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CD4+T helper (Th) cells are important mediators of immune responses in asthma and cancer. When counteracted by different
classes of pathogens, naïve CD4+T cells undergo programmed differentiation into distinct types of Th cells. Th cells orchestrate
antigen-specific immune responses upon their clonal T-cell receptor (TCR) interaction with the appropriate peptide antigen
presented on MHC class II molecules expressed by antigen-presenting cells (APCs). T helper 9 (Th9) cells and regulatory T
(Treg) cells and their corresponding cytokines have critical roles in tumor and allergic immunity. In the context of asthma and
cancer, the dynamic internal microenvironment, along with chronic inflammatory stimuli, influences development,
differentiation, and function of Th9 cells and Treg cells. Furthermore, the dysregulation of the balance between Th9 cells and
Treg cells might trigger aberrant immune responses, resulting in development and exacerbation of asthma and cancer. In this
review, the development, differentiation, and function of Th9 cells and Treg cells, which are synergistically regulated by various
factors including cytokine signals, transcriptional factors (TFs), costimulatory signals, microenvironment cues, metabolic
pathways, and different signal pathways, will be discussed. In addition, we focus on the recent progress that has helped to
achieve a better understanding of the roles of Th9 cells and Treg cells in allergic airway inflammation and tumor immunity. We
also discuss how various factors moderate their responses in asthma and cancer. Finally, we summarize the recent findings
regarding potential mechanisms for regulating the balance between Th9 and Treg cells in asthma and cancer. These advances
provide opportunities for novel therapeutic strategies that are aimed at reestablishing the balance of these cells in the diseases.

1. Introduction

When detected of a wide variety of pathogens, the adaptive
immune system utilizes T lymphocytes to establish and
maintain immune response [1, 2]. Upon interaction with
antigen presented by antigen-presenting cells (APCs) such
as dendritic cells (DCs), naïve CD4+T cells can differentiate
into distinct types of CD4+T helper cells (Th cells) including
Th1, Th2, Th17, Th9, Th22, follicular T helper (Tfh), and
partial regulatory T cell (Treg) subsets [3]. The differentia-
tion process is governed predominantly by microenviron-
mental cues such as cytokines signals, costimulatory signals,
inflammatory milieu, and to some extent, the strength of
the interaction of the T-cell antigen receptor (TCR) with
antigen [4]. Importantly, a balanced state of Th cell popula-

tions is required for triggering an effective inflammatory
response and for remaining being immune-tolerant homeo-
stasis and, thus, for attenuating the exuberant immune
response in disease conditions [1].

Th9 cells which exhibit a strong proinflammatory activity
mediate allergic inflammation and tumor immunity [5]. The
pathogenic function of Th9 cells is limited by Treg cells
which suppress aberrant immune responses [2, 6, 7]. In addi-
tion, Treg cells play indispensable roles in preventing
immune pathology induced by pathogens and in maintaining
tolerance to allergens by regulating allergen-triggered
immune response [8, 9]. Treg cells can also suppress antitu-
mor immune response [10]. Recent insights into molecular
and cellular mechanisms of asthma and cancer have indi-
cated that Th9 cells and Treg cells acted in an opposing
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manner to regulate allergic and tumor-specific immune
responses [11–14]. Meanwhile, several experiments have
demonstrated that the imbalanced status between Th9 cells
and Treg cells was closely associated with the pathogenesis
of asthma and cancer [11, 15]. Despite the growing awareness
regarding the importance of Th9 cells and Treg cells in regu-
lating allergic airway inflammation and tumor immunity, the
mechanisms underpinning the imbalance between these cells
in experimental models of allergic airway inflammation or
tumor and in asthma or cancer patients have not been thor-
oughly examined. There is evidence that multiple factors
including cytokine signals, transcriptional factors (TFs), epi-
genetic regulators, microenvironment cues, metabolic path-
ways, and different signaling pathways synergistically
regulate reciprocal development pathways and activation of
Th9 cells and Treg cells [11, 16–20]. Th9 cells and Treg cells
exhibit some degree of plasticity of coexpressing specific
cytokines [19]. These concepts may be at the core of the
mechanisms involved in regulating balance between these
cells in asthma and cancer (discussed in detail below). In this
review, we describe recent studies exploring the roles of Th9
cells and Treg cells in allergic airway inflammation and can-
cer. Moreover, we discuss how different factors such as cyto-
kine signals, TFs, metabolic pathways, and different signaling
pathways regulate the development, function, plasticity, and
balance of these cells. Specifically, we focus on potential
methods and mechanisms of reestablishing the balance
between Th9 and Treg cells that control the development of
asthma and cancer.

2. Characterization of the Cell Subsets

2.1. Th9 Cells. Almost three decades before the first identifi-
cation of Th9 cells in vivo, it was reported that production
of interleukin-9 (IL-9) by CD4+T cells was dependent on
IL-2, induced by IL-4 and transforming growth factor-β
(TGF-β) signaling, and further enhanced by IL-1 and IL-25,
while IFN-γ was considered as an inhibitory cytokine of IL-
9 generation [21–23]. Studies using Trichuris muris-infected
mice where TGF-β signaling is blocked in CD4+T cells and
Nippostrongylus brasiliensis-infected IL-9 fluorescent
reporter mice defined these IL-9-producing CD4+T cells as
Th9 cells and demonstrated that Th9 cells could expulse the
parasitic worm [24, 25]. Subsequent experiments further
demonstrated that TGF-β signaling and additional stimuli
such as calcitonin gene-related peptide (CGRP), TNF
ligand-related molecule 1A (TL1A), and thymic stromal lym-
phopoietin (TSLP) were required for the development of Th9
cells [26–29]. Meanwhile, extensive research indicated that
Th9 cells contributed to allergic pathologies, development
of brain inflammation of experimental autoimmune enceph-
alomyelitis (EAE), and colitis [13, 30–33]. Th9 cells also play
a major role in antitumor immunity [34, 35]. It seems likely
that Th9 cells utilize multiple mechanisms for promoting
allergic inflammation and restraining tumor growth. Th9
cells interact with multiple cell types including mast cells
(MCs), innate lymphoid cells (ILCs), and dendritic cells
(DCs) to facilitate coordinated regulation of allergic airway
inflammation and tumor development [36–38]. IL-9 has

been considered a predominant signature cytokine of Th9
cells and plays critical roles in the allergic and antitumor
immune responses mediated by Th9 cells [38, 39]. Further-
more, mouse and human Th9 cells also secret other cytokines
such as IL-21, IL-10, IL-17, and IL-22, which orchestrate the
immune responses in cancer and allergic asthma [30, 40–42].

2.2. Cytokines, Transcription Factors (TFs), and Signal
Transduction Pathways for Development and Differentiation
of Th9 Cells. Induction or activation of specific TFs in
response to TCR signaling, cytokines, and other molecules
such as costimulatory molecules determines development
and differentiation programs of Th cells [43]. In contrast to
other T helper cell subsets, a series of TFs constitute a regula-
tory network to control the fate commitment of Th9 cells and
a single “master” TF has yet been identified [5]. Major Th9
regulatory TFs include IFN-regulatory factor (IRF4), PU.1,
ETV5, GATA-binding protein 3 (GATA-3), drosophila
mothers against decapentaplegic protein (SMAD) 2/3/4,
IRF1, basic leucine zipper transcription factor ATF-like
(BATF), nuclear factor-κB (NF-κB) RelB/p52, signal trans-
ducer and activator of transcription 6 (STAT6), and STAT5
[5, 11, 20, 34, 44, 45]. These TFs function downstream of var-
ious signals including IL-4, IL-2, TGF-β1, and IL-1 signals;
TCR-dependent signals such as nuclear factor of activated
T cell (NFAT) signal; costimulatory signals such as tumor
necrosis factor receptor (TNFR) family members,
glucocorticoid-induced TNFR-related protein (GITR) and
OX40 (Tnfrsf4), and IL-2 inducible tyrosine kinase (Itk);
and TL1A signals in the induction of IL-9 and development
of Th9 lineage [11, 16, 46–50]. The induction and modula-
tion of IL-9 protein expression require distinct cis-elements
closed to the Il9 gene locus including several evolutionally
conserved noncoding sequences (CNSs) [51]. CNS1, CNS2,
and CNS-6 bind to SMAD2/3/4, STAT5, STAT6, NFAT,
and additional factors to regulate IL-9 production [52]. Inter-
estingly, Th9 cell differentiation is controlled by competition
between IL-2-STAT5 and IL-21-STAT3 pathways [53]. A
recent study found that transcription factor forkhead box-
O1 (Foxo1), a member of the Foxo family, could bind to
and transactivate the Il9 and Irf4 promoters to control the
development of Th9 cells [54] (Figure 1).

2.3. Treg Cells. The initial evidence of the existence of Treg
cells came from research of organ-specific autoimmune dis-
ease [55, 56]. Adoptive transfer of particular CD4+T cells
bearing particular molecular markers CD25 (the IL-2 recep-
tor α chain) and forkhead box P3 (Foxp3) encoded by the X-
chromosome into recipient thymectomy mice can inhibit
damage of various organs caused by chronic inflammation
and prevent the disease development [57]. Moreover, Treg
cells are categorized into thymic Treg (tTreg) cells that arise
in the thymus and peripherally induced Treg (pTreg) cells
that differentiate in the periphery and in vitro-induced Treg
(iTreg) cells [58]. Interestingly, both types of Treg cells are
considered being interchangeable or reversible in regulating
the immune response [59, 60]. Treg cells prevent inappropri-
ate inflammatory responses and maintain immune homeo-
stasis. They also have detrimental effects on tumor
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progression and infectious pathogen persistence [61]. Impor-
tantly, several researches suggested that their regulatory
functions might depend on different modes of action includ-
ing function modification or elimination of other immune
cells like APCs [57]; inhibiting different aspects of effector
Th cell effectiveness including suppression of the priming
and expansion of aberrant Th cells [62]; blocking the migra-
tion of Th cells from the site of immunization [63]; inhibiting
the differentiation of naïve precursors into pathogenic effec-
tor Th cells through exploiting a variety of TFs and cytokine
signals [64]; utilizing cytotoxicity granzyme, perforin to inac-
tivate responder T cells and delivering negative signals to
effector Th cells [57, 65]; secretion of specific immunosup-
pressive cytokines such as IL-10, TGF-β, or IL-35 [57];
expression of cell surface inhibitory receptors such as cyto-

toxic T lymphocyte-associated protein 4 (CTLA-4) [66];
depletion of IL-2 by overexpression of the high-affinity IL-
2R α chain [67]; and purine-mediated suppression by
CD39-dependent conversion of ATP [68].

2.4. Cytokines, TFs, and Signal Transduction Pathways for
Development and Differentiation of Treg Cells. The develop-
ment and differentiation of Treg cells require TGF-β, IL-2
signals to activate Foxp3, and STAT5 [69, 70]. Notably,
proper STAT5 activation and the TGF-β signal play central
roles in balanced development between Treg cells and Th9
cells [16, 71]. The development and differentiation of Treg
cells are predominantly governed by TCR-dependent signals
coupled with IL-2 receptor and costimulatory signals [72,
73]. Foxp3 can cooperate with a variety of TFs such as NFAT,
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Figure 1: Cytokines, transcription factors (TFs), and signal transduction pathways for interleukin-9 (IL-9) production and Th9 cell
differentiation. The development and differentiation of Th9 cell mainly require TFs including IFN-regulatory factor (IRF4), PU.1, signal
transducer and activator of transcription 6 (STAT6)，STAT5, and drosophila mothers against decapentaplegic protein (SMAD) which
function downstream of cytokine signals including IL-4, IL-2, and transforming growth factor-β (TGF-β) signals. T cell receptor (TCR)
and TCR-dependent signals such as nuclear factor of activated T cells (NFAT) and costimulatory signals including glucocorticoid-induced
TNFR-related protein (GITR) and OX40 signals also have important roles in IL-9 transcription upon interaction with antigen-presenting
cells (APCs). Accessory cytokines such as IL-1, IL-2, and costimulatory molecule OX40 induce nuclear factor-κB (NF-κB) signaling to
drive IL-9 transcription and generation of Th9 cell. In addition, downstream signals of the TCR leading to the expression of adaptor-
related protein complex 1 (AP-1) family member basic leucine zipper transcription factor ATF-like- (BATF-) JUN may contribute to IL-9
expression in a cooperative manner with IRF4. Essentially, these TFs contribute to chromatin modifications at the Il9 locus and the
initiation of IL-9 expression. Coactivator histone acetyltransferase p300 promotes accessibility of the Il9 locus. Other factors including
forkhead box-O1 (Foxo1), ETV5, GATA-binding protein 3 (GATA-3), IRF1, hypoxia-inducible factor 1a (HIF1α), and IL-2-inducible
tyrosine kinase (Itk), as well as additional stimuli including calcitonin gene-related peptide (CGRP), TNF ligand-related molecule 1A
(TL1A), and thymic stromal lymphopoietin (TSLP) further enhance IL-9 production by Th9 cell.
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Runx1 (also known as acute myeloid leukemia 1 (AML1)),
Eos, BATF, Myb, IRF4, c-Maf, JunB, B lymphocyte-induced
maturation protein 1 (Blimp1), BACH2, Foxo1, and different
proteins including TIP6, AMBRA1, or histone deacetylase 7
(HDAC7) to regulate Treg cell lineage commitment and sup-
pressive function [74, 75]. The induction and modulation of
Foxp3 protein expression require distinct cis-elements within
the Foxp3 gene locus including its promoter and CNSs.
CNS1, CNS2, and CNS3 bind to SMAD2/3, STAT5,
GATA-3, and cAMP response element-binding protein
(CREB) and additional factors to induce and regulate Foxp3
expression [76–80]. A recent study found that forkhead box-
P1 (Foxp1), a sibling family member of Foxp3, could pre-
serve a favorable state of chromatin modifications of the
Foxp3 locus by being physically associated with its promoter
and enhancer region CNS2 in a TGF-β-dependent manner.
Foxp1 sustains optimal expression of Foxp3 during the onset
of extrathymic Treg cell induction [81] (Figure 2).

2.5. Reciprocal Developmental Pathways for the Generation of
Th9 Cells and Treg Cells. Several studies have identified that a

group of TFs including IRF4, BATF, NFAT, STAT5,
SMAD2/3, and NF-κB family of transcription factors, as well
as the TGF-β signal, some costimulatory signals, andmetabolic
pathways, is shared between Th9 cells and Treg cells during
their development and differentiation [20, 66, 82] (Figure 3).

2.5.1. TGF-β Signal. Lying at the crossroads of the balance
between Th9 cells and Treg cells, the TGF-β signal has a dual
function in the development, differentiation, and their func-
tion [70, 83, 84]. In a different context, the TGF-β signal can
induce either immunosuppressive Treg cells or proinflam-
matory Th9 cells depending on the amount of TGF-β and
environmental factors such as cytokines presented to these
cells [85, 86]. High concentration of TGF-β alone, or in com-
bination with retinoic acid (RA) and IL-2, is optimal for
Foxp3 expression [86]. TGF-β binding to its receptor leads
to activation and recruitment of SMAD2 and SMAD3 into
CNS1 within the Foxp3 locus to promote differentiation of
Treg cells [78, 87, 88]. TGF-β in combination with IL-4 in
the presence of TCR and costimulatory signals induces devel-
opment of the Th9 lineage [15, 19, 89]. TGF-β is also needed
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Figure 2: Cytokines, transcription factors (TFs), and signal transduction pathways for forkhead box P3 (Foxp3) induction and Treg cell
differentiation. The development and differentiation of Treg cell mainly require TGF-β, IL-2 signals to activate Foxp3, and STAT5. The
induction and maintenance of Foxp3 in Treg cell are regulated by distinct cis-elements within the Foxp3 gene locus which are bound by
SMAD2/3 and TFs such as STAT5, GATA-3, and cAMP response element-binding protein (CREB). The development and differentiation
of Treg cell are also predominantly governed by TCR-dependent signals coupled with costimulation molecules such as TNFR2, which
induce NF-κB signaling to drive Foxp3 transcription. In addition, downstream signals of the TCR leading to the expression of AP-1 family
member BATF-JUN may contribute to Foxp3 expression in a cooperative manner with IRF4. p300 affects the acetylation and function of
multiple TFs such as Foxp3 in Treg cell. Other TFs including forkhead box P1 (Foxp1), NFAT, Foxo1, runt-related transcription factor
(Runx1), and ETS1 further promote Foxp3 transcription and Treg cell function.
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to induce expression of PU.1 by activating SMAD2 and
SMAD4. SMAD2 and SMAD4 regulate IL-9 production
through displacement of EZH2 and removal of suppressive
H3K27 histone modification at the Il9 locus during Th9 dif-
ferentiation [20]. Activin-A, a TGF-β superfamily member,
in combination with a low dose of TGF-β drives the genera-
tion of mouse Th9 cells in vitro [90]. Activin-A synergisti-
cally enhances TGF-β1-mediated Foxp3 expression leading
to CD4+CD25−T cells conversion to Treg cells in vivo [91].

2.5.2. STAT5. The transcription factor STAT5 functions
downstream of several cytokines to regulate development of
Th9 cells and Treg cells [53]. IL-2 signaling activates STAT5

in T cells and promotes Th9 cell development [53]. Recent
studies found that activated STAT5 could bind to the pro-
moter of the Il9 locus and induce IL-9 transcription by reduc-
ing H3K9 histone methylation [53, 92]. A similar mechanism
might be utilized by Treg cells. IL-2 signaling induces the acti-
vation of STAT5, which binds to and demethylates CNS2 to
stabilize Foxp3 expression in Treg cells. On the other hand,
IL-4 activates STAT6 to compete with STAT5 for the binding
to similar sites in the Foxp3 locus and to counteract STAT5
activity, thereby silencing Foxp3 transcription [76].

2.5.3. IRF4. Interestingly, some TFs form a macromolecular
complex to strengthen their role in regulating development
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Figure 3: The reciprocal developmental pathways for the generation and differentiation of Th9 cell and Treg cell. The thymic Treg (tTreg) cell
arises in the thymus. Transcription factor PU.1, IRF4, and Foxp3 are essential for differentiation of Th9 and Treg cell subsets, respectively.
The local microenvironment strongly influences the processes that determine lineage differentiation of Th9 cell and Treg cell. Binding of
conserved pathogen-derived molecules to pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), on the cell surface of
APCs activates the production of various cytokines. Activated APCs present antigens to naïve CD4+T cell and promote differentiation of
Th9 cell and Treg cell. The presence of high concentration of TGF-β in combination with IL-2 and retinoic acid (RA) is optimal for
Foxp3 expression to facilitate periphery Treg (pTreg) cell or inducible Treg (iTreg) cell generation. By contrast, low concentration of TGF-
β in combination with IL-4 and IL-2 induces differentiation of Th9 cell through induction of STAT6 and STAT5. In addition, IL-1β
combined with IL-4 induces a Th9IL-4+IL-1β cell subset. Different signaling pathways including the mechanistic target of rapamycin
(mTOR), Notch, and NF-κB signals are also required for the regulation of development and differentiation of Th9 cell and Treg cell.
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and function of Th9 cells and Treg cells. Adaptor-related
protein complex 1 (AP-1) family members BATF and JUN
formed a trimeric complex with IRF4, referred to as activat-
ing protein-1 interferon regulatory factor (AP-1-IRF)
composite elements (AICEs) [93]. AICEs regulate the differ-
entiation of Th9 cells and Treg cells [50, 66, 94]. When naïve
CD4+T cells were cultured under Th9 skewing conditions,
IRF4 interacted with BATF and BATF3, binding to the Il9
promoter to increase Il9 gene transcription in Th9 cells
[50, 95, 96]. AICEs also play a central role in the genera-
tion of effector Treg cells (eTreg) in peripheral organs.
The study using genome-wide chromatin immunoprecipi-
tation sequencing (ChIP-seq) analysis for Junb-deficient
and Junb-sufficient Treg cells found that JunB colocalized
with BATF and IRF4 at loci of some eTreg-related genes
including costimulatory gene-inducible T cell costimulator
(Icos) and coinhibitory gene Ctla4. JunB deficiency resulted
in defect in the expression of ICOS and CTLA4 [66]. These
data demonstrated that AICEs might be the critical regula-
tor of differentiation and function of both Th9 cells and
Treg cells (Table 1).

2.5.4. The NF-κB Signaling Pathway. The NF-κB signaling
pathway has important roles in the development and func-
tional divergence of Th9 and Treg cells [97, 98]. Both canon-
ical NF-κB signaling and noncanonical NF-κB signaling are
required for Th9 cell differentiation and production of
inflammatory cytokine IL-9 [11, 15]. On the other hand,
NF-κB subunit c-Rel binds to CNS3 and plays a central role
in thymic and peripheral Foxp3 expression and Treg cell dif-
ferentiation [98]. Moreover, NF-κB p65 and c-Rel maintain
Treg cells identity and function through directly affecting
the expression of Treg lineage-specific transcriptional genes
including Ikzf2 (Helios), Lrrc32 (GARP), and Ctla4 [99,
100]. Both Foxp3 and Il9 loci can be regulated by costimula-
tory molecule signals [11, 15]. Under iTreg polarizing condi-
tions, GITR stimulation significantly inhibited the binding of
SMAD3 to the Foxp3 locus and increased the binding of
SMAD3 to the Il9 locus [11]. Using ChIP assays found that
GITR stimulation induced NF-κB p50, which recruited his-
tone deacetylase 1 (HDAC1) and sirtuin1 (SIRT1) to the
Foxp3 locus where they mediated histone deacetylation and
consequently the inhibition of Foxp3 expression and Treg
cell development. Conversely, p50 can activate STAT6,
which induces histone hyperacetylation at the Il9 locus by
recruiting p300 histone acetyltransferase, and consequently
the induction of Th9 cells. Interestingly, Foxp3 acts as a
potent repressor of Th9 cells. Once Foxp3 is induced, it binds

to the Il9 locus and through recruiting histone deacetylases to
inhibit transcription of IL-9 and development of Th9 cells
[11]. OX40 is another T cell costimulatory molecule in the
TNFR superfamily besides GITR [101]. Under Th9 polariz-
able conditions, OX40 can activate ubiquitin ligase TRAF6,
which mediates activation of NF-κB-inducing kinase (NIK).
NIK activates the noncanonical NF-κB p52-RelB pathway,
which subsequently triggers IL-9 transcription and Th9 cell
generation [15].

2.5.5. The Mechanistic Target of the Rapamycin (mTOR)
Signaling Pathway. The mechanistic target of rapamycin
(mTOR) is a conserved serine/threonine kinase that has cen-
tral roles in the cell metabolism and growth. mTOR exists in
two functionally distinct multiprotein complexes in meta-
zoans, including mTOR complex 1(mTORC1) and mTOR
complex 2 (mTORC2) [102]. The mTORC1- and
mTORC2-dependent metabolic programming might have
cell context-dependent effects on the development and func-
tion of Th9 cells and Treg cells [18]. It has been shown that
mTORC1 signaling positively regulated Th9 cell differentia-
tion through multiple mechanisms, including increase of
hypoxia-inducible factor 1 alpha (HIF1α) expression, regula-
tion of histone acetylation at the Il9 promoter region, and
dephosphorylation of Foxo1 [103, 104]. Wang et al. reported
that HIF1α could directly regulate IL-9 expression through
binding to the Il9 promoter. Modulation of mTORC1-HIF1α
signaling coupled with glycolytic metabolism promoted Th9
cell differentiation [104]. The mTORC2 signaling also pro-
motes development of Th9 cells and Th9 cell-associated
allergic airway inflammation. In an allergic airway inflamma-
tion mouse model, mice specifically lacking Rictor (the core
component of mTORC2) in CD4+T cells showed less Th9
cells and decreased allergic response. Rictor deficiency signif-
icantly impaired Th9 cell differentiation through downregu-
lation of IRF4, STAT6 expression, and Akt activity, which
indicated that mTORC2 signaling regulated Th9 cell differ-
entiation by modulating IRF4 downstream of either Akt or
STAT6 [105]. In contrast, mTORC2-Akt signaling can
inhibit Foxp3 expression and consequently suppress the gen-
eration and function of iTregs by antagonizing the function
of SMAD3 and SMAD4 downstream of TGF-βR signaling
and by inducing the nuclear exclusion of Foxo1 and Foxo3,
respectively [106, 107]. A recent study found that mTORC1
functioned downstream of antigenic signals to promote
IRF4, GATA-3 expression, and mitochondrial metabolism
and consequently regulated development, homeostasis, and
suppressive function of activated Treg cells [108].

Table 1: Specific cytokines, signal transducer, activator of transcription (STAT) members, and transcription factors (TFs) in the development
and differentiation of Th9 cell and Treg cell.

Subset Cytokines STAT members Master TFs Other TFs

Th9 IL-2, IL-4, TGF-β, IL-1, IL-25 STAT6, STAT5 ?
IRF4, PU.1, BATF, GATA-3, NFAT, SMAD 2/3/4,

NF-κB RelB/p52, Foxo1, ETV5, IRF1

Treg TGF-β, IL-2 STAT5 Foxp3
Foxp1, AML1/Runx1, CREB, Foxo1, NFAT, c-Maf,

Blimp-1, BATF, IRF4, Eos, Myb, GATA-3,
JunB, SMAD 2/3, NF-κB p65/c-Rel

Th9, Treg TGF-β, IL-2 STAT5 IRF4, BATF, SMAD 2/3, NFAT, GATA-3, Foxo1
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2.5.6. The Notch Signaling Pathway. Notch is a receptor that
responds to cell surface-bound ligand molecules including
Jagged (Jagged1 and Jagged2) and delta-like ligands (DLL1,
DLL3, and DLL4) [109]. Notch signaling controls develop-
ment and differentiation of Th cells [110]. Conditional dele-
tion of Notch1 and Notch2 receptors decreased IL-9
production in Th9 cells differentiated under IL-4 plus TGF-
β1 conditions [31]. Activation of Notch signaling by Jagged2
ligation promoted Th9 cell differentiation. The Notch1 intra-
cellular domain (NICD1) recruited SMAD3 together with
recombining binding protein- (RBP-) Jκ to bind to the Il9
promoter and induced its transactivation [31]. Moreover,
Notch showed a CD4+T cell intrinsic role in promoting IL-
4 expression by transactivation of the Gata-3 gene [111]. By
contrast, activation of Notch signaling by Jagged1 is required
for Treg cell lineage commitment, expansion, and mainte-
nance [112]. Notch signaling through its ligand DLL4 pro-
motes iTreg cell differentiation and stability through a
MYDN domain-containing protein 3- (SMYD3-) mediated
epigenetic mechanism [113]. During allergic airway inflam-
mation, whilst Jagged1-derived signals preferentially induce
Th2 response, DLL4 has been shown to enhance Treg cell dif-
ferentiation and ameliorate the allergic response [114, 115].

Notably, the crosstalk among these signaling cascades
might be a more complicated mechanism through which
the balance of Th9 and Treg cells is regulated [116]. The bal-
ance of these signaling pathways may influence the genera-
tion, function, and balanced responses of Th9 and Treg
cells [115, 117]. Regulation of the reciprocal developmental
signaling pathways in these cells may represent a practical
strategy for combating allergic asthma and cancer.

2.6. The Instability and Plasticity of Th9 Cells and Treg Cells.
Among CD4+T cell subsets, Th9 cells and Treg cells seem to
exhibit high instability and plasticity under appropriate envi-
ronmental stimuli [24, 118]. Environmental cues are trans-
mitted to Treg cells and Th9 cells for their functional
reprogramming. A study using an Il9 fate reporter mouse
model and in vitro-generated IL-9 expressing T cells demon-
strated that IL-9 production was transient and few of the for-
mer IL-9-secreting cells maintained IL-9 production [119].
Another study implicated that restimulation of Th9 cells
in vivo by exposure to their cognate antigen resulted in
diminished IL-9 production [120]. Moreover, depending on
the local cytokine milieu present in particular disease models
in vivo, adoptively transferred Th9 cells can be repro-
grammed into other Th cell subtypes to improve and facili-
tate adaptive immunity [121]. On the other hand, the
instability of Foxp3 in Treg cells has been widely observed
and is inherent in their developmental origin [118, 122]. Treg
cells manifest functional instability including losing their
expression of Foxp3 and suppressive effectiveness, further
differentiating into effector Th cells and secreting proinflam-
matory cytokines in the contexts of infection, organ-specific
autoimmunity, and different tumor microenvironments [6,
123–125]. Strikingly, Foxp3+Treg cells are also capable of
expressing and producing IL-9 in response to inflammatory
environmental cues [126]. Murine Th9 cells also produce
IL-10 with deficiency of immune-suppressive capability [19,

120, 127]. It has been showed that the costimulatory signal
might induce transdifferentiation of Treg cells into Th9 cells.
GITR signaling can convert iTregs into Th9 cells by control-
ling chromatin remodeling at the Foxp3 and Il9 loci [128].
The aberrant plasticity and instability of Th9 cells and Treg
cells accompanied by changing the effector function might
implicate a possible mechanism that affects the balance of
Th9 cells and Treg cells in asthma and cancer.

3. Roles of Th9 Cells and Treg Cells in Asthma
and Cancer

3.1. The Role of Proinflammatory Th9 Cells in Asthma.Many
studies have demonstrated that Th9 cells were highly proin-
flammatory effector T (Teff) cells [5, 129]. Th9 cells are
strongly associated with the induction and development of
allergic airway inflammation in asthmatic patients and
mouse models of asthma [13]. Asthmatic patients have been
shown to have increased numbers of Th9 cells in peripheral
blood mononuclear cells (PBMCs) and increased IL-9 levels
in bronchoalveolar lavage fluid (BALF) [130, 131]. Mouse
models of asthma showed increased numbers of IL-9
expressing infiltrating T cells in the lungs when exposed to
allergens including house dust mites (HDM), aspergillus,
ovalbumin (OVA), and papain [26, 90, 132]. Transfer of
OVA-specific Th9 cells into T cell-deficient mice led to
severe allergic inflammation after challenge with OVA.
Moreover, when these recipient mice were additionally
treated with an anti-IL-9 antibody, many of the inflamma-
tory features were blocked [95]. The effector functions of
Th9 cells in allergic airway inflammation can be attributed
to not only the production of the signature cytokine IL-9
but also the utilization of other lymphoid cell types which
may have various roles in allergic asthma [36, 37]. Th9 cells
and IL-9 could promote activation and accumulation of
MCs, T cells, type 2 innate lymphoid cells (ILC2s), and eosin-
ophils concomitantly with increased levels of IgE, IL-13, and
IL-5 in asthma models [36, 37] (Figure 4). Importantly, var-
ious cytokines, TFs, TCR, and costimulatory signals are
involved in Th9 cell-mediated allergic immunopathology.
Studies using adoptively transferred models of allergic
asthma demonstrated that exogenously or ectopically
expressed proallergic cytokines such as TSLP, TNF family
cytokine TLI1 (Tnfsf15), and IL-25 promoted airway inflam-
mation by increasing Th9 cell differentiation and IL-9 pro-
duction [29, 133, 134]. The Tec family tyrosine kinase Itk is
a component of TCR-mediated signaling. In an allergic
asthma model, mice with a deficiency of Itk showed reduced
pulmonary inflammation and IL-9 production by T cells. The
in vitro experiment further demonstrated that Itk induced
Th9 differentiation by regulating IRF4 [132]. Similarly, aller-
gic inflammation was attenuated in mice with deficiencies in
specific TFs including PU.1 and BATF [48, 135]. OX40
costimulatory signaling has been demonstrated to promote
allergic airway inflammation by inducing Th9 cell generation
[15]. Furthermore, the airway microenvironment in asthma
might further amplify Th9 cell-mediated immune response
and allergic inflammation. During allergic asthma, inflam-
matory cytokines induce nitric oxide synthase (NOS) activity
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in the airway epithelium and inflammatory cells resulting in
the production of large amounts of nitric oxide (NO) [136].
NO can enhance Th9 cell differentiation by increasing p53-
mediated IL-2 production, STAT5 phosphorylation, and
IRF4 expression resulting in developing more severe airway
inflammation [137]. These data indicate important roles of
cytokines, TFs, TCR signaling, costimulatory molecules,
and airway microenvironment in regulating development
and differentiation of Th9 cells to promote development of
asthma. Zhao et al. recently showed that A 7 amino acid pep-
tide (7P) of the hypervariable region 1 (HVR1) of hepatitis C
virus could inhibit Th9 differentiation and IL-9 production
by blocking CD81 signaling in an OVA-induced asthma
model [138].

3.2. The Role of Anti-inflammatory Treg Cells in Asthma. The
pathogenesis of allergic asthma entails a dysfunctional tol-
erogenic immune response towards allergens [14]. Genetic
and immunological evidence indicates that Treg cells play
pivotal roles in promoting tolerance to allergens and prevent-
ing allergic asthma [139]. Moreover, a number of studies
have investigated associations of impaired function and
decreased frequencies of Treg cells with the development of
allergic asthma [140–142]. Adoptive transfer of antigen-
specific Treg cells suppressed allergic inflammation and air-
way hyperreactivity in asthmatic mice [143]. The precise
mechanisms by which Treg cells employ to suppress allergic
immune responses in asthmatic chronic inflammatory envi-
ronments are complex. Prevention of Teff cells and innate
immune cell-mediated immune responses is one of the pri-
mary functions of Treg cells in asthma [144]. Treg cells can
restrain DC and ILC2 function in the lung, resulting in sup-

pression of inappropriate immune responses [145]. More-
over, another inhibitory mechanism utilized by Treg cells
appears to be via anti-inflammatory cytokines such as IL-
10, TGF-β1, and IL-35 [146–148] (Figure 4). Interestingly,
evidence suggests that the capacity of Treg cells to suppress
the effect Th cells responses can be associated with the acqui-
sition or alteration of specific TFs and cytokines [6, 149]. In
the course of regulating Th cell immune responses, Treg cells
can partially mimic the phenotype of the Teff cells by
expressing their master TFs. This capacity could endow Treg
cells with finely tuned homing, survival, and functional prop-
erties [150]. For instance, IRF4 expression endows Treg cells
with the ability to suppress Th2 responses [6]. Importantly,
studies of immune dysregulation, polyendocrinopathy,
and enteropathy X-linked (IPEX) which are characterized
by rare human autoimmune disorder and allergic inflam-
mation elucidated that Foxp3 was specifically required
for Treg cell function in asthma [151]. Foxp3-deficient
mice exhibit a proallergic phenotype associated with Th2
cell-induced airway inflammation and elevated serum
levels of IgE and IgA [152].

3.3. The Antitumor Effect of Th9 Cells. In recent years, several
groups have reported that Th9 cells exhibit potent antitumor
activity [153]. The adoptive transfer of antigen-specific Th9
cells could prevent tumor progression in diverse animal
models for human cancer [39, 71]. The mechanisms underly-
ing the antitumor function of Th9 cells are most probably
dependent on their secretion of IL-9, IL-21, IL-3, and gran-
zyme B (GzmB) and activation of different types of immune
cells such as MCs, DCs, and CD8+T cells [50, 71, 154, 155].
IL-9 could induce recruitment of DCs and leukocytes via
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Figure 4: Th9 cells and Treg cells in allergic asthma. Th9 cells and IL-9 could promote activation and accumulation of mast cells (MCs),
dendritic cells (DCs), type 2 innate lymphoid cells (ILC2s), and eosinophils, as well as production of IL-13 and IL-5 in asthma.
Furthermore, IL-9 and Th9 cells can alter epithelial cell function and promote airway hyperresponsiveness (AHR), mucus hypersecretion,
and airway collagen deposition. Inhibition of immune responses mediated by effector T (Teff) cells and innate immune cells is a primary
function of Treg cells in asthma. Treg cells restrain Th9 cell, DC, and ILC2 function in the lung, resulting in suppression of inappropriate
immune responses. Treg cells also release inhibitory cytokines such as IL-10, TGF-β, and IL-35 to control allergic responses.
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the CC-chemokine ligand 20- (CCL20-) CC-chemokine
receptor 6 (CCR6) axis and promote DCs to migrate to
tumor-draining lymph nodes (TDLNs). Then, DCs activated
CD8+T cells in the TDLNs through the crosspresentation of
tumor antigens, which facilitated tumor rejection [156]. IL-
3 and IL-21 have also been shown to promote survival of
DCs and enhance response of CD8+T cells, respectively [71,
157] (Figure 5). Moreover, specific cytokines, TFs, TCR sig-
naling, and costimulatory signals are involved in antitumor
function of Th9 cells. GITR costimulation mediated antitu-
mor immunity by promoting Th9 cell differentiation and
tumor-specific CTL responses as well as DC activation in a
model of colon carcinogenesis [38]. Autophagy induction
following TCR signaling activation was shown to selectively
restrain Th9 cell polarization and to induce ubiquitination
and degradation of PU.1, resulting in the repression of anti-
tumor activity of Th9 cells [158]. Under Th9 polarizing con-
ditions, IL-1β enhanced IL-9 and IL-21 production from Th9
cells by inducing phosphorylation of STAT1 and subsequent
expression of IRF1, which are bound to the promoters of Il9
and Il21 [71]. IL-1β combined with IL-4 induces a Th9IL-4+IL-
1β cell subset. When compared with classic Th9IL-4+TGF-β

cells, Th9IL-4+IL-1β cells were less exhausted and exhibited a
cytotoxic T effector gene signature and a superior antitumor
effect in a mouse melanoma model [159]. Importantly, the
tumor microenvironment (TME) might affect Th9 cell differ-
entiation and responses. TME is adenosine triphosphate
(ATP) rich [160]. Roy and Awasthi showed that the extracel-
lular ATP (eATP) induced the production of NO, which
potentiated the mTOR-HIF1α-mediated metabolic signaling
pathway to promote differentiation of human Th9 cells and
secretion of IL-9 [161].

3.4. The Protumor Effects of Treg Cells. Treg cells are aber-
rantly enriched in tumors, where they can dampen antitumor
immune responses and promote tumor development and
progression [162]. The protumor effects of Treg cells are
proved by any amount of preclinical data in which systemic
or selective depletion of Treg cells or inhibition of their func-
tion increases antitumor-specific immune responses and
reduces tumor burden [94, 163–165]. A study using tran-
scriptome analysis and single-cell sequencing showed that
tumor-infiltrating Treg cells were highly suppressive and
expressed with high-frequency genes that were associated
with increased suppressor activity, such as ICOS, OX40,
GITR, CTLA-4, and PD-1 [165]. Furthermore, immune
checkpoint receptors (ICR) including PD-1, PDL1, and
immunosuppressive molecules such as CD39 and LAP are
also implicated in the induction and function of Treg cells
in cancer [166, 167]. Tumor-infiltrating Treg cells in mice
and humans predominantly express C-C chemokine receptor
4 (CCR4), which contributes to recruitment of Treg cells to
tumors [168]. Production of TGF-β, IL-10, and IL-35 by Treg
cells prevents full cytotoxic effector differentiation in tumor-
specific CD8+T cells and suppresses other immune cells dif-
ferentiation and function [169, 170]. Treg cells that expand
during tumor progression contribute to the immune toler-
ance of cancer by impeding the ability of DCs to orchestrate
immune responses [171] (Figure 5). Treg cells suppress Teff
cell function within tumors [171]. Treg/Teff ratios have been
suggested to correlate with effective antitumor responses
[172]. Low Treg-cell-to-Teff-cell ratios are associated with
favorable survival in various types of human tumors [162].
In murine tumor models, transient depletion of Treg cells
led to activation of CD4+ or CD8+T cells and rejection of
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Figure 5: Th9 cells and Treg cells in cancer. The mechanisms underlying the antitumor effects of Th9 cells seem to be mainly dependent on
the secretion of IL-9, IL-21, and IL-3 and activation of different types of immune cells such as MCs, DCs, and CD8+T cells. IL-9 can induce
recruitment of DCs and leukocytes. Then, DCs activate CD8+T cells through the crosspresentation of tumor antigens, which facilitates tumor
rejection. IL-3 and IL-21 have also been shown to promote survival of DCs and enhance response of CD8+T cells. Production of TGF-β, IL-10,
and IL-35 by Treg cells prevents full cytotoxic effector differentiation in tumor-specific CD8+T cells and suppresses Teff cells such as Th9 cell
differentiation and function. Treg cells that expand during tumor progression contribute to the immune tolerance of cancer by impeding the
ability of DCs to orchestrate immune response.
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solid tumors [173, 174]. Liu et al. recently showed that
human Treg cells initiated DNA damage response and cellu-
lar senescence in Teff cells caused by metabolic competition
during crosstalk, resulting in Teff cell functional changes in
NOD-scid IL2Rγnull mice. Furthermore, TFs STAT1/STAT3
and extracellular signal-regulated kinase (ERK1/2) and p38
mitogen-activated protein kinase (p38 MAPK) signaling
were also involved in Teff cell senescence induced by Treg
cells [175]. Importantly, specific TFs, cytokine milieu, TCR,
and costimulatory signals might regulate function and differ-
entiation of Treg cells in tumor development. Tumor-
infiltrating Treg cells with increased expression of IRF4 were
highly activated and preferentially expanded in lung, liver,
and melanoma tumors compared with the adjacent normal
tissues. Deletion of IRF4 in Treg cells resulted in enhanced
antitumor immunity and delayed tumor growth in a mouse
model of cancer [94].

4. Molecular Mechanisms That Influence the
Balance between Th9 Cells and Treg Cells in
Asthma and Cancer

Th9 cells and Treg cells have been demonstrated to function
simultaneously in the setting of allergic asthma and cancer
[11, 12, 15]. They share key TFs and common induction
pathways. An interaction of complex inflammatory and
tumor microenvironmental cues with other factors including
TFs, cytokine signals, costimulatory molecules, and meta-
bolic pathways regulates differentiation and function of Th9
cells and Treg cells [18, 176–178]. Although promising
results have been achieved with Treg cell depletion strategies,
severe autoimmunity, allergic inflammation, and chronic
infection may occur following systemic depletion of Treg
cells or Th9 cells [179–181]. Thus, a more detailed understat-
ing of molecular mechanisms underlying the balance
between Treg cells and Th9 cells will help establish new strat-
egies for the treatment and prevention of asthma and cancer.

4.1. TFs and Cytokine Signals Involved in the Balance between
Th9 Cells and Treg Cells in Asthma and Cancer. The Foxo
family of TFs is required for the regulation of T cell activation
and differentiation [182, 183]. Foxo1 and Foxo3 are regulated
by the phosphoinositide 3-kinase- (PI (3) K-) Akt pathway,
in which Akt kinases are activated by PI (3) K phosphoryla-
tion of Foxo1 and Foxo3, leading to their inactivation and
nuclear exclusion [184]. Moreover, P1(3) K/Akt and mTOR
signaling pathways can be activated by TCR and CD28 and
lead to inactivate Foxo1 [185]. Foxo1 and Foxo3 are highly
expressed in Treg cells [186]. The study using mice with T
cell-specific deletion of Foxo1 and Foxo3 alleles found that
Foxo1−/−Foxo3−/− mice developed splenomegaly and lymph-
adenopathy at 8 weeks of age. Heavy mononuclear cell infil-
tration of various vital organs, including the lung, liver, and
colon, was also observed in Foxo1−/−Foxo3−/− mice. This
finding demonstrated the critical roles of T cell Foxo1 and
Foxo3 in the protection of mice from inflammatory disor-
ders. Mechanistically, Foxo1 and Foxo3 binding to the Foxp3
CNS1 region led to regulate Foxp3 transcription, as well as
Treg cell differentiation and function [187]. By contrast, a

recent study found that differentiation of activated Treg
(aTreg) cells was associated with repression of Foxo1-
dependent gene transcription, concomitant with reduced
Foxo1 expression and enhanced Foxo1 phosphorylation at
sites of the Akt kinase. aTreg cells were mainly present in
nonlymphoid tissues including solid tumors and had a cru-
cial function in suppressing CD8+T cell responses. In the
spontaneous MMTV-PyMT mammary tumor model,
expression of the Akt-insensitive Foxo1 mutant at a low dose
was sufficient to deplete tumor-associated aTreg cells and
promote CD8+T cell responses, resulting in inhibition of
tumor growth [163]. Moreover, Bi et al. reported that
B16F10-OVA tumor-bearing mice treated with IL-7-
pretreated Th9 cells had a decreased tumor burden. IL-7
increased activation of Foxo1 and the abundance of the his-
tone acetyltransferase p300 by activating PI (3) K-Akt-
mTOR signaling and STAT5. p300 acted as a coactivator to
enable Foxo1 to bind to the Il9 promoter to induce IL-9 tran-
scription, resulting in the differentiation of Th9 cells and pro-
duction of IL-9 protein [103] (Figure 6). Interestingly, the
in vitro experiment demonstrated that Foxo1 was critically
required for IL-9 induction in both Th9 cells and iTreg cells
by binding to Il9 and Irf4 promoters, which were crucial for
IL-9 induction in these cells. Inhibition of PI (3) K-AKT
enhanced IL-9 production in Th9 cells via Foxo1. Further-
more, therapeutic silencing of Foxo1 by siRNA in OVA-
induced asthmatic mice reduced accumulation of infiltrating
inflammatory cells around the bronchi and vessel, as well as
decreased bronchial hyperplasia, and IL-9 production in
BALF, when compared to OVA-challenged Scr-siRNA-
treated mice [54]. These findings suggest that the Foxo1 sig-
naling pathway may regulate the balance of Treg cells and
Th9 cells. Regulation of the Foxo1 signaling pathway may
be beneficial in the treatment of asthma and cancer.

The STAT5 activity is a common gateway to the pro-
gramming of differentiation of Th9 cells and Treg cells [78,
188]. IL-2, a growth factor capable of driving the develop-
ment of activated T cells, functions through STAT5 [69].
Recent studies found that activated STAT5 could directly
bind to the promoter of the Il9 locus and induce IL-9 tran-
scription [53, 92]. In different asthma models, the IL-2-
STAT5 pathway is regulated by various factors including
NO, TL1A, and Itk and contributes to induction of IL-9
and differentiation of Th9 cells [29, 132, 137]. Furthermore,
STAT5 also stabilizes Foxp3 expression and induces differen-
tiation of Treg cells by binding to the Foxp3 CNS2 region
[76]. Treg cells and Th9 cells are commonly regulated by
the TSLP-STAT5 pathway in the context of allergic inflam-
mation. TSLP activates STAT5 to promote IL-9 production
and differentiation of Th9 cells in vitro. In vivo using an
adoptive transfer model demonstrated that TSLP was able
to promote allergic airway inflammation by enhancing the
Th9 cell response [134]. In another study, Treg cells were iso-
lated from BALF samples in allergic asthmatic, healthy con-
trol, and nonallergic asthmatic subjects to evaluate the
influence of TSLP on immunosuppressive activities of Treg
cells and its potential consequences in human allergic
asthma. Activated pulmonary Treg cells expressing TSLP-R
responded to TSLP-mediated activation of STAT5 and
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exhibited a significant decrease in suppressive activity and
IL-10 production compared to healthy control and their non-
allergic asthmatic counterparts [189]. Thus, regulation of
Th9 cell and Treg cell balance by IL-2-STAT5 and TSLP-
STAT5 signaling pathways may present insights into novel
therapeutic strategies to control asthma.

On the other hand, the IL-2-Janus kinase 3- (JAK3-)
STAT5 pathway is negatively regulated by transcription fac-
tor B cell lymphoma 6 (Bcl6), which competes with STAT5
for binding to the Il9 promoter of Th9 cells and directly
represses the Il9 gene [92]. Ogasawara et al. showed that
the inhibitory function of Bcl6 in naturally occurring mem-
ory phenotype CD4+T cells attenuated allergic airway
inflammation [190]. Moreover, the transfer of Bcl6-
deficient (Bcl6−/−) Treg cells into asthmatic mice failed to

suppress Th2 responses in allergic airway inflammation
[191, 192]. Bcl6−/− Treg cells also displayed increased levels
of GATA-3, which suggested that Bcl6 was required to sup-
press Th2 genes in Treg cells by repressing GATA-3 tran-
scriptional transactivation [192]. A recent study found that
Bcl6 was essential in maintaining the lineage stability of Treg
cells in TME and deletion of Bcl6 in Treg cells resulted in
impaired suppressive function and tumor regression [193].
Bcl6 has therefore been proposed to be a regulator that mod-
ulates the balance between Treg cells and Th9 cells in asthma
and cancer.

4.2. Costimulatory Molecules Involved in the Balance between
Th9 Cells and Treg Cells in Asthma and Cancer. OX40 is
expressed on both activated Treg cells and Th9 cells.
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activated Treg (aTreg) cells and activate CD8+T cell response in the mammary tumor model. In the mouse melanoma model, PI (3) K-
Akt-mTOR signaling is activated by IL-7, which results in nuclear accumulation of Foxo1 and activation of STAT5 that binds to the p300
promoter to induce differentiation of Th9 cells and production of IL-9. OX40/OX40L engagement activates the AKT-mTOR pathway,
which induces phosphorylation and nuclear exclusion of Foxo1 to inhibit Foxp3 induction. Activation of OX40 induces Treg cell
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and induces a potent antitumor response that is dependent on Th9 cells and CD8+T cells. Activation of GITR by its ligand upregulates
NF-κB to induce a repressive chromatin structure of the Foxp3 locus and consequently inhibit Treg cell differentiation. GITR/GITRL
engagement improves antitumor activity and differentiation of Th9 cells by activating the NF-κB pathway and STAT6/p300. GITR/GITRL
engagement also promotes IL-9-dependent enhancement of CD8+T cytotoxic T lymphocyte (CTL) response and increases the
crosspresentation capacity of DCs. FAS/FAS ligand (FASL) signaling activates NF-κB and p38 mitogen-activated protein kinase (p38
MAPK) to promote Th9 cell differentiation, as well as IFN-γ producing CD8+T cell generation to enhance antitumor immunity in the
Lewis lung carcinoma model. Activation of Fas by IL-2 and agonistic CD40 antibody (αCD40) results in Treg cell apoptosis in the renal
adenocarcinoma (Renca) tumor model. Inhibition of the mTOR-hypoxia-inducible factor 1α (HIF1α) signaling pathway by histone
deacetylase sirtuin1 (SIRT1) negatively regulates differentiation of Th9 cells in the melanoma tumor model. Inhibition of HIF1α by
microRNA miR-145 suppresses differentiation of Th9 cells in the liver cancer malignant ascites model. HIF1α endows Treg cells with
metabolic property that allows them to endure within the tumor. Specific ablation of HIF1α in Treg cells results in enhanced CD8+T cell
suppression in the glioblastoma tumor model.
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OX40/OX40 ligand (OX40L) engagement delivers a potent
costimulatory signal to activated Th9 cells and Treg cells
and regulates their survival, differentiation, and function
[15, 194]. Xiao et al. found that OX40 signaling induced
super-enhancer (SEs) formation at the Il9 locus through
RelB/p300-mediated chromatin acetylation to promote the
induction of Th9 cells and IL-9 expression. The agonist
antibody-targeting OX40 (OX86) and BET protein inhibitor
JQ1 which acts primarily by disrupting SEs exhibit potency
in promoting and suppressing allergic airway inflammation,
respectively, in OVA-induced mice [195]. Zhang et al. found
that OX40 upregulated BATF3 and BATF, which produced a
closed chromatin configuration at the Foxp3 locus to repress
Foxp3 expression by recruiting the histone deacetylase
Sirt1/7 in activated CD4+T cells. Moreover, OX40 inhibits
Foxp3 expression and iTreg cell induction by activating the
AKT-mTOR pathway, which induces phosphorylation and
nuclear exclusion of Foxo1 [196]. The combined use of cyclo-
phosphamide (CTX) and an agonist antibody targeting the
OX86 could enhance antitumor immunity and was capable
of regressing established B16 melanoma tumors by inducing
tumor-infiltrating Treg cell apoptosis and favorably increas-
ing the intratumoral CD8+T cell/Treg cell ratio [197]. Zhao
et al. found that dectin-1 signaling stimulated DCs to overex-
press surface costimulatory molecule ligand OX40L, which
was required to promote Th9 cell differentiation. Immuniza-
tion of B16F10-OVA tumor-bearing mice with dectin-1-
activated DCs induced potent antitumor response that was
dependent on induction of Th9 cells and IL-9 production
[155]. These findings provide insights on OX40 in the control
of Treg cells and Th9 cell balance and may provide treatment
strategies for asthma and cancer.

GITR costimulatory signaling is involved in the regula-
tion of the balance of Treg cells and Th9 cells in the TME.
Studies using an agonist anti-GITR antibody have shown a
negative role for GITR signaling in Foxp3+ Treg cell differen-
tiation [11]. Moreover, activation of GITR signaling induced
Foxp3+ Treg cells to transdifferentiate into Th9 cells. GITR-
induced IL-9 promoted tumor-specific CD8+ cytotoxic T
lymphocyte (CTL) response by upregulating the expression
of costimulatory and MHC II molecules and increasing the
crosspresentation capacity of GITR ligand- (GITRL-)
expressing DCs in a melanoma tumor model. Mechanisti-
cally, GITR signaling enhanced the TRAF6-NF-κB pathway
and activated STAT6, which rendered the Il9 locus accessible
through recruitment of histone acetyltransferase p300.
GITR upregulated NF-κB family member p50 to recruit
and position histone deacetylases to the Foxp3 locus to
induce a repressive chromatin structure [11, 12, 38]. Thus,
therapeutic approaches targeting the GITR signaling path-
way may provide additional means of therapeutic inter-
vention in cancer.

Fas (CD95), another member of the TNFR family, plays
important roles in T cell differentiation and activation [198,
199]. In Lewis lung carcinoma OVA-bearing mice, Fas
costimulatory signaling could promote Th9 cell differentia-
tion and IL-9 production, as well as IFN-γ producing
CD8+T cell generation to enhance antitumor immunity.
Mechanistically, Fas signaling activated PKCβ, which

induced activation of NF-κB and p38 MAPK to promote
Th9 cell differentiation [200]. Moreover, IL-2 and agonistic
CD40 antibody (αCD40) treatment induced Fas-mediated
elimination of Treg cells in the renal adenocarcinoma
(Renca) tumor-bearing mice. Fas ligand (FasL) expressed
by CD8+T cells binding to Fas expressed on Treg cells can
activate caspases and downregulate Bcl-2 expression, result-
ing in Treg cell apoptosis in the TME [201]. Fas may affect
the balance between Th9 cells and Treg cells in cancer.

4.3. Metabolic Signaling Involved in the Balance between Th9
Cells and Treg Cells in Asthma and Cancer. Distinct meta-
bolic programs support the differentiation of Th cells into
their separate functional subsets [202]. It has been demon-
strated that Th9 cells are strongly dependent on glycolysis,
whereas Treg cells depend more on the oxidation of lipids
[104, 203]. NAD+- (nicotinamide adenine dinucleotide-)
dependent lysine deacetylase SIRT1 has emerged as a key
metabolic sensor that couples energy metabolism to tran-
scriptional regulation of inflammation [204]. SIRT1 can
inhibit differentiation of Th9 cells by decreasing glycolytic
activity, and its deficiency promotes Th9 cell differentiation
through a mTOR1-HIF1α-dependent glycolytic pathway. A
recent study establishing an OVA-induced allergic airway
inflammation model in wild-type (WT) and CD4+T cell-
specific SIRT1-deficient (Sirt1flox/floxCd4-Cre) mice demon-
strated that Sirt1flox/floxCd4-Cremice exhibited more severely
pathogenic lung inflammation and higher IL-9 secretion,
compared with WT mice. Moreover, Rag1−/− mice bearing
B16 melanoma that received SIRT1-deficient CD4+T (Sirt1-
flox/floxCd4-Cre) cells exhibited smaller tumors compared
with the WT mice that received CD4+T cells. Tumor-
infiltrating CD4+T cells isolated from the Sirt1flox/floxCd4-
Cre mice displayed higher IL-9 production and IL9+ ratio
accompanied by higher glycolytic activity, compared with
CD4+T cells isolated from WT [104]. As such, SIRT1-
mTOR-HIF1α signaling coupled with the glycolytic pathway
is required for differentiation of Th9 cells and modulation of
Th9 cell-associated allergic airway inflammation as well as
tumor regression. Moreover, Kwon et al. showed that SIRT1
was a negative regulator of Treg cell function and Foxp3
expression through deacetylation of lysine residues in Foxp3
[205]. By contrast, Marcel et al. showed that SIRT1 inhibited
the Notch1 intracellular domain to promote the survival and
function of activated Treg cells. In mouse models of
inflammation, deletion of SIRT1 or Nothc1 decreased Treg
cell survival and exacerbated inflammatory diseases [206].
These results provide key mechanistic insights into how
SIRT1 regulates the development and function of Th9 cells
and Treg cells during allergic airway inflammation and
cancerous tumors. SIRT1 signaling may be targeted thera-
peutically to regulate the Th9 cell and Treg cell balance in
asthma and cancer.

The canonical hypoxia sensor HIF1α has been demon-
strated to regulate differentiation and function of Th9 cells
and Treg cells in tumors [207]. A study using glioblastoma-
bearing mice that received HIF1α-deficient Treg cells has
revealed that these mice showed significantly enhanced ani-
mal survival and a reduction in Treg cell numbers within
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the tumors. In the context of hypoxia, HIF1α directs glucose
away from mitochondria, leaving Treg cells dependent on
fatty acids for mitochondrial metabolism within the hyp-
oxic tumor [208]. A study using a liver cancer malignant
ascites (MA) model showed that HIF1α expression and
PI3K/Akt/mTOR/p70 ribosomal protein S6 kinase
(p70S6K) pathway activation could be inhibited by micro-
RNA (miR-145), which led to suppression of Th9 differen-
tiation and IL-9 production in MA [209]. HIF1α signaling
may act as a metabolic regulator for the balance of Treg
cells and Th9 cells in tumor (Figure 6).

5. Concluding Remarks

Although Th9 cells and Treg cells fundamentally demon-
strate opposing function in asthma and cancer, they exert
both beneficial and pathogenic impacts depending on a
particular biological setting. In addition to favoring of anti-
cancer immunity and tumor elimination, Th9 cells promote
tumor development, especially in hepatocellular carcinoma
and lung cancer [178, 210]. The role of Treg cells in cancer
is also ambiguous, as they are critical inhibitory regulators
in solid tumors; whereas during inflammation-induced
tumorigenesis, they prevent cancer initiation by restraining
inflammation [211, 212]. Moreover, during the severity of
allergic airway inflammation and tumor, Treg cells adapt
to the local environmental changes through functional
and phenotypic reprogramming [213, 214]. High-grade gli-
omas have more regions under chronic hypoxia than lower-
grade tumors [215]. Treg cells may become unstable and
plastic under hypoxia [216]. Intense inflammation in exper-
imental allergic asthma may lessen Treg cell suppression or
redirect Treg cells to proinflammatory phenotypes [213,
217, 218]. Although Th9 cells have great capacity to
respond to changing environments such as cytokine envi-
ronments and inflammatory environments and acquire
modified gene expression patterns and function [19, 39,
120], there is little study of functional and phenotypic
reprogramming of Th9 cells in severity of asthma and
tumor. Meanwhile, most research focused on exploring
mechanisms by which various factors including cytokine
signals, transcriptional factors, and metabolic cues regulate
development, differentiation, and function of Th9 cells
and Treg cells in response to inflammatory or tumor condi-
tions. What has received less attention, however, is the bal-
ance between these cells in asthma and cancer. Considering
the complex interplay between Treg cells and Th9 cells on
allergic and tumor immunity, it remains significant to rec-
ognize the mechanisms for the regulation of the function,
stability, and balance of these cells in response to a con-
stantly changing inflammatory and tumor microenviron-
ment, which may influence the development and outcome
of asthma and cancer. Importantly, further elucidation of
the cellular and molecular processes underlying complexity
interplay of Th9 cells and Treg cells will help in providing
therapeutic strategies to selectively suppress or enhance
immune responses in asthma and cancer by controlling
the balance between Th9 cells and Treg cells.
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