergies

Food allergy is often associated with activation of Th2 immune
responses and enhanced production of allergen-specific IgE.
After IgE crosslinking, the activation of sensitized mast cells
and basophils causes the release preformed inflammatory me-
diators that result in the immediate allergic reaction upon food
intake [85]. IL-9 has been known to be required for oral antigen
sensitization and experimental intestinal anaphylaxis by activat-
ing mast cell responses that enhance intestinal permeability [86,
87]. Intestinal-specific IL-9 transgenic mice were prone to de-
velop experimental food allergy [86, 87]. Moreover, IL-9*IL-
10" T helper cells were found to be activated in the small
intestine of Th2 inflammation mouse model and responsible
for the pathogenesis of the late-phase allergic reaction [88].
To investigate the contribution of Th9 cells in food allergy
in humans, PBMCs of peanut allergic (both symptomatic and
clinically tolerant) and non-allergic individuals were stimulat-
ed with peanut allergen in vitro and the mRNA and protein
expression of IL-9 were compared [89]. Indeed, IL-9 was
found to be the cytokine that most robustly discriminated be-
tween clinical phenotypes of peanut allergic and clinically
tolerant individuals [89]. This study suggested using IL-9 as
a biomarker to differentiate peanut allergic from tolerant indi-
viduals [89]. Following this study, IL-9 was detected in the
peanut-specific memory T helper cells sorted from PMBCs of
children with peanut allergy by using microarray analysis
[90]. The expression of IL-5, IL-9, and IL-13 was higher in
PBMCs from individuals with peanut allergy than in those
from non-allergic donors. By using a random forest algorithm
to determine the efficiency of classifier, IL-9 expression was

found to be the best differentiated gene between memory T
helper cells from patients with peanut allergy and those from
patients with peanut sensitization (tolerant to peanut but hav-
ing peanut-specific IgE) as well as atopic children without
peanut allergy [90]. Using mouse strains having differential
susceptibility to IgE-mediated experimental food allergy, the
frequency of IL-9-producing T cells in lamina propria of
BALB/c mice was higher than those of C57Bl/6 mice that
failed to develop experimental food allergy [42]. However,
this study suggested that the innate multifunctional IL-9-pro-
ducing mucosal mast cells (MMC9s) in lamina propria cells
were the major cellular source of IL-9 secretion and responsi-
ble for promoting intestinal mastocytosis and food allergy
symptoms in the experimental food allergic mice [42, 91].
Altogether, these studies emphasize important roles of IL-9
that may be derived from innate mucosal mast cells and adap-
tive Th9 cells in promoting the development of food allergy.

Targeting IL-9 and Th9 Cells in Allergic
Diseases

As IL-9 has been demonstrated to play important roles in
exacerbating allergic airway diseases, an IL-9 antagonist
(MEDI-258), a humanized mAb against IL-9 has been gener-
ated by MedIlmmune LLC under license from Genaera
Corporation to investigate the potential treatment of asthma
in human [92]. Unlike in murine studies, administration of this
antibody in asthma patients in phase I and II studies was not
efficient in alleviating pulmonary function although positive
trends for improvement of asthma symptom have been ob-
served [93, 94]. It has been suggested that the phenotypic
heterogeneity of asthma patients may be responsible for the
failure of IL-9 blockade. Searching for the correlation of IL-9
expression and Th9 cells in different phenotypes of allergic
disease, including asthma, may lead to better understanding in
the roles of IL-9 and Th9 cells in mediating allergic disease
pathogenesis. Using personalized medicine based on the phe-
notypes of allergic patients may be the future approach for the
management of patients with chronic allergic diseases [95].
Moreover, a recent study found the regulatory elements
super-enhancer that regulated the expression of IL-9 by Th9
cells during airway inflammation [40e¢]. By using inhibitor
JQ1 for BET protein that is important for the assembly of
IL-9 super-enhancer in allergic lung inflammation in mice,
marked reduction of IL-9 expression, inflammatory cell infil-
tration and mucus hyper-production were found [40].
Interestingly, a recent finding showed the effect of retinoic
acid in repressing Th9 epigenome, resulting in reduced pul-
monary inflammation [96]. It is likely that a novel therapeutic
option targeting epigenetic marks to fine tune cytokine pro-
duction might be a future strategy for the treatment of allergic
diseases [40e, 96°¢, 97]. Based on a recent finding [4e°], it is
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also possible that Th9 cells may be transiently induced during
allergic inflammation. Biologic therapies that targeted type 2
cytokines showed more promising results in treatment of asth-
ma than targeting 1L-9 [98]; therefore, combination therapies
that suppress multiple cytokines derived from Th2 and Th9
cells may be a better therapeutic approach for chronic allergic
diseases that are regulated by a complex network of cytokines.

Conclusions and Current Challenges

The induction of Th9 cells and IL-9 in airway, skin, and food
allergy in human and murine studies emphasizes their impor-
tant contribution in allergic diseases. The presence of Th9 cells
in chronic airway allergic diseases suggests a function in po-
tentiating inflammation in the late stage of allergic disease de-
velopment. As neutralization of IL-9 in clinical study of asthma
was not effective, inhibiting multiple cytokines derived from
Th2 and Th9 cells may provide better results for effective treat-
ment. Because of the heterogeneous phenotypes of asthma,
future studies to search for the correlation between T helper
cell subset and asthma phenotypes will provide better under-
standing of the roles of Th9 cells. The induction of Th9 and IL-
9 may be used as biomarker to differentiate different pheno-
types of allergy and help to advance the usage of personalized
medicine in therapeutic intervention in individuals. Additional
studies on the cellular sources of IL-9, their function, and reg-
ulation are needed to bring more insights and may pave the way
for the improvement of therapeutics of allergic diseases.
Because IL-9 regulatory elements and Th9 epigenome have
recently been reported, a novel interesting target might be mod-
ulating agents that target regulatory regions involving in the
regulation of IL-9 and cytokines derived from Th2 cells.
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