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Abstract Allergic asthma is a worldwide increasing
chronic disease of the airways which affects more than
300 million people. It is associated with increased IgE,
mast cell activation, airway hyperresponsiveness (AHR),
mucus overproduction and remodeling of the airways.
Previously, this pathological trait has been associated with
T helper type 2 (Th2) cells. Recently, different CD4+ T
cell subsets (Th17, Th9) as well as cells of innate immu-
nity, like mast cells and innate lymphoid cells type 2
(ILC2s), which are all capable of producing the
rediscovered cytokine IL-9, are known to contribute to this
disease. Regarding Th9 cells, it is known that naïve T
cells develop into IL-9-producing cells in the presence of
interleukin-4 (IL-4) and transforming growth factor beta
(TGFβ). Downstream of IL-4, several transcription factors
like signal transducer and activator of transcription 6
(STAT6), interferon regulatory factor 4 (IRF4), GATA
binding protein 3 (GATA3), basic leucine zipper transcrip-
tion factor, ATF-like (BATF) and nuclear factor of activat-
ed T cells (NFAT) are activated. Additionally, the tran-
scription factor PU.1, which is downstream of TGFβ sig-
naling, also seems to be crucial in the development of
Th9 cells. IL-9 is a pleiotropic cytokine that influences

various distinct functions of different target cells such as
T cells, B cells, mast cells and airway epithelial cells by
activating STAT1, STAT3 and STAT5. Because of its
pleiotropic functions, IL-9 has been demonstrated to be
involved in several diseases, such as cancer, autoimmunity
and other pathogen-mediated immune-regulated diseases.
In this review, we focus on the role of Th9 and IL-9-
producing cells in allergic asthma.
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Allergic asthma

Asthma is a common chronic inflammatory disease of the
airways involving cells of the innate and adaptive immune
system. About 300 million people worldwide are affected by
the disease. Two forms of asthma have been clinically defined,
non-allergic (or intrinsic) asthma and allergic (atopic) asthma.
Allergic asthma mostly affects children and nearly 50% of
adult asthma patients and is triggered by proteins of common
inhaled or ingested allergens such as house dust mite, animal
dander or plant and tree pollen. The onset of intrinsic asthma
usually occurs later in life and is caused not by allergens but
by viral infections of the lower airways or irritants, e.g. tobac-
co smoke, cold air or stress. Often in patients suffering from
asthma, components of both the intrinsic and the extrinsic type
can be observed [1–3].

Typical ly, as thma is character ized by ai rway
hyperresponsiveness (AHR), reversible airway obstruction,
mucus overproduction, airway remodeling and high serum
IgE levels. These symptoms lead to a narrowing of the airways
and cause repeated periods of shortness of breath, wheezing
and chest tightness, mostly because of mast cell activation
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followed by histamine release and other bronchoconstrictors,
such as proteases, upon IgE cross-linking [2, 3].

In association with the airway epithelium and airway mu-
cosa, dendritic cells (DCs) take up allergens, process them into
small peptides and present them to naïve T cells in the lymph
nodes. The interaction of DCs with naïve T cells and the pres-
ence of interleukin-4 (IL-4) lead to T helper type 2 (Th2) cell
differentiation and migration into the mucosa. Th2 cells start
to secrete a cluster of cytokines including IL-3, IL-4, IL-5, IL-
9, IL-13 and granulocyte macrophage colony-stimulating fac-
tor (GM-CSF). These cytokines orchestrate the inflammatory
response that takes place in asthma. This response includes
eosinophil maturation, migration and survival which are trig-
gered by IL-3, IL-5 and GM-CSF and recruitment of basophils
promoted by IL-3 and GM-CSF. Furthermore, IL-4 stimulates
immunoglobulin class-switch to IgE in B cells, while IL-3, IL-
9 and IL-13 facilitate the differentiation and maturation of
mast cells. After allergen challenge, eosinophils and mast cells
secrete pro-inflammatory mediators such as histamine, leuko-
trienes, cytokines and chemokines that enhance the typical
pathological features of asthma as mentioned before [2, 3].

Th9 cell development and signaling

Th9 cells are a subset of Tcells that develop from naïve Tcells
in the presence of IL-4 and transforming growth factor beta
(TGFβ) [4]. Besides these two factors, several other transcrip-
tion factors seem to play a role in the development of these
cells. Signal transducer and activator of transcription 6
(STAT6) is the major component of the IL-4 receptor (IL-
4R) signaling pathway and is therefore also involved in con-
trolling the Th9 phenotype [5]. It is known that STAT6 is able
to suppress the Th1-specific transcription factor T-box
expressed in T cells (T-bet) and the TGFβ-induced expression
of forkhead box P3 (FoxP3), which are both known to inhibit
IL-9 production [5–7]. GATA binding protein 3 (GATA3), the
main transcription factor of Th2 cells, is another important
target of STAT6 and is expressed in Th9 cells as well, but to
a lower extent than in Th2 cells [5–7]. Therefore, it might also
play a role in the differentiation of Th9 cells. However, its
exact function remains unclear, because of inconsistent results
[5, 7, 8]. Additionally, the transcription factor PU.1 (also
known as Spi-1 proto-oncogene (SPI1)), which is downstream
of TGFβ signaling, seems to be crucial in the development of
Th9 cells [9, 10]. PU.1 belongs to the ETS family of transcrip-
tion factors and on the one hand represses the development of
Th2 cells and on the other hand it binds to the Il9 promoter to
enhance its expression [9, 11, 12]. Interferon regulatory factor
4 (IRF4) is another factor involved in Th9 cell differentiation
but is also known to be expressed in Th2 and Th17 cells [13,
14]. T cells deficient in IRF4 show a defective Th9 develop-
ment [15]. IRF4 expression as well as its ability to directly

bind to the Il9 promoter is STAT6 dependent [5]. IRF4 is
known to build a complex with the basic leucine zipper tran-
scription factor, ATF-like (BATF) as well as with Jun to in-
duce Th17 cell development, and there seems to be a similar
transcriptional requirement in Th9 cells. BATF and IRF4 co-
operate in binding and thereby activate the Il9 locus. In con-
trast to IRF4, BATF deficiency resulted in a marked defect in
the expression of nearly all Th9-associated genes [16]. It has
also been demonstrated that T cell receptor (TCR) and co-
stimulatory molecules have an impact in IL-9 production as
well. On the one hand, TCR signaling and CD28-mediated co-
stimulation lead to the activation of nuclear factor of activated
T cells (NFAT) and on the other hand, the TCR and OX40
(also known as tumour necrosis factor receptor superfamily,
member 4 (TNFRSF4)) co-stimulation activates nuclear
factor-κB (NF-κB) [17, 18]. Previous studies showed that
NFAT1 deficiency resulted in greatly reduced amounts of
IL-9 production [17]. Thus, many different transcription fac-
tors that are also known to play a role in the pathogenesis of
allergic asthma are also involved in the differentiation and
regulation of Th9 cell development and IL-9 production. In
the following paragraphs, we will summarize the current
knowledge of IL-9-producing cells in asthma as well as fac-
tors inducing or inhibiting their differentiation and function
and review the effects of IL-9 on target cells in asthma.

Th9 and IL-9-producing cells in allergic asthma

Th9 cells mainly produce the cytokine IL-9 but are also
known to secrete the cytokines IL-10 and IL-21 [6, 9, 19].
Because of its pleiotropic effects, IL-9 can influence a variety
of distinct cell types like, e.g. T cells, B cells, mast cells and
airway epithelial cells. Furthermore, it is produced by different
immune cells that are involved in the immunopathology of
allergic asthma. Among those cells are other T cell subsets,
mast cells and innate lymphoid cells type 2 (ILC2s) [9,
20–23].

Th9 cells

Th9 cells are a distinct helper Tcell subset that secretes IL-9 as
a signature cytokine. Previously published studies could dem-
onstrate that in murine models of asthma, Th9 cells are found
in the draining lymph nodes and respiratory tract, especially
during early phases of the disease [24–26]. Furthermore, Th9
cells were the main in vivo source of IL-9. The addition of the
pro-al lergic cytokines IL-25 and thymic stromal
lymphopoietin (TSLP) in experimental asthma models lead
to an increase in Th9 cells and IL-9 production. Moreover,
neutralizing TGFβ and activin A to inhibit Th9 cell differen-
tiation in vivo resulted in an impaired development of allergic
diseases. Conversely, Th9 cells in vitro generated with either
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TGFβ or activin A and transferred to recipient mice were
sufficient to induce airway inflammation characterized by eo-
sinophil recruitment, increased mast cell numbers and serum
IgE levels [24]. Furthermore, transgenic expression of IL-9 is
sufficient in itself to cause bronchial hyperresponsiveness
through its effects on the respiratory epithelium and the en-
hanced release of Th2 cytokines [27–29]. Additionally, mice
with conditional deficiencies in IRF4 or PU.1 or germ line
deficiencies in BATF have a decreased inflammation [12,
13, 16, 30–32]. Transfer of DO11.10 Th9 cells to recipient
mice resulted in allergic airway disease after treatment with
ovalbumin (OVA). Furthermore, when these recipient mice
were additionally treated with an anti-IL-9 antibody, many
of the inflammatory features were blocked [13]. Th9 cells
mediate disease with the production of IL-9, which promotes
mast cell and eosinophil accumulation, Th2 cytokine produc-
tion, AHR and mucus hypersecretion.

Beside the observations in murine asthma models, en-
hanced expressions of IL-9 as well as IL-9 receptor (IL-9R)
have been found in the lungs of asthmatic patients even before
Th9 cells were described as a distinct T helper cell subset.
Furthermore, single nucleotide polymorphisms (SNPs) in the
genes encoding IL9R and IL9 have been associated with ben-
eficial outcomes in allergen sensitization, especially in male
subjects [33]. In vitro studies using peripheral blood mononu-
clear cells (PBMCs) isolated from atopic and non-atopic in-
fants revealed increased IL-9 secretion, in both response to
unspecific as well as allergen-specific stimulation of the cells.
In addition, in vitro differentiation of naïve T cells into Th9
cells led to elevated IL-9 secretion, SPI1 (encodes for PU.1)
messenger RNA (mRNA) expression and STAT6 phosphory-
lation in atopic infants, as compared to non-atopic infants
[34]. In another study, PBMCs were isolated from adult atopic
and healthy control subjects to directly quantify Th9 cells by
flow cytometry. Here, they observed that in atopic patients,
Th9 cells are more abundant than in the healthy controls,
which correlated with plasma IgE levels [24]. Together, these
data indicate an important role for Th9 cells in atopic diseases
such as allergic asthma not only in murine models but in
human disease as well and open new possibilities to create
novel therapeutic strategies. In murine models, the adminis-
tration of anti-IL-9 antibodies followed by allergen exposure
showed beneficial effects, such as decreased expression of the
three Th2-associated cytokines IL-4, IL-5 and IL-13; de-
creased number of eosinophils in the lungs and decreased
AHR [35]. However, in a large human trial with patients with
uncontrolled moderate-to-severe asthma, treatment with the
humanized IL-9-neutralizing antibodyMEDI-528 (also called
enokizumab) in addition to current controller medication did
not improve the FEV1 values, the asthma exacerbation rate or
the health-related quality of life [36]. The limited success of
such trials was also previously observed, when other impor-
tant cytokines, e.g. IL-5 or IL-13, were blocked. It is assumed

that this is due to the heterogeneity of asthma, as the underly-
ing immune response varies from patient to patient [37]. In the
future, by using personalized medicine, it might be possible,
however, to first determine the predominant cell types or cy-
tokine patterns in a person suffering from asthma and then try
to inhibit the effector cytokines respectively. Using this ap-
proach might identify a subgroup of patients with IL-9-
mediated asthma, in which the IL-9-neutralizing antibody
might be beneficial.

Interestingly, the tick-derived saliva protein sialostatin L
has been shown to reduce IL-9 derived from Th9 cells as well
as from mast cells in murine models of asthma. Furthermore,
this cysteine protease inhibitor was reported to diminish mat-
uration and activation of DCs and CD4+ T cell expansion,
indicating a broader inhibition of key cell types involved in
asthma pathogenesis [38].

Other Th subsets

In addition to Th9 cells, other CD4+ T cell subsets, such as
Th2, Th17 and Treg cells, have been shown to express IL-9,
but the amount of IL-9 they produce, compared to Th9 cells, is
lower [9, 21, 39].

Th2 cells are the classical cell type that is described to
promote allergic inflammation and cardinal features of allergic
asthma. IL-9 was first associated with Th2 cells that produce
IL-4, IL-5 and IL-13 in models of Th2-associated immunity.
Leishmania major-infected BALB/c mice, which generate a
Th2 immune response, displayed high levels of IL-9 expres-
sion in isolated T cells. Additionally, in this study, they found
that those T cells were the main producers of IL-9 in vivo and
IL-9 expression correlated with the expansion of Th2 cell
populations. Furthermore, IL-9 production could be sup-
pressed by IL-4 blockade [40], but it was unclear whether
the correlation between IL-9 production and Th2 cells is due
to a direct secretion of IL-9 by Th2 cells or if IL-4 derived
from Th2 cells supports the development of Th9 cells from
naïve T cells or Th2 cells. Previous studies demonstrated that
fully differentiated Th2 cells subsequently produce IL-9 when
they are cultured in the presence of TGFβ [7].

Th17 cells are also known to play a role in the pathogenesis
of allergic asthma. After sensitization with allergens, Th17-
mediated immune responses lead to neutrophilia in the air-
ways, acute AHR and mucus overproduction [41–43]. In asth-
matic patients IL-17A, the main cytokine produced by these
cells, was found induced compared to healthy controls
[44–46]. Furthermore, Th17 cells have been shown to en-
hance the antigen-induced, Th2-mediated recruitment of eo-
sinophils to the airways [47]. It has been demonstrated that
in vivo differentiated Th17 cells, which express retinoic acid
receptor-related orphan receptor-γt (RORγt), are able to pro-
duce IL-9 after restimulation with phorbol 12-myristate 13-
acetate (PMA) and ionomycin [21]. Additionally, during
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in vitro Th17 cell differentiation, a co-expression of IL-17 and
IL-9 has also been observed. The IL-9 secretion by Th17 cells
seems to be regulated by IL-23, which was shown to inhibit
the expression of IL-9 [20]. IL-23 is an important factor in the
maintenance and expansion of Th17 cells after their initial
differentiation [48, 49]. In Th17 cells, IL-9 seems to function
as an autocrine growth factor that promotes Th17 cell differ-
entiation [20, 21].

Treg cells play an important role in allergic asthma because
they are able to suppress effector cells. In previous studies, it was
shown that Treg cells prevent AHR- and Th2-mediated inflam-
mation of the airways in an IL-10-dependent way [50–52].
Additionally, in human studies, lower numbers of CD4+CD25+

Treg cells as well as lower expression levels of FOXP3 mRNA
have been observed [53]. The main transcription factor of Treg
cells is FoxP3, which is induced by TGFβ. FoxP3 is an antag-
onist of RORγt and therefore able to inhibit Th17 cell differen-
tiation [54]. Regarding IL-9 expression by Treg cells, there are
inconsistent reports. Some murine data showed that co-
expression of IL-9 and FoxP3 can occur in in vitro purified
Treg cells as well as in Treg cells found in tolerant allografts
in vivo [21, 39, 55]. Other groups could not show co-expression
of IL-9 and FoxP3 in in vitro experiments [7, 20].

Concerning CD4+ T cell subsets, it seems that TGFβ is the
shared factor that, alone or in combination with other cyto-
kines, induces IL-9 expression during Treg, Th9 and Th17 cell
differentiations. Additionally, TGFβ also promotes IL-9 pro-
duction in already differentiated Th2 cells [7].

Innate lymphoid cells

ILC2s are a rare cell population that do not express any of the
known lineage markers and respond to IL-25 and IL-33. They
express ST2, an orphan member of the IL-1 receptor family
[56]. ILC2s are known to be important producers of the Th2-
associated cytokines IL-5 and IL-13. Therefore, they seem to
play a relevant role in the pathogenesis of allergic asthma,
since it could be demonstrated that ILC2s increase after aller-
gen exposure [56–59]. In a model of papain-induced airway
inflammation, IL-9-producing ILC2s are induced.
Furthermore, they were the main source of IL-9 and its pro-
duction was transient and IL-2 dependent. Additionally, IL-9
enhanced the production of IL-5 and IL-13 in ILC2s [23].
Moreover, another group could demonstrate that IL-9 is a
crucial autocrine amplifier of ILC2 function and survival [60].

Mast cells

Mast cells are widely distributed throughout vascularized tis-
sues, particularly near surfaces exposed to the external envi-
ronment, including the airways. They are critical effector cells
in IgE-associated allergic diseases like asthma. Mast cells can
be activated by the cross-linking of IgE, which is bound to the

FcεRI on their surface, after antigen exposure. After their
activation, they degranulate and release pro-inflammatory me-
diators such as histamine, proteases and cytokines. IL-9 has
mainly been described to target mast cells, but it has also been
reported to be produced by these cells. Its production seems to
occur in an autocrine manner as a consequence of IgE cross-
linking and as response to IL-9-induced signals. After degran-
ulation, mast cells release, among others, histamine and IL-1β
which both can promote further production of IL-9 [22, 61].
IL-9 seems to act as a growth factor for mast cells, therefore
promoting their expansion and survival during acute immune
responses.

Natural killer T cells

Natural killer T (NKT) cells are a distinct subset of lymphocytes
that are abundant in primary and secondary lymphoid organs as
well as in the lung. They express surface markers that are char-
acteristic of NK cells, e.g. NK1.1 and of conventional T cells,
e.g. TCRs. NKT cells are selected by the non-polymorphic
MHC class I-like protein CD1d and express a semi-invariant
TCR (iTCR), consisting of, e.g. Vα14-Jα18 inmice andVα24-
Jα18 in humans, which make them less diverse than conven-
tional T cells [62–64]. It has been proposed that they produce
large amounts of IL-4 when they are stimulated by glycolipid
ligands [65]. Additionally, in amurinemodel of allergic asthma,
it has been demonstrated that iVα14 NKTcells are required for
airway eosinophilia, AHR, elevated IgE levels and Th2 cyto-
kine production [66]. Previous studies showed that NKT cells
are able to produce IL-9 when they are stimulated with IL-2.
These IL-9-producing NKT cells also co-expressed the Th2-
associated cytokines IL-4, IL-5 and IL-13 [67]. In a murine
model of allergic airway inflammation, deficiency of CD1d-
restricted NKTcells correlated with decreased IL-9 production.
These findings were accompanied with reduced recruitment of
mast cells to the lung [66]. Furthermore, in a report describing
an IL-9-secreting NKT cell subset, called NKT9 cells, it was
observed that these cells develop in the periphery upon stimu-
lation with IL-4 and TGFβ. Comparable to findings in T cells,
mice deficient for IRF4 or BATF were observed to have a pro-
found defect in developing NKT9 cells. Additionally,
intratracheal transfer of IL-9+ enriched NKT cells into wild-
typemicewith subsequent intranasal (i.n.) challengewith house
dust mite (HDM) extract and TSLP enhanced airway inflam-
mation, while neutralizing IL-9 with an antibody in vivo, re-
duced eosinophil recruitment in the same setting [68]. Thus,
NKT cells are able to promote in vivo IL-9 responses.

Activating factors of IL-9 expression

Previously published studies revealed that many different fac-
tors are positively or negatively influencing the expression of
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IL-9 in different cell types, which is explained in detail in the
following sections and shown in Fig. 1 and Table 1.

The Th9 cell-inducing cytokine TGFβ is known to signal
via Smad transcription factors, and it has been shown that
Smad2 and Smad3 are important for Il9 transcription.
Interestingly, Smad2/Smad3-mediated Il9 expression was
shown to be dependent on IRF4 (see below), as these factors
physically interact to bind to the Il9 promoter. Consistently,
lack of both Smad2 and Smad3 in T cells protected mice from
OVA-induced asthma with reduced airway inflammation, mu-
cus production and IL-9 levels in the serum [8].

The established roles of factors such as STAT6 and PU.1 in
the differentiation of Th9 cells can also be observed in allergic
asthma. At a steady state, STAT6 phosphorylation and PU.1
expression were observed to be elevated in patients suffering
from allergic asthma, as compared to healthy controls.
Furthermore, after bronchial allergen challenge, STAT6 acti-
vation, as determined by phosphorylation status and PU.1,
was further enhanced in asthmatic patients, while there was
no effect in the control group [77].

In a mouse model of allergic asthma, IRF4 was identified
as a crucial transcription factor for Th9 differentiation, as mice

deficient for this factor fail to develop this cell type. This
finding was reinforced by the observations that knockdown
of IRF4 using siRNA reduced IL-9 secretion from CD4+ T
cells and that IRF4 is able to bind directly to the promoter
region of Il9, as revealed by using chromatin immunoprecip-
itation (ChIP) [13].

Recently, it has been shown that IRF4 can cooperate
with the AP-1 transcription factor BATF in differentiated
Th17 cells and that this complex binds to AP-1-IRF4 com-
posite elements (AICEs) [85]. A further study now demon-
strated that complementation of BATF in developing Th9
cells deficient for BATF or IRF4 moderately increased IL-
9 production, while IRF4 complementation in these cells
had a minor effect. When both factors were transduced
together, however, a strong induction of IL-9 was ob-
served, indicating a synergy between IRF4 and BATF
[16]. Thus, beside its described prominent role in the dif-
ferentiation of Th17 and Th2 cells, BATF also has a major
impact on Th9 development. Furthermore, it has been
shown that BATF-deficient mice display reduced features
of experimental asthma in different murine models. There,
in a classically ovalbumin-induced one, IL-9 levels in the

Fig. 1 Extracellular signals and intracellular pathways regulating Th9
cell differentiation. Beside the well-characterized IL-4/TGFβ pathway,
also a STAT5-dependent one has been proposed, where IL-2, TSLP or
TL1A lead to STAT5 phosphorylation, with subsequent binding of
STAT5 to the Il9 promoter. Furthermore, TCR stimulation leads to
activation of NFAT, which can also bind to the Il9 promoter. The co-
stimulatory molecule OX40 and the de-ubiquitinating enzyme sCYLD
activate NF-κB to bind to the Il9 promoter. IL-4 is known to induce
STAT6 phosphorylation, which in turn can activate BATF and IRF4
expression to induce Il9 transcription, while TGFβ signals via SMAD2/
3, which interacts with IRF4 to induce IL-9. PU.1 is also activated by

TGFβ and CGRP and augments IL-9 expression. CGRP has also been
described to enhance NFAT binding to the Il9 promoter. The secreted IL-9
influences, e.g. B cells, where it increases IgE production and memory B
cell differentiation, while it acts on mast cells as a growth factor and
stimulates their effector function. TGFβ transforming growth factor β,
STAT signal transducer and activator of transcription, TSLP thymic
stromal lymphopoietin, NFAT nuclear factor of activated T cells, NF-κB
nuclear factor-κB, BATF basic leucine zipper transcription factor, ATF-
like, IRF4 interferon regulatory factor 4, CGRP calcitonin gene-related
peptide
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bronchoalveolar lavage (BALF) were found decreased in
the absence of BATF. Using adoptive transfer of wild-type

or BATF−/− CD4+ T cells into immunocompromised hosts,
followed by an IL-9/Th9-dependent asthma model (i.n.

Table 1 Molecules linked to IL-9 production and allergic asthma

Factor Pathway/mechanism Influence
on Th9
cells

Role in asthma pathogenesis Referenced
in

Cytokines
IL-4 Induces STAT6 phosphorylation ↑ Drives Th2 differentiation and IgE class-switch [2–5]
TGF-β Induces SMAD2/3 and PU.1 ↑ Together with IL-6, it induces Th17 differentiation [8]
TSLP Induces STAT5 phosphorylation ↑ Contributes to airway inflammation and AHR and

promotes Th2 differentiation via DCs
[32, 69, 70]

Co-stimulatory molecules
OX-40 Ligation of OX-40 induces NF-κB p52-RelB sub-

unit binding to the Il9 promoter via TRAF6
↑ Supports Th1 and Th2 responses, inhibits FoxP3+ Treg

cells
Influences inflammation and mucus production

[18]

PD-L2 Suppression of TGFβ ↓ Inhibition of Th9 cells in a model of chronic airway
disease

[26]

TL1A Signaling via DR3 induces STAT5
phosphorylation,
which is able to bind to the Il9 promoter

↑ Promotion of allergic airway disease in OVA- and
papain-induced models

[71]

Signaling molecules
Itk Engagement of IL-2/STAT5 pathway to induce

IL-9 expression Lack of Itk reduces IRF4
expression

↑ Itk-enhancing SNPs observed in patients with asthma
Positive modulation of AHR, eosinophilia and mucus

production

[72]

Tyk2 Inhibition of IRF4 and SPI1 mRNA expressions ↓ Dampens eosinophilia and high serum IgE levels and
reduces Th2 and Th9 responses

[73]

Transcription factors
BATF Interacts with IRF4 to bind to the Il9 promoter ↑ Strongly influences Th2, Th9 and Th17 development

and IgE class-switch
[16, 31]

IRF4 Interacts with BATF to bind to the Il9 promoter ↑ IRF4 deficiency protects from experimental asthma [13, 16]
NFATc1 Cooperates with IRF4 to bind to the Il9 promoter ↑ Involved in Th2 and Th17 cell development and IgE

class-switch
Inhibition of Th1 cells

[74, 75]

NFATc2 Binding to Il9 promoter induces activating
chromatin configuration to allow access for
NF-κB subunit p65
and coactivator protein p300

↑ Long-lived CD8+ memory cells expressing NFATc2
limit Th2 and Th17 development

[17, 76]

NF-κB NF-κB subunits p65 and p52-RelB are able to bind
to the Il9 promoter

↑ Induces pro-inflammatory molecules, e.g. TNFα, IL-6,
IL-8, eotaxin, COX-2, IL-2R, ICAM-1 and VCAM-1

[17, 18, 77,
78]

PU.1 Downstream of TGFβ signaling, which is able to
bind to the Il9 promoter

↑ Represses Th2 development and enhances IL-9
expression

[9–12, 77]

SMAD2/3 Interact with IRF4 to promote Il9 expression ↑ Influences airway inflammation and mucus production [8]
STAT6 Phosphorylation induces expressions of BATF and

IRF4
↑ Elevated phosphorylation status in patients with asthma [5, 77]

Other molecules
Cbl-b Ubiquitination of STAT6 ↓ Negatively regulates Th2 and Th9 responses [79]
CGRP/cAMP/PKA PU.1 induction via PKA, inhibition of GSK-3b and

enhanced NFATc2 binding to the Il9 promoter
↑ Promotion of airway inflammation [80]

COX-2 COX-2-derived prostaglandins PGE2 and PGD2
suppress Th9 development

↓ Inhibits Th9 development in allergic asthma Influence
on different other T cell subsets

[81]

CYLD Short isoform sCYLD enhances NF-κB activity ↑ Overexpression of sCYLD promotes lung inflammation,
mucus production and serum IgE

[82]

SIRT1 Histone deacetylase, modulates stress responses,
energy metabolism and inflammatory processes

↓ Drives Th2 cell differentiation but also dampens
IL-9-induced airway inflammation and eosinophilia

[83]

VitD VitD and dexamethasone reduce IL-9 production
in memory CD4+ T cells

↓ Immunosuppressive effect of vitamin D associated
with benefit for asthma

[84]

STAT signal transducer and activator of transcription, TGFβ transforming growth factor β, TSLP thymic stromal lymphopoietin, AHR airway
hyperresponsiveness, NF-κB nuclear factor-κB, FoxP3 forkhead box P3, PD-L2 programmed death ligand 2, IRF4 interferon regulatory factor 4,
SNP single nucleotide polymorphism, Tyk2 tyrosine kinase 2, BATF basic leucine zipper transcription factor ATF-like, NFAT nuclear factor of activated
Tcells, TNFα tumour necrosis factorα,Cox-2 cyclooxygenase 2, ICAM-1 intercellular adhesionmolecule 1,VCAM-1 vascular cell adhesionmolecule 1,
CGRP calcitonin gene-related peptide, PKA protein kinase A, GSK-3b glycogen synthase kinase-3b, VitD vitamin D
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challenge with OVA and TSLP, see below), revealed re-
duced airway inflammation and mucus production when
BATF-deficient cells were transferred [16, 31].

It has been demonstrated that members of the NFAT family
of transcription factors are involved in the pathogenesis of
allergic asthma, where they seem to have distinct effects.
Mice deficient in NFATc2 (also known as NFAT1) show an
increased AHR, remodeling in the lungs and higher serum IgE
levels when exposed to OVA. These observations were depen-
dent on NFATc2 expression in long-lived memory CD8+ T
cells, which controlled the production of IL-2 and interferon
gamma (IFNγ) in lung CD8+ T cells, thereby limiting the
development of Th2 and Th17 cells in the lungs of allergen
treated mice [76]. Previous reports also demonstrated a poten-
tial role for NFATc2 in the production of IL-9. Binding of
NFATc2 to the Il9 promoter induced a transcriptionally active
chromatin configuration that created access for the p65 sub-
unit of NF-κB and the co-activator protein p300 to the Il9
promoter resulting in induced IL-9 production [17]. In con-
trast to NFATc2, mice lacking NFATc1 (also known as
NFAT2) in CD4+ T cells exhibited a significant reduction in
lung Th2 and Th17 cells as well as an increase of Th1 cells
when exposed to OVA. Additionally, BATF was found de-
creased in the lungs of these mice and serum OVA-specific
IgE and IgG1 levels were significantly decreased [74].
Recently, we have shown that NFATc1 as well as IRF4 are
upregulated in PBMCs of allergic asthmatic children. Both
factors are able to cooperate and seem to be involved in IL-9
production in these cells, since an upregulation of IL-9 in the
supernatants of cultured PBMCs was observed [75].

Recently, it has been demonstrated that calcitonin gene-
related peptide (CGRP), which is a physiological mediator de-
rived from the nervous system and able to activate cAMP/
protein kinase A (PKA), promotes IL-9 production. The
CGRP and the cAMP/PKA pathway are known to be important
regulators in several immune responses and allergic diseases.
Moreover, this study revealed that PKA inhibits glycogen syn-
thase kinase (GSK)-3b function and enhances NFATc2 binding
to the Il9 promoter region as a new regulatory mechanism in Th
cells. Additionally, the CGRP/cAMP/PKA pathway also in-
duces the expression of PU.1, a critical regulator of Th9 cell
differentiation, via PKA and independently of NFATc2 [80].

OX40 is a co-stimulatory protein expressed on T cells,
belonging to the TNFR superfamily and known to engage
the NF-κB pathway. While the co-stimulation via OX40 in
T cells favours their proliferation and survival, it has been
shown to support Th1 and Th2 responses respective to the
surrounding cytokine milieu and to inhibit FoxP3+ T cells.
Recently, also, OX40-mediated induction of Th9 differentia-
tion was reported. In this study, it was shown that ligation of
OX40 led to enhanced in vitro Th9 differentiation in a PU.1-
independent manner. Here, it was observed that in addition to
the above-mentioned binding of the p65 subunit of NF-κB to

the Il9 promoter [17], also, the p52-RelB subunit is able to
directly bind to the Il9 promoter and stimulate Il9 expression
after ligation of OX40, while the p50-RelA subunit did not
bind to the promoter. Further studies revealed that this path-
way is dependent on the adaptor molecule and ubiquitin ligase
TRAF6, upstream of NF-κB-inducing kinase (NIK). In an
OVA model of allergic asthma, a role of OX40 for inflamma-
tion, mucus secretion and IL-9 production was confirmed by
comparing OX40-deficient mice to wild-type mice [18].

These findings are further supported by data obtained from
the examination of transgenic mice with a Tcell-specific over-
expression of a short isoform of the de-ubiquitinating enzyme
CYLD (CYLDex7/8xCD4cre mice). Full-length CYLD is
known to de-ubiquinate signaling molecules such as TRAF6
or NEMO, facilitating a downregulation of NF-κB activity,
while the short isoform (sCYLD) is associated with enhanced
NK-κB activity. In in vitro differentiated Th9 cells overex-
pressing sCYLD, substantially higher IL-9 secretion was ob-
served, while IL-4 secretion from in vitro generated Th2 cells
did not differ, as compared to wild-type cells. Furthermore, in
an adjuvant-free OVA-induced model of allergic asthma using
CYLDex7/8xCD4cre mice, it could be shown that in vitro re-
stimulation with OVA induced IL-9 secretion from total lung
cells, while IL-4, IL-5 and IL-13 release was not significantly
altered when compared to the wild-type setting. Other features
of allergic asthma, such as airway inflammation, mucus pro-
duction and serum IgE, were concomitantly found to be aug-
mented when sCYLD was overexpressed. Interestingly, i.n.
administration of an IL-9-neutralizing antibody during the
challenge phase of the asthma protocol reversed the increased
inflammation and serum IgE, indicating an IL-9-dependent
mechanism in CYLDex7/8xCD4cre mice [82].

Another co-stimulatory molecule described to have a con-
tributing role in experimental allergic airway disease is the
cytokine TL1A. It is a member of the TNF family
(TNFSF15) and mediates signals to T cells and ILCs via its
receptor DR3 (TNFRSF25). Both blockade of TL1A and DR3
deficiency have been shown to protect from allergic airway
disease, and recently, these findings were extended by the
observation that in the absence of DR3, IL-9 expression was
reduced in an OVA- as well as a papain-induced model. TL1A
was further able to enhance Th9 differentiation from naïve T
cells via DR3 and dependent on TGFβ while being indepen-
dent of STAT6. Further studies revealed that beside the previ-
ously described IL-4-TGFβ pathway, also a distinct IL-2-
STAT5 pathway is able to induce Th9 differentiation. Here,
the proposed mechanism involved increased STAT5 activa-
tion through TL1A and DR3, with subsequent binding of
STAT5 to the Il9 promoter [71].

In line with these observations, another group reported that
the pleiotropic cytokine TSLP is able to increase IL-9 produc-
tion in Th9 cells via direct activation of STAT5 with its bind-
ing to the Il9 promoter. Furthermore, they showed here that
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TSLP is able to mediate allergic airway inflammation by in-
creasing the Th9 response [32]. TSLP has been implicated to
have a broad impact in the development of allergic asthma, as
overexpression of TSLP in the lungs leads to the development
of severe airway inflammation and AHR [69]. TSLP also acts
directly on DCs to promote their maturation and the expres-
sion of co-stimulatory factors like OX40 ligand to enhance the
priming of naïve CD4+ T cells towards a pro-inflammatory
Th2 phenotype [70]. It has been recently shown that myeloid
DCs from allergic asthma patients pulsed with TSLP were
able to promote the differentiation of Th9 cells in a TGFβ-
dependent way [86].

Beside the stimulation with different cytokines and through
co-stimulatory molecules, TCR signaling is also of utter impor-
tance for the differentiation of T cell subsets. The Tec family
tyrosine kinase Itk is involved in the distal transmission of TCR
signals, and it has been shown to have a modulatory, rather than
an essential, role in this process. However, lack of Itk is asso-
ciated with reduced phospholipase C gamma (PLCγ) activa-
tion and subsequently decreased activation of, e.g. NFAT or
MAP kinases. Furthermore, Itk was described to balance
Th17 versus Treg differentiation and its deficiency was impli-
cated in deficient Th2 responses. For asthma, Itk-enhancing
polymorphisms have been correlated with disease incidence.
A recent study analyzing Itk-deficient naïve CD4+ Tcells under
Th9 polarizing conditions showed a defect in IL-9 production
along with reduced IRF4 expression. This study further re-
vealed that IL-9 expression was not rescued by NFAT overex-
pression but by engaging the IL-2-STAT5 pathway. By adding
IL-2 to the culture medium, Itk-deficient cells were able to
produce high amounts of IL-9 and express IRF4 in levels com-
parable to wild-type cells. Furthermore, transducing Itk−/− cells
with a vector expressing constitutively active STAT5 also res-
cued IL-9 expression and STAT5 binding to the Il9 promoter
was confirmed. In a papain-induced model of lung inflamma-
tion, it was shown that in the absence of Itk, cardinal symptoms
of asthma, such as AHR, mucus production and eosinophilia,
were markedly reduced compared to wild-type mice.
Furthermore, less Th2, Th9 and IL-9-producing ILC2 cells
were found in the lungs of Itk−/− mice, while intriguingly, in
the early phase of allergen challenge, IL-9+ ILC2 cells were not
diminished. The authors attributed this latter effect to a lack of
IL-2 secretion from Itk-deficient T cells [72].

Factors inhibiting IL-9 production

Besides many factors that positively regulate Th9 differentia-
tion, there are also inhibitory factors (Table 1). Recently, it has
been demonstrated that the cyclooxygenase-2 (COX-2)-de-
rived prostaglandins PGE2 and PGD2 are important in the
control of Th9 cell development in vitro and in vivo. Mice
lacking COX-2 and sensitized and challenged with OVA

displayed increased numbers of Th9 cells in the blood, lung,
BALF and lung draining lymph nodes. Furthermore, the
group showed that the absence of endogenous COX-2 in
naïve CD4+ T cells amplifies their expression of IL-9 and
other Th9 lineage markers when polarized under Th9-
favouring conditions in vitro. The authors also demonstrated
that the two prostaglandins PGE2 and PGD2 were able to
suppress Th9 cell development in vitro and in vivo by sup-
pressing the expression of the IL-17RB. Finally, they showed
that PGE2 and PGD2 suppressed Th9 development from
naïve human T cells in vitro [81].

Tyrosine kinase 2 (Tyk2) is known to relay signaling of
different cytokines and IFNs, such as IL-6, IL-10 or IFNα.
Furthermore, Tyk2 has been shown to have a protective role in
asthma, as Tyk2-deficient mice display hypereosinophilia and
high serum IgE levels in a murine model of the disease.
Moreover, in the absence of Tyk2, Th2 and Th9 responses
are increased, while Th17 cell differentiation was observed
to be diminished. The finding that both Irf4 and Spi1 mRNA
expression was enhanced in total lung cells of Tyk2−/− asth-
matic mice is in accordance with the discovery of heightened
IL-9 secretion from lung CD4+ T cells in these mice, suggest-
ing a regulatory role of Tyk2 in Th9 differentiation [73].

As in Tyk2 deficiency, also lack of the E3 ubiquitin ligase
Cbl-b has been shown to increase Th2 and Th9 cells in an adop-
tive transfer model of allergic asthma, accompanied by, e.g. lung
eosinophilia and increased airway resistance. Mechanistically, in
this study, it has been demonstrated that STAT6 is able to bind
Cbl-b after IL-4 stimulation, intensified by TCR/CD28 stimula-
tion. Thus, ubiquitination of STAT6 by Cbl-b was revealed as a
regulatory process in Th9 differentiation [79].

By using a chronic Aspergillus fumigatus-induced model
of airway disease, Kerzerho et al. demonstrated that in the
absence of the co-stimulatory molecule programmed cell
death ligand 2 (PD-L2), the number of Th9 cells in the lung
was increased as compared to wild-type control animals.
Additionally, it was observed that this was accompanied by
higher TGFβ levels in whole lung lysates from PD-L2-
deficient mice. Moreover, the researchers found that PD-L2
neutralization and deficiency enabled in vitro generated Th9
cells to produce more IL-9 than PD-L2 competent cells.
Together the findings indicate an inhibitory role of PD-L2
on Th9 cell differentiation [26].

Vitamin D has been described to have immunosuppressive
effects and a lack of vitamin D is thought to be unfavourable
in asthma. Analysis of PBMCs from asthma patients and
healthy controls revealed that in vitro culture with both
1,25(OH)2cholecalciferol and 25(OH)cholecalciferol reduced
IL-9 production in memory CD4+ T cells. Adding the steroid
dexamethasone to the culture further strengthened this effect.
These data indicate that vitamin D, especially in the clinically
relevant combination with steroids, could be explored as a
therapeutic agent in asthma to inhibit Th9 responses [84].
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Moreover, different metabolic pathways have also been
linked to the differentiation and function of T cells. Recently, it
was observed, that the histone deacetylase SIRT1 is involved in
IL-9 expression in Th9 cells. SIRT1 has been described tomod-
ulate stress responses and energy metabolism as well as inflam-
matory processes. While in allergic airway disease SIRT1 was
shown todriveTh2cell differentiation, itwas now reported tobe
a negative regulator of IL-9 expression, as a Tcell-specific defi-
ciencyof SIRT1 led to enhanced IL-9-producingTcells, accom-
panied by airway inflammation and eosinophilia, which was
reversed by anti-IL-9 antibody treatment [83].

IL-9-mediated effects on target cells in allergic
asthma

IL-9 has biological effects on different target cells that express
the IL-9R on their surface. Many of these target cells are
involved in asthma pathogenesis, as shown in Fig. 2. The
IL-9R consists of two subunits, the α-chain (IL-9Rα) and
the common γ-chain receptor shared by IL-2, IL-4, IL-7, IL-
15 and IL-21. Binding of IL-9 to its receptor leads to cross-
phosphorylation of Janus kinase 1 (JAK1) and JAK3. This
then leads to the activation of STAT1-STAT5 homodimers or
STAT1-STAT3 heterodimers [87–89].

Cells of the immune system

It has been reported that IL-9 is able to target professional
antigen-presenting cells (APCs) and to limit their capacity to

induce Th1-type immune responses. IL-9 promotes TGFβ ex-
pression in a heterogeneous population of macrophages and
monocytes that is activated through lipopolysaccharide (LPS).
This led to a decrease in the oxidative burst and TNF expres-
sion of these cells [90]. Furthermore, a culture of PBMCs,
which include T cells and monocytes, with IL-9 decreased the
production of IFNγ and IL-12 in response to Mycobacterium
tuberculosis extract. Additionally, blocking IL-9 in these cul-
tures induced the production of IL-12 in these PBMCs [91].

Mast cells are a main target of IL-9 which serves as a
growth factor for these cells and also influences their function.
In combination with stem cell factor (SCF), IL-9 promotes the
growth of bone marrow mast cells and mast cell progenitors.
Additionally, it is known that IL-9 alone or together with SCF
or in combination with FcεRI activation can promote the ex-
pression of proteases and pro-allergic cytokines including IL-
1β, IL-5, IL-6, IL-10 and IL-13 in cultured mast cells [22,
92–95]. Especially, the cytokines IL-5 and IL-13 are of inter-
est because they are central mediators of allergic asthma. IL-
13 and IL-5 production promotes the survival and migration
of eosinophils. Furthermore, IL-13 supports the activation of
macrophages, increased the permeability of and mucus pro-
duction by airway epithelial cells and has an impact in colla-
gen deposition and AHR [96]. Therefore, IL-9 also has indi-
rect effects in the airway. Studies also revealed that the accu-
mulation of mast cells during an acute allergic inflammation
model is dependent on IL-9, because neutralizing IL-9 dra-
matically reduced the number of lung-infiltrating mast cells.
Additionally, treatment with anti-IL-9 antibodies led to re-
duced mast cell protease expression [30].

Fig. 2 Effects of IL-9 on target
cells relevant in allergic asthma.
IL-9 (centre circle) has an impact
on many different cell types
(middle circle). The influence on
target cells in asthma is shown in
the outer circle
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The IL-9R seems to be expressed also on eosinophils from
human peripheral blood. Stimulation of these eosinophils with
IL-9 upregulated the cell surface expression of the IL-5Rα
chain and increased their survival. Additionally, it has been
demonstrated that IL-9 increased eosinophil development
from CD34+ progenitors by mechanisms that include the up-
regulation of the IL-5Rα chain. Therefore, IL-9 may potenti-
ate the in vivo eosinophil function by increasing their survival
and IL-5-mediated differentiation and maturation [97].

ILC2 cells are known to constitutively express the IL-9R
on their surface which suggested an autocrine effect of IL-9 on
ILC2 cell activation and cytokine production. Mohapatra et al.
could demonstrate that IL-9 deficiency in ILC2 cells leads to a
decrease in IL-5 and IL-13 production when cultured in the
presence of TSLP and IL-33, while the number of ILC2 cells
was not affected [98].

Beside its effect on cells of the innate immune system, also
adaptive immune cells are influenced by IL-9. In B cells, IL-9
seems to influence their development aswell as their function. It
facilitates IL-4-mediatedproductionof IgEand IgGfromhuman
as well as murine B cells without affecting IgM production [99,
100]. Furthermore, increased IgE was paralleled by an upregu-
lationof IL-9RαandCD27,with the latterbeingamemoryBcell
marker implicated in increased IgE secretion. Thus, IL-9 seems
to be involved in memory B cell differentiation [101].

Referring to the different Th subsets, IL-9 has been shown
to act as a growth factor for these cells, especially for Th17
cells. Previous studies demonstrated that IL-9 is able to pro-
mote the expansion of Th17 cell populations in vitro. In con-
trast, IL-9 does not seem to facilitate the expansion or survival
of FoxP3+ Treg cells but enhances their regulatory function
in vitro [20]. Furthermore, pulmonary overexpression of IL-9
seems to induce Th2 cytokine expression, namely IL-5 and
IL-13, resulting in pathologic changes in the lungs [29].

Structural cells in the lung

Airway smooth muscle cells are known to express the IL-9R.
Therefore, IL-9 can directly act on these cells by promoting
the release of the chemokines CCL11 and IL-8 to be attrac-
tants for eosinophils and neutrophils respectively [102, 103].
The IL-9-mediated expression of CCL11 is STAT3 dependent
which directly binds to the ccl11 promoter [104].

IL-9 can also directly affect human primary airway epithelial
cells and cell lines by inducing the expression of mucins, e.g.
MUC4, thereby inducing mucus cell metaplasia. Furthermore,
IL-9 also induces the expression of chemoattractant factors
from human airway epithelial cells in a dose-dependentmanner,
such as IL-16 and regulated on activation, normal T cells
expressed and secreted (RANTES), which are chemotactic for
T cells [105]. Additionally, IL-9 promotes the expression of
CC-type chemokines in murine primary lung epithelial cells
and cell lines that are chemotactic for eosinophils [106].

Concluding remarks

Allergic asthma still is a health burden, especially in Western
countries, and the importance of IL-9-producing cells has
been observed by many different groups. IL-9 is produced
by CD4+ Tcells as well as other cells such as mast cells, innate
cells and eosinophils. It is known to promote the proliferation
of activated T cells, increase IgE production of B cells and
promote the differentiation and proliferation of mast cells.
Therefore, IL-9 is linked to the pathogenesis of asthma and
studies in mice and humans demonstrated a link between IL-9
production and, e.g. AHR, lung eosinophilia, mast cell accu-
mulation and mucus hypersecretion. As the signaling path-
ways of Th9 and other IL-9-producing cells are further eluci-
dated, these data encourage the use of IL-9 blockade as a
therapeutic strategy in asthma patients. Even though the direct
inhibition of IL-9 by administration of anti-IL-9 antibodies so
far did not revolutionize asthma therapy, there are promising
approaches to pursue this goal, e.g. with the tick-derived sali-
va protein sialostatin L. Taken together, the contributing role
of IL-9-producing cells to asthma has been elucidated and
opens many possibilities to take advantage for the develop-
ment of novel therapeutic strategies, but so far, these still need
further exploration.
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