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Interleukin (IL) 9-producing helper T (Th) 9 cells play a major role in contributing immunity 
against extracellular pathogens. In addition, the role of Th9 cells was demonstrated in 
the pathogenesis of allergic, skin, and intestinal inflammation. The functions of Th9 cells 
were further extended in antitumor immune response, as Th9 cells were suggested to be 
potent antitumor Th cells. Given the pleotropic functions of IL-9 in various pathophysio-
logical conditions, it is essential to understand the differentiation and stability of Th9 
cells and other IL-9-producing T cells. In addition to Th9 cells, Th2 and Th17 cells  as 
well as induced Foxp3+ regulatory T cells (iTregs) cells also produce IL-9, but how IL-9 
production is regulated in these cell types is not yet clearly defined. Although Th2, Th9 
and Th17 cells as well as iTregs develop in the presence of distinct differentiating factors, 
yet they all express IL-9 together with their own lineage specific cytokines. Here, in this 
review, we summarize the current understanding of signaling pathways that lead to the 
promotion of differentiation of Th9 cells and IL-9 induction in Th2 and Th17 cells, as well 
as in iTregs. We further discuss the transcriptional regulation of Th9 cells in context of 
Foxo1, as an essential transcription factor required for the development and functions of 
Th9 and other IL-9-producing T cells.
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inTRODUCTiOn

Almost more than two decades ago, interleukin (IL)-9 was described as T cell growth factor, which 
was later categorized as one of the Th2 cytokine (1, 2). After the association of IL-9 with Th2 cells was 
established, much of its functions was tested in Th2-biased mouse models of allergic inflammation and 
Leishmania infection, which further reinforced its classification as Th2 cytokine (3, 4). The functions 
of IL-9 was not greatly discussed separately, as it was thought to be enhanced during disease pathology 
induced by Th2 cells. Nonetheless, the genetic association studies identified the association of IL-9 and 
IL-9R with human asthma, which was further validated in mouse model of allergic inflammation in 
asthma (5, 6). Pulmonary overexpression of IL-9 was seen to be associated with inflammatory infiltration 
of eosinophils and lymphocytes (7). One of the striking findings in this model was greatly enhanced mast 
cell infiltration within the airway epithelium. This was in agreement with other findings which identified 
that lung-expression of IL-9 increased IgE-mediated disease pathology and mucus production in mouse 
model of asthma. These observations were further validated in transgenic mice in which lung-specific 
inducible IL-9 production was controlled by doxycycline (8). Consistent with constitutive expression of 
IL-9, doxycycline inducible IL-9 production in the lung promotes lymphocytic and eosinophilic infiltra-
tion with mucus production and mast cell hyperplasia, which leads to lung immune-pathology (8). In 
addition, IL-9 overexpression further enhanced the production of Th2 cytokines such as IL-4, IL-5, 
and IL-13. Strikingly, neutralization of IL-13 leads to inhibition of both lung inflammation and mucus 
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production resulting in suppression of lung immune-pathology in 
allergic inflammation. In order to further refine the functions of 
IL-9 in comparison to other Th2 cytokines, IL-9-deficient mice were 
generated. IL-9-deficient mice manifest highly defined phenotype 
of Th2 responses such as mast cells proliferation and mucus produc-
tion without affecting worm expulsion (6).

The clarity in IL-9 functions in immune responses came with 
identification and discovery of IL-9-producing Th9 cells (9, 10). It 
was identified that the activation of naïve T cells in the presence 
of TGF-β1 together with IL-4 induced the generation of IL-9-
producing helper T (Th) cells, and therefore these cells were referred 
to as Th9 cells (9, 10). While TGF-β1 alone induces Foxp3 expression 
and generated immunosuppressive Foxp3+ induced Tregs (iTregs), 
addition of IL-4 suppressed TGF-β1 induced Foxp3 expression (9). 
On the other hand, TGF-β1 suppressed IL-4 functions, which is 
otherwise known to induce the differentiation of Th2 cells. While 
TGF-β1 and IL-4 suppressed each other’s respective functions such 
as Foxp3 induction and Th2 differentiation, but two cytokines 
together induced a new pathway of Th9 cell differentiation. GATA3 
is a common transcription factor of two IL-9 producing sister 
populations, i.e., Th2 and Th9 cells and one of the major function 
of GATA-3 in Th9 cells is to counteract the TGF-β1-induced Foxp3 
expression, which in turn limit the ability of GATA-3 to induce Il4 
expression (9). Later on, it was identified that other cytokines such 
as IL-2, IL-1, IL-25, IL-33, IL-7, and TSLP further enhanced the 
differentiation of Th9 cells induced by TGF-β1 and IL-4 (11–16).

DiFFeRenTiATiOn AnD 
TRAnSCRiPTiOnAL ReGULATiOn  
OF Th9 CeLLS

The regulatory network of transcription factors in Th9 cells seems 
to be quite complex, as Th9 cells express number of transcription 
factors. Nonetheless, classification of a unifying master transcrip-
tion factor is still ambiguous, as most of the transcription factors 
expressed in Th9 cells is also co-expressed by other T helper 
lineages. In order to simplify the complex network of Th9 cell 
transcription factors, the different transcription factor involved 
in Th9 cells development can be distributed into different groups 
depending upon their priming signals. For example, downstream 
of TGF-β1, Smad-dependent pathway majorly regulates RBP/
Notch signaling while TAK1-mediated Smad-independent 
pathways control the induction of Id3 and HIFα in Th9 differ-
entiation (17–19). PU.1, which is one of the major transcription 
factor, is regulated by TGF-β1, and is not dependent on Smad2/3 
(20). Although IL-4–STAT6 signaling seems to regulate BATF/
IRF-4 and ETV5 in Th9 cells, TGF-β1 also enhances binding of 
IRF-4 to Il9 locus (21–23). In addition to IRF-4, other interferon 
regulatory factors such as IRF-1 and IRF-8 are also involved in 
IL-9 regulation in Th9 cells (24–26). While IL-1β induces IRF-1, 
TGF-β/Smad3 pathway induces IRF-8 in Th9 cells (24, 26). T cell 
receptor (TCR)-dependent signals regulate the function of NFAT, 
TNF superfamily, NF-κB, and Foxo family members in various 
T cell subsets (27–30, 62). It may be possible that these factors 
work in a concerted manner to drive optimal differentiation of 
Th9 cells, however, complex regulatory network of Th9 cells is 

not yet defined. Nonetheless, a recent report has identified as 
to how IRF-8 cooperatively interacts with IRF-4/BATF/PU.1 to 
promote Th9 development while simultaneously repressing Il4 
transcription, suggesting the involvement of large molecular 
transcriptional complexes in Th9 differentiation akin to Tregs 
(26, 31).

PU.1, an ETS family transcription factor is one of the first 
factors that were seen to be specifically associated with IL-9 
induction in Th9 cells (32, 33). PU.1 imprints heterogeneity in 
Th2 cells in respect of IL-9 induction, as overexpression of PU.1 
increases IL-9 production with concomitantly decreases type-2 
cytokines production. Molecularly, PU.1 restricts the ability of 
GATA3 and IRF-4 to induce Th2 cytokines signature, and thereby 
promoting the differentiation of low level of IL-4 production in 
Th2 cells. Furthermore, mice with PU.1 deficiency in T  cells 
develop attenuated allergic inflammation in lungs in response to 
OVA, which is found to be associated with reduced amounts of 
IL-9 production and Th2 cytokines. In addition, PU.1-dependent 
IL-9 induction was linked to the pathology of intestinal inflam-
mation, as IL-9 deficient as well as Spi conditional deficiency in 
T cells were seen to have reduced clinical and histological signs 
in oxazolone-induced colitis model (33).

In addition to PU.1, another ETS family member, ETV5, exerts 
dominant effect on IL-9 induction in Th9 cells, as ETV5-deficient 
T cells have shown reduced Il9 expression. Consistently, ectopic 
expression of ETV5 enhanced induction of IL-9 in Th9 cells (23). 
Interestingly, IL-9 production from Th9 cells was found to be 
further suppressed upon a combined deficiency of both PU.1 and 
ETV5 as compared to either PU.1 or ETV5 single deficiency, sug-
gesting that PU.1 and ETV5 work in concerted manner to induce 
optimal IL-9 induction and Th9 cell differentiation. Although 
ETV5 and PU.1 belong to the same family, their induction and 
functions differ in Th9 cells. While PU.1 was shown to be induced 
by TGF-β1 signaling, ETV5 was found to be induced and essen-
tial for IL-4–STAT6 axis in Th9 differentiation. Mechanistically, 
ETV5 physically binds to Il9 locus at sites that are distinct from 
PU.1 DNA-binding motif, and transactivate IL-9 induction in 
Th9 cells. The functions of other ETS family member such as Elk3 
and Etv6 were also tested in Th9 cells differentiation, but found 
not be essential for IL-9 induction in Th9 cells. This implies that 
among other ETS family member, ETV5 and PU.1 play selective 
and specific role of in Th9 differentiation.

Although the role of IRF-4 has been identified in the develop-
ment and functions of Th2 and Th17 cells, it has been shown that 
IRF-4 is essential for differentiation of Th9 cells (22). In fact, both 
BATF and IRF-4 have been shown to work cooperatively in Th9 
cells development, as deficiency of BATF have shown to reduce the 
binding of IRF-4 to Il9 promoter or vice-versa (21). Consistently, 
ectopic expression of BATF failed to rescue IL-9 production in 
the absence of IRF-4 in Th9 cells (21). Similar to PU.1-deficient 
mice, IRF-4-deficient mice display attenuated signs of develop-
ment of IL-9-dependent OVA-induced allergic inflammation in 
lungs in mouse model of asthma (21). Molecularly, chromatin 
immunoprecipitation (ChIP) sequencing analysis combined with 
proximity ligation assays have identified that, in addition to BATF-
IRF-4 complex, IRF-8 interact and form large transcriptional 
complexes with IRF-4/BATF/PU.1 to induce the development 
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of Th9 cells (26). Interestingly, it has been proposed that IRF-8 
executes dual functions in Th9 cells differentiation, while on the 
one hand, it partners with other transcription factors to form large 
transcriptional complex to optimally induce IL-9, on the other 
hand, IRF8/Etv6 heterodimer represses Il4 transcription. Taken 
together, these observations clearly indicate the dual functions of 
IRF-8 in promoting Th9-exclusive gene signature. In addition to 
IRF-4 and IRF-8, the involvement of IRF-1 and its functions in 
Th9 differentiation remains unclear, as two independent studies 
have reported contrary functions of IRF1 in Th9 development 
(24, 25). While Végran et al. have shown that IRF1-deficient CD4+ 
T cells have profound defect in Th9 differentiation, on contrary to 
this Campos Carrascosa et al. have identified that IFN-γ-induced 
IRF1 promotes transcriptional shift of Th9 cells to Th1 cells, as 
IRF1 outcompetes IRF4 binding at Il9 promoter. The discrepancy 
in these two studies could be accounted to the cytokines used for 
inducing Th9 differentiation. Végran et  al. used IL-1β together 
with TGF-β plus IL-4 to induce Th9 differentiation, which leads 
to the induction of IRF-1. Campos Carrascosa et al demonstrated 
that IFN-γ/IRF1 axis negatively regulates the differentiation of 
Th9 cells induced by TGF-β plus IL-4 (24, 25).

In addition to the cytokines induced transcription factors, 
TCR-stimulated activation of NFAT and NF-κB contributes rapid 
induction of IL-9 in Th9 cells. Both NFAT1 and NF-κB work 
together synergistically in Th9 differentiation. NFAT1 facilitates 
the binding of NF-κB p65 to Il9 promoter by actively remodeling 
chromatin, as T  cells-deficiency of NFATc1/NFATC2 produces 
attenuated IL-9 in mouse model of allergic inflammation (27). 
Two major components of NF-κB pathway, i.e., RelB-p52 and p50 
are induced upon OX-40 and GITR ligation, respectively, in Th9 
cells (28–30). In addition to TCR-mediated activation of tran-
scription factors, ligation of secondary co-stimulatory checkpoint 
molecules on Th9 cell enhance the development of Th9 cells by 
further promoting the activation of transcriptional network that 
support Th9 differentiation. While OX-40, a member of TNFR 
superfamily of receptor, induced IL-9 is dependent on STAT6, 
GITR induces the activation of STAT6, BATF, PU.1, and IRF-4 
in Th9 cells (28–30). Interestingly, GITR ligation enhances IL-9 
expression in Th9 cells in the absence of IL-4 receptor signaling 
but not in STAT6 deficient mice, as induction of STAT6 under 
GITR stimulation is IL-4–IL-4R is independent and is required 
for Foxp3 repression (29). Surprisingly, other TNFRSF member, 
TLA1/DR3 requires functional IL-2/STAT5 pathway but is inde-
pendent of NF-κB or STAT6 in Th9 cells (34).

Engagement of TGF-β with its receptor activates Smad-
dependent and -independent pathways that leads to Th9 
differentiation. It has been shown that T  cells lacking Smad2, 
Smad3, or Smad4 (Smad2fl/flCD4cre, Smad3−/− T cells and Smad4fl/fl  
CD4cre animals) have reduced IL-9 production in Th9 cells (20). 
Mechanistically, Smad-deficiency leads to modifications in his-
tone acetylation/deacetylation and methylation at Il9 promoter or 
CNS regions, suggesting that Smads might be essential for favora-
ble epigenetic modifications of Il9 locus in Th9 cells (20). In fact, 
as compared to single gene deficiency of either Smad2 or Samd3, 
double deficiency of Smad2/Smad3 leads to profound reduction 
in IL-9 production in Th9 cells, which found to be associated with 
reduced histone acetylation marks in Il9 locus (20). In addition, it 

has been found that Smad3 bind at a site near to recombination-
signal-binding protein for immunoglobulin-κ-J region (RBP-Jκ) 
and the Notch intracellular domain in IL-9 locus to further posi-
tively regulate the differentiation of Th9 cells (17). In addition to 
Smad dependent pathway, TGF-β1-induced Smad-independent 
pathways are primarily coordinated via TAK1, as inhibition of 
TAK1 suppresses two major transcriptional repressors, Id3 and 
SIRT1, in Th9 cells developmental pathway (18, 19). Id3, an E-box 
transcription factor inhibitor, act as a negative regulator in Th9 
differentiation. Molecularly, Id3-deficient T cells have shown an 
increased binding of E2A and GATA-3 at Il9 promoter, suggest-
ing that the absence of Id3 promotes accessibility of Il9 locus to 
Th9-associated transcription factors leading to Th9 differentia-
tion. Similar to Id3, SIRT1-deficient T cells have increased IL-9 
production due to enhanced HIF-1α-dependent glycolysis in Th9 
cells (19).

In addition to factors induced by TGF-β1, IL-4, and TCR, 
IL-2–IL-2 receptor pathway plays a critical role in enhancing 
IL-9 production and Th9 development (11). Upon binding to its 
receptor, IL-2 induces STAT5 activation that lead to differentia-
tion of Th9 cells. Moreover, nitric oxide, Itk activation, TSLP, and 
TL1A enhanced IL-9 induction in Th9 cells is dependent on IL-2 
(34–36). Although activated STAT5 binds directly to Il9 promoter 
to induce IL-9 gene expression, however, the functions of STAT5 
in Th9 cells are suppressed by BCL-6. Mechanistically, BCL6 
competes with STAT5 for binding at the Il9 promoter in Th9 
cells, thus suppresses the development of Th9 cells (11). In addi-
tion to STAT5, IL-1β-induced STAT1 was also found to amplify 
IL-21 and IL-9 production via STAT-1/IRF-1 module to enhance 
antitumor functions of Th9 cells (24).

PHYSiOLOGiCAL iMPORTAnCe  
OF Th9 CeLLS

Physiologically, Th9 cells were shown to play crucial roles in 
aggravating inflammation in disease like asthma, EAE, colitis, 
and skin inflammation (37, 38). IL-9 and IL-9R single nucleotide 
polymorphisms (SNPs) have been associated with allergen sen-
sitization in allergy. Other Th9-associated genes such as IL-4RA, 
STAT6, and IL-33 are also found to be associated with allergic 
inflammation in human diseases (5, 39–41). Consistently, admin-
istration of anti-IL-9 neutralizing antibody in murine models of 
asthma decreased the severity of disease associated with attenu-
ated infiltration of eosinophils and AHR, suggesting a crucial 
role of IL-9 in progression of allergic inflammation in asthma  
(15, 21, 22). Nevertheless, humanized anti-IL-9 neutral-
izing antibody (MEDI-528) clinical trial could not report any 
improvement in subjects as compared to control treatment (42). 
This could be attributed to the polygenic nature of asthma and 
genetic basis of heterogeneity in different individuals. Since 
asthma is contributed by waves of different cytokines such as 
IL-4, IL-5, IL-13, and IL-9, hence it is needful to define and 
identify the predominant cytokine signature and subtype that 
is inducing the disease.

IL-9 and Th9 cells were found to be associated with skin 
inflammation. Human IL-9-producing Th9 cells were found to 
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be skin tropic and express cutaneous lymphocyte antigen (CLA), 
which by virtue makes them skin tropic (38). Further analysis 
identified that skin tropic CLA+ human Th9 cells were found 
to be independent of TGF-β1 and IL-2, and were accumulated 
in psoriatic lesions (38). It is, however, intriguing as to what is 
the functions of Th9 cells in skin under homeostatic conditions. 
Whether Th9 cells are required for the maintenance of barrier 
functions in the skin surfaces are not yet elucidated. Based on 
the observations that IL-9 can acutely stimulate mast cells, the 
constant presence of Th9 cells under the skin might potentially 
activate innate immune cells including mast cells upon skin 
infection to contain pathogens. In fact, IL-9 is shown to induce 
IL-8 production from keratinocytes, which promote the influx 
of neutrophils at the site of fungal infections (43, 44). Emerging 
literature is suggesting that IL-9 potentially contributes to dif-
ferent types of skin disorders such as atopic dermatitis, allergic 
contact dermatitis, allergen-induced delayed type hypersensitiv-
ity, psoriasis, and cutaneous T cell lymphoma (45).

In the gut inflammation in inflammatory bowel diseases 
(IBD), IL-9-producing CD4+ T  cells were found to be coli-
togenic, as gut epithelial cells of ulcerative colitis patients 
expressed elevated levels of IL-9R. Moreover, lamina propria 
T  cells from IBD patients were found to have an increased 
frequency of CD4+PU1+IL-9+ and CD4+IRF4+IL-9+ T  cells, 
suggesting a strong association of IL-9 with disease severity in 
IBD (33, 46). In mouse models of colitis, adoptive transfer of 
in vitro differentiated Th9 cells into Rag-deficient hosts led to 
the development of severe colitis in an IL-9 dependent manner 
(33, 47, 48). In chemically induced model of colitis, Th9 cells 
were found to be one of the major effector T cells population 
that induced disease pathogenesis, as both PU.1- and IL-9-
deficient mice were found to have reduced incidence of colitis 
and reduced inflammatory score as compared to wild-type 
mice (33). Consistently, treatment with anti-IL-9 neutralizing 
antibody was found to effectively control tissue inflammation 
of intestine in colitis (33). Mechanistically, IL-9 was found to 
suppress epithelial cell proliferation thereby affecting mucosal 
wound healing in IBD. In fact, topical administration of IL-9 was 
found to repress epithelial cells tissue repair mechanism in vivo 
(33). Nonetheless, the protective role of IL-9 was also attributed 
in DSS-induced colitis, as NKT  cells-driven IL-9 is found to 
protect gut inflammation in DSS-induced colitis (46).

In addition to the intestinal inflammation, Th9 cells were found 
to be associated with tissue inflammation in EAE, a mouse model 
of human multiple sclerosis. IL-9+ T cells can be isolated from the 
draining lymph nodes of mice that develop EAE. In fact, similar 
to Th1 and Th17  cells, adoptive transfer of MOG-specific Th9 
cells into Rag-deficient mice induced the development of EAE 
(49, 50). Nonetheless, CNS lesions induced in Th9 transfer model 
were quite different in their appearances as compared to Th1 and 
Th17 cells transfers (51). In addition to inducing tissue inflamma-
tion in autoimmune diseases, IL-9 plays a pivotal role in provid-
ing immunity against helminth infections by expelling worms 
via enhanced intestinal muscle contraction, mucus production, 
and increased mast cell activity (52). Th9 cells provide immunity 
against Nippostrongylus brasiliensis, as adoptive transfer of Th9, 
but not Th2, cells into Rag-deficient hosts provided long-lasting 

immunity against worms (53, 54). Similarly, animals expressing 
dominant negative form of TGFβRII in CD4+ T cells were found 
to have reduced levels of IL-9 associated with enhanced parasitic 
burden in T. muris infection (10).

In addition to inducing immunity against extracellular patho-
gens as well as tissue inflammation in organ-specific autoim-
munity, Th9 cells were also found to be associated in mounting 
superior antitumor response as compared to Th1 and Th17 cells 
(24). In fact, Il9 SNP was found to be linked with enhanced risk of 
cutaneous malignant melanoma (55). In a tumor microenviron-
ment, Th9 cells were found to produce CCL20, which facilitate 
the migration of CCR6+ leukocytes in the tumor tissue. Moreover, 
IL-3 and IL-21 produced by Th9 cells, respectively, promote 
dendritic cells survival and functions as well as CD8+ CTLs 
(56). Adoptive transfer of antigen-specific Th9 cells in B16-F10 
melanoma models reduces tumor burden and severity, and this 
antitumor effect of Th9 cells is found to be dependent on IL-9, 
as neutralization of IL-9 suppressed the antitumor functions of 
Th9 cells (24). On an intriguing note, adoptive transfer of IL-1β 
preconditioned Th9 cells retained their antitumor functions in 
IL-9R-deficient mice or upon IL-9 neutralization in wild-type 
mice in vivo (24). Although multiple studies have demonstrated 
the potent antitumor functions of Th9 cells, however, the protec-
tive effect of Th9 cells in tumor was found to be restricted to solid 
tumors such as melanoma and lung-adenocarcinoma (57, 58).

Although Th9 cells were known to be involved in multiple 
diseases, the in vivo differentiation and development of Th9 cells 
is not well defined. Most of the studies have defined the early 
events in Th9 cells, suggesting a caveat in understanding of the 
precise genetic programming involved in stably developed Th9 
cells. Recently, it has been shown that in  vitro differentiated 
Th9 cells lose their ability to secrete IL-9 with chronic stimula-
tion, suggesting that Th9 cells transiently produce IL-9 during 
in vitro differentiation (59). The loss of IL-9 production in Th9 
cells could also be explained in the context of Th plasticity, as 
Th9-Th1 plasticity was suggested (51). Adoptively transferred 
MOG-specific Th9 cells were found to be converted into IFN-γ-
producing cells at sites of target tissues (51). Similarly, Th9 cells 
produce copious amounts of IFN-γ in B16F10 melanoma model. 
These observations clearly suggest that Th9 to Th1 plasticity may 
be crucial for inducing effector functions in these disease models 
(51). However, none of the studies molecularly defined the Th9 
plasticity in greater details.

Although IL-9 is predominantly produced by Th9 cells, how-
ever, the production of IL-9 is not restricted to Th9 only. Other 
effector and regulatory T cells such as Th2, Th17, Tfh, and Tregs 
cells also produce IL-9 (3, 4, 60–64). It is possible that, in general, 
during TCR-dependent stimulation, epigenetic modifications 
keep Il9 locus accessible for regulators for a narrow time frame. 
It can also be suggested that a common transcriptional signature 
might be shared by all these subsets leading to expression of Il9 
by T cells. The transcriptional profiling of Th9 cells suggests the 
involvement of multiple transcription factors, however, Th9 cells 
is still devoid of its master regulator as compared to other Th 
subsets (20, 23, 62). Nonetheless, the presence of IL-9+ T  cells 
in patients and target tissues suggests their importance and 
development in vivo.
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TAbLe 1 | Role of Foxo1 in effector and regulatory T cells.

Cell types Functional role of Foxo1 Reference

Helper T (Th)1 Foxo1 inhibits T-bet-dependent differentiation program of Th1 cells. Foxo1−/−CD4+ T cells adopt  
T-bet+IFN-y+ phenotype upon TGF-β1 induction. Phosphoinositide 3-kinase/Akt/Foxo1/3  
pathway is considered to be a dominant signaling axis involved in human Tregs to Th1 reprogramming

(68, 74–76)

Th2 Although role of Foxo1 is not directly investigated in Th2 cells, we have shown that Foxo1  
is required for interleukin (IL)-9 induction in Th2 cells without affecting IL-4 production

(62)

Th9 Three independent concordant reports have shown that Foxo1 is essential  
for IL-9 production in Th9 cells

(16, 62, 94)

Th17 Foxo1 reciprocally regulates IL-9 and IL-17 production in Th17 cells, as Foxo1 suppresses IL-17 but 
enhances IL-9 in Th17 cells.

(62, 80–82)

Induced Tregs (iTregs) Foxo1 is required for IL-9 induction in TGF-β1-induced Tregs in vitro.  
Foxo1−/− naïve CD4+ T cells display defective differentiation toward iTregs

(62, 84, 
85, 96)

Natural Tregs Decreased frequency of Foxp3+ natural Tregs were seen in the thymus of mice harboring conditional  
deficiency of Foxo1 in Foxp3+ and/or CD4+ T cells. These Foxo1 conditional deficient mice develop gross 
immune-pathology, as Foxo1 is required for both development and function of nTregs

(83–85)

T follicular cells Genetic deletion of Foxo1 favors the development of Tfh cells. CXCR5+PD-1+ Tfh cells  
accumulate in large numbers in mice with T cell specific deletion of Foxo1. Foxo1  
negatively regulates Bcl-6, one of the major transcription factor required for Tfh differentiation

(78, 79)

CD8+ T cells Foxo1 negatively regulates the T-bet mediated type I effector differentiation while  
promotes the development of memory CD8+ T cells

(74–76)
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PHOSPHOinOSiTiDe 3-KinASe (Pi3K) 
SiGnALinG AnD ROLe OF Foxo1 
TRAnSCRiPTiOn FACTOR in  
CD4+ T CeLLS

Phosphoinositide 3-kinase signaling plays crucial role in inte-
grating diverse biological functions ranging from cell survival, 
metabolism to tolerance and aging. In response to growth factor 
stimulation, PI3K activation transmit cellular signals and further 
activate Akt and mTOR signaling pathway, which together con-
tributes to different biological processes such as tumor survival 
including angiogenesis and recruitment of inflammatory cells 
(65–67). Though there are four different classes of PI3K, but class 
IA and class IB are elucidated in detail in activation and functions 
of T cells (67). The major function of these kinases is to activate 
PLCγ to generate PI3K effector molecules of cell signaling such 
as diacyl glycerol and inositol-1, 4, 5-triphosphate (IP3), which 
induces calcium mobilization, and thus leading to PKC activa-
tion and NF-κB nuclear translocation. PI3K also phosphorylate 
PtdIns (4,5) P2 to generate PtdIns (3,4,5) P3, which in turn 
activates downstream kinases specifically with PH domains such 
as Akt. Upon T cell activation, Akt, a serine threonine kinase, gets 
phosphorylated at Thr308 and Ser473 by PDK1 and mTORC2, 
respectively, to attain its complete activation (65–67). Although 
PI3K axis has been shown to be essential for clonal expansion and 
differentiation of Th1 and Th17 cells, however, PI3K negatively 
regulates regulatory T cells development and function, as TGF-
β1-induced Foxp3 expression is impaired upon constitutive AKT 
activation (68–70). Transcription factor Foxo1 is one of the major 
downstream targets of Akt activation and regulates cell cycle, 
cell survival, and energy generation. Foxo transcription factors 
were shown to respond to variety of physiological stimuli and 

physiological conditions including oxidative stress, mitogenic 
factors, and inflammation (71). In lymphocyte compartment, 
Foxo factors regulate T cell homing and homeostasis, formation 
of memory T cells, and process of T cell differentiation (72, 73). 
Transcriptional activity of Foxo factors is regulated by various 
posttranslational modifications which are collectively known 
as Foxo code (71). In a simplified context, upon growth factor 
stimulation, Foxo gets localized to cytoplasm subsequent to 
phosphorylation at three conserved residues (T24, S256, and 
S319) by Akt or serum glucocorticoid kinase-1 (SGK1) kinase 
and subsequently leads to nuclear export and degradation (71).

Due to their dominant role in controlling T  cell survival, 
migration, and metabolism, Foxo1 is studied in most of the 
effector and Tregs as well as in CD8+ T cells (Table 1). Within 
CD8+ T  cells, Foxo1 suppresses IL-12-dependent T-bet expres-
sion while promotes memory CD8+ T cells phenotype by induc-
ing expression of Eomes. Although Foxo1 have binding sites in 
T-bet promoter, it does not bind to T-bet promoter and exerts its 
functions in DNA-binding independent manner (74, 75). Foxo1-
deficient CD8+ T cells expand normally and form effectors, but 
failed to make pool of memory cells (74–76). Inhibition of glyco-
lysis in CD8+ T cells facilitates nuclear localization of Foxo1 and 
enhanced expression of Foxo1 target genes such as Klf2, Cd62l 
(L-selectin), Ccr7 (chemokine receptor), and S1p1r (sphingosine-
1-phosphate receptor 1) (77). It was shown that PI3K/Akt/Foxo1 
axis is considered to be a major pathway involved in Tregs to Th1 
reprogramming (68). Metabolic regulator PPARγ is also known to 
stabilize Foxo1 functions, as PPAR-γ-deficient CD4+ T cells were 
found to produce enhanced levels of pro-inflammatory cytokines 
such as IFN-γ and IL-17 due to inhibition of Foxo1 functions 
(78). In addition to Th1 and Th17 cells, Foxo1 has been shown 
to negatively regulate the development of T follicular (Tfh) cells, 
which are marked by the expression of Bcl6 and CXCR5 (79).
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Foxo1 is a potent suppressor of both human and mice Th17  
differentiation (69, 80–82). γc cytokines such as IL-2, IL-7, or IL-15 
are known to drive IL-17 and IL-22 expression in CCR6+ human 
memory T cells as compared to CCR6− Tm cells. Furthermore, γc 
cytokines activate PI3K axis and represses Foxo1 thereby pro-
moting human Th17 differentiation (69). Consistently, ectopic  
expression of Foxo1 suppresses γc-mediated IL-17/IL-22 expres-
sion in CCR6+ Tm cells (69). In addition to PI3K, Foxo1 is also 
regulated by SGK1 via regulating IL-23–IL-23R signaling, 
which is essential for stabilizing and acquiring the pathogenic 
functions of Th17 cells (80). IL-23R–SGK1 axis has been shown 
to suppress Foxo1 transcriptional activity by inducing its phos-
phorylation. In addition, Foxo1 is not only a potent inhibitor 
of Rorγt-mediated transactivation of Il23r expression but also 
binds directly to RORγt via DNA-binding domain (DBD) 
thereby suppressing Rorγt dependent transcriptional program 
of Th17  cells (81). In fact, Foxo1 T  cell conditional deficient 
mice have shown increased numbers of Th17 cells in thymus and 
periphery as compared to wild-type mice (81). Furthermore, in 
a mixed bone marrow chimera experiment, Foxo1 deficiency 
is sufficient to drive Th17 differentiation in vivo upon antigen 
challenge as compared to wild-type cells (81). It has been 
demonstrated that dicer-regulated microRNA-183-96-182 
(mir-183C) regulates pathogenic Th17 differentiation via sup-
pressing Foxo1 (82). Hence, proposing that factors which are 
positively associated with Foxo1 are the negative regulators of 
Th17 differentiation.

As compared to its role in effector CD4+ T cells, Foxo1 func-
tions are well established in induction and functions of Tregs 
(83–86). Foxo1-deficient mice were shown to have expanded 
population of CD4+CD44hi T cells as well as hyper B cell acti-
vation leads to hyper gammaglobulinemia and expansion and 
increased number of follicular T cells. Although the frequency 
of thymic Foxp3+ Tregs was found to be decreased in mice 
that harbor Foxo1 conditional deficiency in Foxp3+ Tregs, the 
frequency of Foxp3+ Tregs in the periphery remain normal in 
these mice. Nonetheless, Foxo1 deficiency in Tregs leads to lose 
their suppressive ability (83, 84). In addition to Foxo1, Foxo3 is 
also expressed in immune cells and Foxo3−/− mice do not develop 
spontaneous autoimmunity or purified T cells have no defect in 
proliferation or survival. Combined deletion of both Foxo1 and 
Foxo3 in T cells leads to fatal systemic inflammatory disease due 
to defective Foxp3 Tregs development (85), suggesting a specific 
involvement of Foxo1 in regulating Foxp3 Tregs functions and 
development. Furthermore, Foxo1 facilitate the binding of 
other transcription factors at Foxp3 locus thereby regulating 
complete Foxo1-mediated transcriptional gene program (83, 85, 
87). Overexpression of Akt, a negative regulator of Foxo1, has 
been shown to inhibit suppressive function of Tregs (68, 84). 
Functionally, Tregs are also classified as resting Tregs, found in 
spleen and lymph nodes, and activated Tregs found in lymphoid 
organs and non-lymphoid tissues. Recently it has been demon-
strated that Foxo1 repression is associated with enhanced migra-
tion of activated Tregs to tumor sites while Foxo1 gain of function 
leads to quick depletion of activated Tregs, resulting in effective 
tumor immunity (86). Taken together, Foxo1 have a discrete role 
in effector and regulatory T cells development and functions.

Foxo1 ReGULATeS iL-9 PRODUCTiOn 
AnD DeveLOPMenT OF Th9 CeLLS

Th9 cells are now unraveled as a separate subset of effector CD4+ 
T cells and one of the dominant producers of IL-9 (8, 9). Emerging 
literature has suggested the involvement of various transcription 
factors in the development of Th9 cells, as Th9 cells emerges as an 
effector Th population involved in the pathogenesis of many dis-
eases like allergy, asthma, IBD, and antitumor immunity (20, 23, 62).  
Although previous reports have demonstrated the involvement 
of IRF-4, PU.1, BATF, and IRF-1 in induction and functions of 
Th9 cells, none of these factors determine the lineage-specificity 
Th9 cells. In fact, most of these transcription factors (IRF-4, PU.1, 
BATF, and IRF-1) are also shared by other Th cells—for example, 
IRF-4 and PU.1 expressed in Th2 cells, IRF-4 and BATF expressed 
in Th17 cells, and IRF-1 expressed in Th1 and Tr1 cells (88–93). We 
and others have recently characterized that Foxo1 is essential for 
Th9 and other IL-9-producing T cells (16, 62, 94). Though Foxo1 
is also co-expressed or shared by regulatory T cells, nonetheless 
Foxo1 generally suppresses other effector lineages such as T-bet/
Th1 cells and Rorγt/Th17 cells. Unlike other transcription factors 
of Th9 cells (IRF-4, BATF) which also promote the production of 
IL-4, IL-17 by T cells, Foxo1 negatively regulates the production 
of IFN-γ and IL-17 with no observable effect on IL-4 induction. 
This suggests that Foxo1 may not be a unique transcription factor 
of Th9 cells but does impart specificity in promoting IL-9 induc-
tion in Th9 cells as well as in other T cells (75, 77, 78, 80, 81, 93).

As discussed above that PI3K/Akt axis generally promotes 
the effector function of CD4+ T cells while suppresses regulatory 
T cell development, however, its role in IL-9 induction is lately elu-
cidated. Inhibition of upstream PI3K/AKT by pan-PI3K inhibitor 
(LY294002) pathway enhanced the induction of IL-9 in Th9 cells. 
Since Foxo1 tends to be one of the major downstream cellular 
targets of PI3K/Akt axis, therefore inhibition of PI3K axis results 
in reduced levels of phospo-Foxo1, mark of inactive cytosolic 
form of Foxo1 (62). Furthermore, inhibition of Foxo1 reversed 
the effects of PI3K/AKT inhibition on Th9 cells, suggesting the 
previously uncharacterized involvement of PI (3)K/AKT-Foxo1 
axis in inducing the development of Th9 cells (62). In fact, time 
kinetics of Foxo1 expression in Th9 cells suggests that it is induced 
early starting from 24 h of differentiation and is maintained till 
72 h (16). Akin to Foxo1, mTOR is also targeted by PI3K/Akt. 
Suppression of mTOR by rapamycin or stimulation of mTOR by 
mTOR activator MHY1485 substantially inhibited or promoted 
Th9 differentiation, respectively (16). Similar to overexpression 
of constitutive form of Akt, Th9 differentiation was found to be 
compromised in Foxo1-deficient CD4+ T  cells or upon direct 
inhibition of Foxo1 by chemical or genetic approaches (16, 62, 
94). In addition of PI3K/Akt, TGF-β1-induced Smad3 pathway 
is implicated to be involved in Foxo1 induction in Th9 cells (94).

Similar to IL-1β-induced IRF-1 expression in Th9 cells, Foxo1 
is seen to be induced upon IL-7 stimulation during Th9 differen-
tiation (16, 24). Priming of naïve CD4+ T cells with IL-7 not only 
enhances Il9 and Il21 expression but is also essentially required 
for repressing the Th9 repressor-Foxp1 (16). During Th9 dif-
ferentiation, both Foxo1 and Foxp1 are competitively regulated 
as both these Fox members have similar conserved binding site 
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FiGURe 1 | Reciprocal regulation of Foxo1 and Foxp1 in the development of 
Th9 cells. Foxp1 is enriched and bound to interleukin (IL)-9 promoter in naive 
CD4+ T cells. Activation of naive T cells in the presence of Th9 polarizing 
cytokines induces Foxo1-co-activator p300 which recruits Foxo1 from 
cytoplasm to nucleus leading to displacement of Foxp1 from Foxo1 binding 
sites as both these factors bind to the same region in IL-9 locus, and 
therefore induces the development of Th9 cells.
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on IL-9 promoter. IL-7 priming of Th9 cells induces p300 which 
is both a co-activator and stabilizer of Foxo1 protein (16). This 
not only enables Foxo1 to outcompete Foxp1 for binding to IL-9 
promoter but also leads to decreased amounts of phosphorylated 
Foxo1 protein in CD4+ T  cells thereby increasing the relative 
amounts of total Foxo1 protein (Figure 1). Due to redundancy of 
Foxo proteins, in addition of Foxo1, Foxo4 was also found to aug-
ment Th9 differentiation and provides a link to the observation 
as why noticeable Th9 differentiation is still observed in Foxo1 
conditional deficient CD4+ T cells (16).

While being in nucleus, Foxo1 not only targets the cytokine 
gene locus in order to directly regulate the lineage specific 
cytokines but also auto-amplifies itself, as Foxo1 can bind to its 
own promoter (95). Since Foxo transcription factors have both 
DBD and protein interaction domain, therefore they medi-
ate their function in both DNA dependent and independent 
manner (71). Foxo1 physically interact with IL-9 and IRF-4 
promoters in Th9 other IL-9-producers such as Th17 and iTregs 
(62). Moreover, DNA-binding activity of Foxo1 is required for 
IL-9 induction in Th9 cells, as ectopic expression of Foxo1 that 
lacks DBD fails to enhance IL-9 in Th9 cells. Interestingly, both 
overexpression and inhibition of Foxo1 in Th9 cells, respectively, 
enhances or suppresses other Th9-associated genes such as IRF-
4, PU.1, BATF, and IRF1, indicating a potential involvement of 
Foxo1 partner complexes in regulating IL-9 induction. In fact, in 
an in vitro protein interaction assay Foxo1 was found to interact 
with IRF-4, suggesting that Foxo1–IRF4 protein complex might 
be essential for the induction of Th9 cells (62). Since modulation 
of Foxo1 also resulted in changes in Th9 genetic program, hence 
it could be hypothesized that Foxo1 is induced early during Th9 
differentiation and may act upstream of other factors, which 
are crucial for development of Th9 cells. Corroborating this, 
Foxo1 directly induces and acts upstream of IRF4 in Th9 cells 
and thereby potentiating the development of Th9 cells (62, 94). 
It could be suggested that similar to IRF-8, which participate in 
formation of transcriptional complexes, Foxo1 might also work 
collectively by recruiting other transcription factors and form 
large transcriptional complex, which drive optimal Il9 transcrip-
tion in Th9 cells (26). In nutshell, above mentioned observations 

suggested a crucial role of Foxo1 in inducing IL-9 during in vitro 
differentiation of Th9 cells.

As discussed above, IL-9 plays an indispensable role in 
inducing and promoting atopic diseases such as dermatitis and 
allergic asthma. Both IL-9 and IL-9R polymorphism are found to 
be genetically associated with asthma. Consistently, circulating 
T cells from allergic patients have enhanced capacity to produce 
IL-9 in response to pollen or house dust mite extract (5, 37). 
As reported by fate reporter system, Th9 cells are one of the 
major IL-9 producers in OVA sensitized mice models. In fact, 
administration of anti-IL-9 neutralizing antibody after allergen 
sensitization reduced allergic inflammation in murine model of 
asthma associated with attenuation in inflammatory cell infiltra-
tion, indicating the crucial role of IL-9 in development of asthma. 
Since our in vitro data suggests a strong association of IL-9 and 
Foxo1, hence we speculated if Foxo1 also regulates IL-9 in vivo 
during the pathogenesis of asthma. Corroborating in vitro data, 
in  vivo blockade of Foxo1 resulted in reduced signs of asthma 
as measured by AHR and associated with reduced frequency 
of IL-9+CD4+T cells in the lungs (62, 94). In a B16-OVA tumor 
model, IL-7-treated OT-II Th9 cells were found to mount potent 
antitumor activity, which is suppressed in the absence of Foxo1, 
suggesting that Foxo1-mediated IL-9 induction is essential in 
mounting the potent antitumor immunity by Th9 cells (16).

Since Foxo1 inhibition in asthma model reduced IL-9-
dependent inflammation and antitumor potential of Th9 cells, 
hence targeting Foxo1 could provide a potential therapeutic 
advantage in these diseases. Nonetheless, due to lack of firm 
understanding of the time window at which IL-9 appears in vivo, 
it is difficult to extrapolate when and how Foxo1 controls IL-9 
appearance in vivo.

Foxo1 TUneS iL-9 inDUCTiOn bY Th17 
CeLLS AnD ReGULATORY T CeLLS

Interleukin-9 is a pleotropic cytokine and its expression is not 
confined to one particular T  cell subset. IL-9 is shown to be 
produced by Th2, Th9, Th17 cells, and Tregs. Interestingly, IL-9 is 
produced by Th17 cells induced by TGF-β1/IL-6. Further detailed 
analysis of pathogenic and non-pathogenic Th17  cells revealed 
that IL-9 production is restricted to non-pathogenic Th17 cells 
(polarized with TGF-β1/IL-6), as pathogenic Th17 cells induced 
by IL-23 exposure lose IL-9 production (63, 80). In addition  
to IL-23, pathogenic Th17 cells are also induced by TGF-β3 and 
IL-1β combined separately with IL-6. Interestingly, TGF-β3 and 
IL-6 polarized Th17 cells express less Il9 as compared to TGF-β1 
and IL-6 (62). Cogently, pathogenic Th17  cells maintain high 
levels of phospho-Foxo1 during their differentiation suggesting 
the sequestration and degradation of Foxo1 in cytoplasm. Though 
cytosolic Foxo1 is suggested to be marked for degradation, how-
ever, cytosolic Foxo1 regulates autophagy and is not truly non-
functional in cytoplasm (96). In addition of PI3K/Akt, Foxo1 is also 
negatively regulated by salt sensing kinase SGK1. Strikingly, IL-9 
is one of the highly expressed genes in SGK-deficient Th17 cells 
as compared to wild-type Th17  cells. Interestingly, SGK1 also 
promotes the generation of pathogenic Th17 cells thus endorsing 
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FiGURe 2 | AKT–Foxo1 axis regulates interleukin (IL)-17, IL-9 induction in 
Th9 and Th17 cells. Fine tuning of Akt–Foxo1 axis determines the production 
of IL-9 in both Th9 and Th17 cells. Upon phosphoinositide 3-kinase (PI3K)/
Akt inhibition, Foxo1 is induced in Th9 cells, which in turn binds to both IL-9 
and IRF-4 promoter thereby contributing to optimal expression of IL-9 in Th9 
cells. Unrestrained activity of Akt regulates IL-17 production by Th17 cells. 
Inhibition of PI3K/Akt axis suppress IL-17 while enhances IL-9 in Th17 cells 
leading to a switch from high IL-17 producers to high IL-9 producing Th17 
cells.
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the fact that non-pathogenic Th17 cells not only express Il9 but 
also Foxo1 while acquisition of pathogenicity by Th17 cells leads 
to concomitant disappearance of both Il9 and Foxo1 (62).

Since Foxo1 is generally controlled by PI3K/Akt axis, hence we 
employed a reverse approach where inhibition of PI3K by pan-
inhibitor or overexpression of dominant form of Akt not only 
suppressed IL-17 and Th17 genetic program but also enhanced 
the induction of IL-9 in Th17 cells. Similarly, inhibition of Foxo1 
in Th17 cells also restrains the production of IL-9 (Figure 2). 
While suppression of IL-17 by Foxo1 is not surprising, as Foxo1 
is previously known to directly inhibit RORγt (81). However, 
what is truly compelling is the ability of Foxo1 to reciprocally 
regulate the balance of IL-9 and IL-17 in Th17 cells (62). Though 
it is not known what drives the expression of IL-9 in Th17 cells, 
physiological need to secrete IL-9 or if IL-9 production by 
Th17  cells is a transient phenomenon. Nonetheless, current 
study suggests that Foxo1 can discern Il9 expression over Il17 
in Th17 cells (62).

Strikingly, not only effector T cells but regulatory T cells also 
produce IL-9. While molecular mechanisms driving the induction 
of IL-9 in Tregs is not known, however, gene expression analysis 
have shown the transcriptional similarities between Th9 and 
Tregs due to the presence of shared differentiation factor TGF-
β1 in culture conditions (21). Functionally, IL-9 production by 
regulatory T cells is seen to mediate protective immunity against 
nephritis in a model of nephrotoxic serum nephritis (NTS) and 
skin allograft tolerance via Treg–mast cell cooperation in the target 
organ during inflammation (64). Moreover, IL-9R-deficient mice 
immunized with MOG develops severe EAE and Tregs isolated 
from IL-9R-deficient animals were shown to have poor suppres-
sive function, suggesting that IL-9 regulates Tregs suppressive 
functions in autoimmunity (60). Since we have found an associa-
tion of Foxo1 with IL-9 in effector T cells, therefore we speculated 
whether Foxo1 is also required for IL-9 induction in Tregs. We 
have reported that TGF-β1-induced iTregs not only express Il9 but 
also other Th9-associated factors such as Batf, Irf4 and Spi1 and 
Klf2, a Foxo1 target gene, and inhibition of Foxo1 in iTregs leads 

to IL-9 suppression. Interestingly, Foxo1 physically binds to IL-9P 
in iTregs thereby regulating Il9 transcription directly. The ChIP 
binding data also suggests that Foxo1 has accessibility to IL-9P 
during TGF-β1 permissive milieu, however, if Foxo1 is involved in 
directly modulating chromatin dynamics at IL-9P is not known. 
Though this preliminary data only suggests that Foxo1 plays a 
functional role in IL-9 induction by iTregs. Furthermore, in order 
to prove an essential requirement of Foxo1 for IL-9 induction in 
Tregs, experiments employing Tregs isolated from Foxp3creFoxofl/fl  
conditional deficient mice or Foxp3creFoxo1AAA (Akt-mediated 
phosphorylation site is mutated) should be implemented. Since 
Tregs express other Th9-associated factor such as IRF-4, hence we 
do not exclude the possibility of involvement of other transcription 
factors in regulating IL-9 induction by Tregs. The production of 
IL-9 by regulatory T cells and IL-10 producing Th17 cells suggests 
that IL-9 might play a significant role in regulating inflammation 
via immune-suppression. In a striking contrast, murine Th9 
cells also produce IL-10 but lacks immune-suppressive capabil-
ity thereby enforcing the idea of a subset specific role of IL-9 in 
inducing or ameliorating tissue inflammation.

COnCLUSiOn AnD PeRSPeCTive

Over the last one decade since the discovery of Th9 cells in 2008, 
an extensive array of signaling axis, transcription factors, and 
physiological functions that are involved in development and 
amplification of IL-9+ T cells have been unraveled. Very recently, 
growth factor-dependent PI3K/Akt axis via Foxo1 is seen to 
control the development of IL-9 production by effector T cells. 
Strengthening the role of Foxo1, three independent groups have 
summarized the essential requirement of Foxo1 in regulating IL-9 
in Th9 cells. It is interesting to note that in general Foxo1 nega-
tively regulates other effector subsets but is seen to be a positive 
regulator of IL-9 expression. Physiologically, Foxo1-dependent 
functions are critically required for inducing allergy asthma 
and antitumor immunity in mouse models. Due to our limited 
understanding for pathways involved in development of human 
Th9 cells, ambiguity and overlap of current mechanisms required 
for Th9 transcriptional regulation with other T helper subsets, the 
therapeutic exploitation of Th9 cells for targeted therapy against 
various diseases is still not achieved. Furthermore, a lot more 
efforts need to be invested in understanding the requirements for 
maintaining stability of Th9 cells in  vivo, which will provide a 
better template for manipulating Th9 cells therapeutically.

AUTHOR COnTRibUTiOnS

AA and SM have written and edited the review.

FUnDinG

This work was supported by Wellcome Trust/DBT India Alliance 
Intermediate fellowship (IA/I/12/1/500524), Department 
of Biotechnology, Government of India and Core grant of 
Translational Health Science and Technology Institute. SM was 
supported by a PhD fellowship from Council of Scientific and 
Industrial Research (CSIR).

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


9

Malik and Awasthi Foxo1 in Th9 Differentiation

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 995

ReFeRenCeS

1. Yang YC, Ricciardi S, Ciarletta A, Calvetti J, Kelleher K, Clark SC. Expression 
cloning of cDNA encoding a novel human hematopoietic growth factor: human 
homologue of murine T-cell growth factor P40. Blood (1989) 74:1880–4. 

2. Fiorentino DF, Bond MW, Mosmann TR. Two types of mouse T helper cell. 
IV. Th2 clones secrete a factor that inhibits cytokine production by Th1 clones. 
J Exp Med (1989) 170:2081–95. doi:10.1084/jem.170.6.2081 

3. Gessner A, Blum H, Röllinghoff M. Differential regulation of IL-9-expression 
after infection with Leishmania major in susceptible and resistant mice. 
Immunobiology (1993) 189:419–35. doi:10.1016/S0171-2985(11)80414-6 

4. Arendse B, Van Snick J, Brombacher F. IL-9 is a susceptibility factor in 
Leishmania major infection by promoting detrimental Th2/type 2 responses. 
J Immunol (2005) 174:2205–11. doi:10.4049/jimmunol.174.4.2205 

5. Nicolaides NC, Holroyd KJ, Ewart SL, Eleff SM, Kiser MB, Dragwa CR, et al. 
Interleukin 9: a candidate gene for asthma. Proc Natl Acad Sci U S A (1997) 
94:13175–13113. doi:10.1073/pnas.94.24.13175 

6. Townsend JM, Fallon GP, Matthews JD, Smith P, Jolin EH, McKenzie NA. 
IL-9-deficient mice establish fundamental roles for IL-9 in pulmonary 
mastocytosis and goblet cell hyperplasia but not T cell development. Immunity 
(2000) 13:573–83. doi:10.1016/S1074-7613(00)00056-X 

7. Temann U-A, Geba GP, Rankin JA, Flavell RA. Expression of interleukin 9 
in the lungs of transgenic mice causes airway inflammation, mast cell hyper-
plasia, and bronchial hyperresponsiveness. J Exp Med (1998) 188:1307–20. 
doi:10.1084/jem.188.7.1307 

8. Temann U-A, Ray P, Flavell RA. Pulmonary overexpression of IL-9 induces 
Th2 cytokine expression, leading to immune pathology. J Clin Invest (2002) 
109:29–39. doi:10.1172/JCI0213696 

9. Dardalhon V, Awasthi A, Kwon H, Galileos G, Gao W, Sobel RA, et al. IL-4 
inhibits TGF-beta-induced Foxp3+ T cells and, together with TGF-beta, gen-
erates IL-9+ IL-10+ Foxp3(-) effector T cells. Nat Immunol (2008) 9:1347–55. 
doi:10.1038/ni.1677 

10. Veldhoen M, Uyttenhove C, van Snick J, Helmby H, Westendorf A, Buer J, 
et al. Transforming growth factor-beta “reprograms” the differentiation of T 
helper 2 cells and promotes an interleukin 9-producing subset. Nat Immunol 
(2008) 9:1341–6. doi:10.1038/ni.1659 

11. Liao W, Spolski R, Li P, Du N, West EE, Ren M, et al. Opposing actions of 
IL-2 and IL-21 on Th9 differentiation correlate with their differential regu-
lation of BCL6 expression. PNAS (2014) 111:3508–13. doi:10.1073/pnas. 
1301138111 

12. Schmitt E, Beuscher HU, Huels C, Monteyne P, van Brandwijk R, van Snick J, 
et al. IL-1 serves as a secondary signal for IL-9 expression. J Immunol (1991) 
147:3848–54. 

13. Angkasekwinai P, Chang SH, Thapa M, Watarai H, Dong C. Regulation of 
IL-9 expression by IL-25 signaling. Nat Immunol (2010) 11:250. doi:10.1038/
ni.1846 

14. Blom L, Poulsen BC, Jensen BM, Hansen A, Poulsen LK. IL-33 induces 
IL-9 production in human CD4+ T cells and basophils. PLoS One (2011) 6: 
e21695. doi:10.1371/journal.pone.0021695 

15. Yao W, Zhang Y, Jabeen R, Nguyen ET, Wilkes DS, Tepper RS, et al. Interleukin-9 
is required for allergic airway inflammation mediated by the cytokine TSLP. 
Immunity (2013) 38:360–72. doi:10.1016/j.immuni.2013.01.007 

16. Bi E, Ma X, Lu Y, Yang M, Wang Q, Xue G, et  al. Foxo1 and Foxp1 play 
opposing roles in regulating the differentiation and antitumor activity of 
TH9 cells programmed by IL-7. Sci Signal (2017) 10. doi:10.1126/scisignal. 
aak9741 

17. Elyaman W, Bassil R, Bradshaw EM, Orent W, Lahoud Y, Zhu B, et  al. 
Notch receptors and Smad3 signaling cooperate in the induction of inter-
leukin-9-producing T  cells. Immunity (2012) 36:623–34. doi:10.1016/j.
immuni.2012.01.020 

18. Nakatsukasa H, Zhang D, Maruyama T, Chen H, Cui K, Ishikawa M, et al. The 
DNA-binding inhibitor Id3 regulates IL-9 production in CD4+ T cells. Nat 
Immunol (2015) 16:1077. doi:10.1038/ni.3252 

19. Wang Y, Bi Y, Chen X, Li C, Li Y, Zhang Z, et al. Histone deacetylase SIRT1 
negatively regulates the differentiation of interleukin-9-producing CD4(+) 
T cells. Immunity (2016) 44:1337–49. doi:10.1016/j.immuni.2016.05.009 

20. Tamiya T, Ichiyama K, Kotani H, Fukaya T, Sekiya T, Shichita T, et al. Smad2/3 
and IRF4 play a cooperative role in IL-9-producing T cell induction. J Immunol 
(2013) 191:2360–71. doi:10.4049/jimmunol.1301276 

21. Jabeen R, Goswami R, Awe O, Kulkarni A, Nguyen ET, Attenasio A, et al. Th9 
cell development requires a BATF-regulated transcriptional network. J Clin 
Invest (2013) 123:4641–53. doi:10.1172/JCI69489 

22. Staudt V, Bothur E, Klein M, Lingnau K, Reuter S, Grebe N, et al. Interferon-
regulatory factor 4 is essential for the developmental program of T helper 9 
cells. Immunity (2010) 33:192–202. doi:10.1016/j.immuni.2010.07.014 

23. Koh B, Hufford MM, Pham D, Olson MR, Wu T, Jabeen R, et al. The ETS fam-
ily transcription factors Etv5 and PU.1 function in parallel to promote Th9 cell 
development. J Immunol (2016) 197:2465–72. doi:10.4049/jimmunol.1502383 

24. Végran F, Berger H, Boidot R, Mignot G, Bruchard M, Dosset M, et al. The 
transcription factor IRF1 dictates the IL-21-dependent anticancer functions 
of TH9 cells. Nat Immunol (2014) 15:758. doi:10.1038/ni.2925 

25. Campos Carrascosa L, Klein M, Kitagawa Y, Lückel C, Marini F, König A, 
et al. Reciprocal regulation of the Il9 locus by counteracting activities of tran-
scription factors IRF1 and IRF4. Nat Commun (2017) 8:15366. doi:10.1038/
ncomms15366 

26. Humblin E, Thibaudin M, Chalmin F, Derangère V, Limagne E, Richard C, 
et al. IRF8-dependent molecular complexes control the Th9 transcriptional 
program. Nat Commun (2017) 8:2085. doi:10.1038/s41467-017-01070-w 

27. Jash A, Sahoo A, Kim G-C, Chae C-S, Hwang J-S, Kim J-E, et al. Nuclear factor 
of activated T cells 1 (NFAT1)-induced permissive chromatin modification 
facilitates nuclear factor-κB (NF-κB)-mediated interleukin-9 (IL-9) transacti-
vation. J Biol Chem (2012) 287:15445–57. doi:10.1074/jbc.M112.340356 

28. Xiao X, Balasubramanian S, Liu W, Chu X, Wang H, Taparowsky EJ, et  al. 
OX40 signaling favors the induction of TH9 cells and airway inflammation. 
Nat Immunol (2012) 13:981–90. doi:10.1038/ni.2390 

29. Kim I-K, Kim B-S, Koh C-H, Seok J-W, Park J-S, Shin K-S, et al. Glucocorticoid-
induced tumor necrosis factor receptor-related protein co-stimulation 
facilitates tumor regression by inducing IL-9-producing helper T cells. Nat 
Med (2015) 21:1010–7. doi:10.1038/nm.3922 

30. Xiao X, Shi X, Fan Y, Zhang X, Wu M, Lan P, et al. GITR subverts Foxp3+ 
Tregs to boost Th9 immunity through regulation of histone acetylation. Nat 
Commun (2015) 6:8266. doi:10.1038/ncomms9266 

31. Rudra D, deRoos P, Chaudhry A, Niec R, Arvey A, Samstein RM, et  al. 
Transcription factor Foxp3 and its protein partners form a complex regulatory 
network. Nat Immunol (2012) 13:1010–9. doi:10.1038/ni.2402 

32. Chang H-C, Sehra S, Goswami R, Yao W, Yu Q, Stritesky GL, et  al. The 
transcription factor PU.1 is required for the development of IL-9-producing  
T cells and allergic inflammation. Nat Immunol (2010) 11:527–34. doi:10.1038/
ni.1867 

33. Gerlach K, Hwang Y, Nikolaev A, Atreya R, Dornhoff H, Steiner S, et al. TH9 
cells that express the transcription factor PU.1 drive T cell-mediated colitis 
via IL-9 receptor signaling in intestinal epithelial cells. Nat Immunol (2014) 
15:676–86. doi:10.1038/ni.2920 

34. Richard AC, Tan C, Hawley ET, Gomez-Rodriguez J, Goswami R, Yang X, et al. 
The TNF-family ligand TL1A and its receptor DR3 promote T-cell mediated 
allergic immunopathology by enhancing differentiation and pathogenicity 
of IL-9 producing T  cells. J Immunol (2015) 194:3567–82. doi:10.4049/
jimmunol.1401220 

35. Niedbala W, Besnard A-G, Nascimento DC, Donate PB, Sonego F, Yip E, et al. 
Nitric oxide enhances Th9 cell differentiation and airway inflammation. Nat 
Commun (2014) 5:4575. doi:10.1038/ncomms5575 

36. Gomez-Rodriguez J, Meylan F, Handon R, Hayes ET, Anderson SM, Kirby MR,  
et al. Itk is required for Th9 differentiation via TCR-mediated induction of  
IL-2 and IRF4. Nat Commun (2016) 7:10857. doi:10.1038/ncomms10857 

37. Kaplan MH, Hufford MM, Olson MR. The development and in vivo function 
of TH9 cells. Nat Rev Immunol (2015) 15:295–307. doi:10.1038/nri3824 

38. Schlapbach C, Gehad A, Yang C, Watanabe R, Guenova E, Teague JE, 
et  al. Human TH9 cells are skin-tropic and have autocrine and paracrine 
pro-inflammatory capacity. Sci Transl Med (2014) 6:219ra8. doi:10.1126/
scitranslmed.3007828 

39. Brough HA, Cousins DJ, Munteanu A, Wong YF, Sudra A, Makinson K, et al. 
IL-9 is a key component of memory TH cell peanut-specific responses from 
children with peanut allergy. J Allergy Clin Immunol (2014) 134:1329–38.e10. 
doi:10.1016/j.jaci.2014.06.032 

40. Li J, Lin L, Wang J, Peng X, Dai H, Xiao H, et al. Interleukin-4 and interleu-
kin-13 pathway genetics affect disease susceptibility, serum immunoglobulin 
E levels, and gene expression in asthma. Ann Allergy Asthma Immunol (2014) 
113:173–9.e1. doi:10.1016/j.anai.2014.05.004 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1084/jem.170.6.2081
https://doi.org/10.1016/S0171-2985(11)80414-6
https://doi.org/10.4049/jimmunol.174.4.2205
https://doi.org/10.1073/pnas.94.24.13175
https://doi.org/10.1016/S1074-7613(00)00056-X
https://doi.org/10.1084/jem.188.7.1307
https://doi.org/10.1172/JCI0213696
https://doi.org/10.1038/ni.1677
https://doi.org/10.1038/ni.1659
https://doi.org/10.1073/pnas.
1301138111
https://doi.org/10.1073/pnas.
1301138111
https://doi.org/10.1038/ni.1846
https://doi.org/10.1038/ni.1846
https://doi.org/10.1371/journal.pone.0021695
https://doi.org/10.1016/j.immuni.2013.01.007
https://doi.org/10.1126/scisignal.
aak9741
https://doi.org/10.1126/scisignal.
aak9741
https://doi.org/10.1016/j.immuni.2012.01.020
https://doi.org/10.1016/j.immuni.2012.01.020
https://doi.org/10.1038/ni.3252
https://doi.org/10.1016/j.immuni.2016.05.009
https://doi.org/10.4049/jimmunol.1301276
https://doi.org/10.1172/JCI69489
https://doi.org/10.1016/j.immuni.2010.07.014
https://doi.org/10.4049/jimmunol.1502383
https://doi.org/10.1038/ni.2925
https://doi.org/10.1038/ncomms15366
https://doi.org/10.1038/ncomms15366
https://doi.org/10.1038/s41467-017-01070-w
https://doi.org/10.1074/jbc.M112.340356
https://doi.org/10.1038/ni.2390
https://doi.org/10.1038/nm.3922
https://doi.org/10.1038/ncomms9266
https://doi.org/10.1038/ni.2402
https://doi.org/10.1038/ni.1867
https://doi.org/10.1038/ni.1867
https://doi.org/10.1038/ni.2920
https://doi.org/10.4049/jimmunol.1401220
https://doi.org/10.4049/jimmunol.1401220
https://doi.org/10.1038/ncomms5575
https://doi.org/10.1038/ncomms10857
https://doi.org/10.1038/nri3824
https://doi.org/10.1126/scitranslmed.3007828
https://doi.org/10.1126/scitranslmed.3007828
https://doi.org/10.1016/j.jaci.2014.06.032
https://doi.org/10.1016/j.anai.2014.05.004


10

Malik and Awasthi Foxo1 in Th9 Differentiation

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 995

41. Gudbjartsson DF, Bjornsdottir US, Halapi E, Helgadottir A, Sulem P,  
Jonsdottir GM, et  al. Sequence variants affecting eosinophil numbers asso-
ciate with asthma and myocardial infarction. Nat Genet (2009) 41:342–7. 
doi:10.1038/ng.323 

42. Oh CK, Leigh R, McLaurin KK, Kim K, Hultquist M, Molfino NA.  
A randomized, controlled trial to evaluate the effect of an anti-interleukin-9 
monoclonal antibody in adults with uncontrolled asthma. Respir Res (2013) 
14:93. doi:10.1186/1465-9921-14-93 

43. Hong C-H, Chang K-L, Wang H-J, Yu H-S, Lee C-H. IL-9 induces IL-8 
production via STIM1 activation and ERK phosphorylation in epidermal 
keratinocytes: a plausible mechanism of IL-9R in atopic dermatitis. J Dermatol 
Sci (2015) 78:206–14. doi:10.1016/j.jdermsci.2015.03.004 

44. Conti HR, Gaffen SL. IL-17-mediated immunity to the opportunistic fungal 
pathogen Candida albicans. J Immunol (2015) 195:780–8. doi:10.4049/
jimmunol.1500909 

45. Clark RA, Schlapbach C. TH9 cells in skin disorders. Semin Immunopathol 
(2017) 39:47–54. doi:10.1007/s00281-016-0607-8 

46. Nalleweg N, Chiriac MT, Podstawa E, Lehmann C, Rau TT, Atreya R, et al. 
IL-9 and its receptor are predominantly involved in the pathogenesis of UC. 
Gut (2015) 64:743–55. doi:10.1136/gutjnl-2013-305947 

47. Heller F, Fuss IJ, Nieuwenhuis EE, Blumberg RS, Strober W. Oxazolone colitis, a 
Th2 colitis model resembling ulcerative colitis, is mediated by IL-13-producing 
NK-T cells. Immunity (2002) 17:629–38. doi:10.1016/S1074-7613(02)00453-3 

48. Neurath MF, Weigmann B, Finotto S, Glickman J, Nieuwenhuis E, Iijima H,  
et  al. The transcription factor T-bet regulates mucosal T  cell activation in 
experimental colitis and Crohn’s disease. J Exp Med (2002) 195:1129–43. 
doi:10.1084/jem.20011956 

49. Kara EE, Comerford I, Bastow CR, Fenix KA, Litchfield W, Handel TM, et al. 
Distinct chemokine receptor axes regulate Th9 cell trafficking to allergic and 
autoimmune inflammatory sites. J Immunol (2013) 191:1110–7. doi:10.4049/
jimmunol.1203089 

50. Murugaiyan G, Beynon V, Pires Da Cunha A, Joller N, Weiner HL. IFN-γ limits 
Th9-mediated autoimmune inflammation through dendritic cell modulation 
of IL-27. J Immunol (2012) 189:5277–83. doi:10.4049/jimmunol.1200808 

51. Jäger A, Dardalhon V, Sobel RA, Bettelli E, Kuchroo VK. Th1, Th17, and Th9 
effector cells induce experimental autoimmune encephalomyelitis with dif-
ferent pathological phenotypes. J Immunol (2009) 183:7169–77. doi:10.4049/
jimmunol.0901906 

52. Licona-Limón P, Arias-Rojas A, Olguín-Martínez E. IL-9 and Th9 in 
parasite immunity. Semin Immunopathol (2017) 39:29–38. doi:10.1007/
s00281-016-0606-9 

53. Licona-Limón P, Henao-Mejia J, Temann AU, Gagliani N, Licona-Limón I, 
Ishigame H, et al. Th9 cells drive host immunity against gastrointestinal worm 
infection. Immunity (2013) 39:744–57. doi:10.1016/j.immuni.2013.07.020 

54. Richard M, Grencis RK, Humphreys NE, Renauld JC, Van Snick J. Anti-IL-9 
vaccination prevents worm expulsion and blood eosinophilia in Trichuris 
muris-infected mice. Proc Natl Acad Sci U S A (2000) 97:767–72. doi:10.1073/
pnas.97.2.767 

55. Yang XR, Pfeiffer RM, Wheeler W, Yeager M, Chanock S, Tucker MA, et al. 
Identification of modifier genes for cutaneous malignant melanoma in mel-
anoma-prone families with and without CDKN2A mutations. Int J Cancer 
(2009) 125:2912–7. doi:10.1002/ijc.24622 

56. Lu Y, Hong S, Li H, Park J, Hong B, Wang L, et al. Th9 cells promote antitumor 
immune responses in  vivo. J Clin Invest (2012) 122:4160–71. doi:10.1172/
JCI65459 

57. Merz H, Houssiau FA, Orscheschek K, Renauld JC, Fliedner A, Herin M,  
et  al. Interleukin-9 expression in human malignant lymphomas: unique 
association with Hodgkin’s disease and large cell anaplastic lymphoma. Blood 
(1991) 78:1311–7. 

58. Lange K, Uckert W, Blankenstein T, Nadrowitz R, Bittner C, Renauld J-C, et al. 
Overexpression of NPM-ALK induces different types of malignant lymphomas 
in IL-9 transgenic mice. Oncogene (2003) 22:517–27. doi:10.1038/sj.onc.1206076 

59. Ulrich BJ, Verdan FF, McKenzie ANJ, Kaplan MH, Olson MR. STAT3 
activation impairs the stability of Th9 cells. J Immunol (2017) 198:2302–9. 
doi:10.4049/jimmunol.1601624 

60. Elyaman W, Bradshaw EM, Uyttenhove C, Dardalhon V, Awasthi A, Imitola J,  
et  al. IL-9 induces differentiation of TH17 cells and enhances function of 
FoxP3+ natural regulatory T cells. PNAS (2009) 106:12885–90. doi:10.1073/
pnas.0812530106 

61. Wang Y, Shi J, Yan J, Xiao Z, Hou X, Lu P, et al. Germinal-center development 
of memory B cells driven by IL-9 from follicular helper T cells. Nat Immunol 
(2017) 18:921–30. doi:10.1038/ni.3788 

62. Malik S, Sadhu S, Elesela S, Pandey RP, Chawla AS, Sharma D, et  al. 
Transcription factor Foxo1 is essential for IL-9 induction in T helper cells. 
Nat Commun (2017) 8:815. doi:10.1038/s41467-017-00674-6 

63. Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, Peters A, et al. Induction and 
molecular signature of pathogenic TH17 cells. Nat Immunol (2012) 13:991–9. 
doi:10.1038/ni.2416 

64. Eller K, Wolf D, Huber JM, Metz M, Mayer G, McKenzie ANJ, et  al. IL-9 
production by regulatory T  cells recruits mast cells that are essential for 
regulatory T cell-induced immune suppression. J Immunol (2011) 186:83–91. 
doi:10.4049/jimmunol.1001183 

65. Koyasu S. The role of PI3K in immune cells. Nat Immunol (2003) 4:313–9. 
doi:10.1038/ni0403-313 

66. Okkenhaug K, Turner M, Gold MR. PI3K signaling in B cell and T cell biology. 
Front Immunol (2014) 5:557. doi:10.3389/fimmu.2014.00557 

67. Han JM, Patterson SJ, Levings MK. The role of the PI3K signaling pathway 
in CD4+ T  cell differentiation and function. Front Immunol (2012) 3:245. 
doi:10.3389/fimmu.2012.00245 

68. Kitz A, de Marcken M, Gautron A, Mitrovic M, Hafler DA,  
Dominguez-Villar M. AKT isoforms modulate Th1-like Treg generation and 
function in human autoimmune disease. EMBO Rep (2016) 17:1169–83. 
doi:10.15252/embr.201541905 

69. Wan Q, Kozhaya L, ElHed A, Ramesh R, Carlson TJ, Djuretic IM, et  al. 
Cytokine signals through PI-3 kinase pathway modulate Th17 cytokine pro-
duction by CCR6+ human memory T cells. J Exp Med (2011) 208:1875–87. 
doi:10.1084/jem.20102516 

70. Pierau M, Engelmann S, Reinhold D, Lapp T, Schraven B, Bommhardt UH. 
Protein kinase B/Akt signals impair Th17 differentiation and support natural 
regulatory T cell function and induced regulatory T cell formation. J Immunol 
(2009) 183:6124–34. doi:10.4049/jimmunol.0900246 

71. Calnan DR, Brunet A. The FoxO code. Oncogene (2008) 27:2276–88. 
doi:10.1038/onc.2008.21 

72. Hedrick SM, Hess Michelini R, Doedens AL, Goldrath AW, Stone EL. FOXO 
transcription factors throughout T  cell biology. Nat Rev Immunol (2012) 
12:649–61. doi:10.1038/nri3278 

73. Hedrick SM. The cunning little vixen: Foxo and the cycle of life and death. Nat 
Immunol (2009) 10:1057–63. doi:10.1038/ni.1784 

74. Kim MV, Ouyang W, Liao W, Zhang MQ, Li MO. The transcription factor 
Foxo1 controls central-memory CD8+ T cell responses to infection. Immunity 
(2013) 39:286–97. doi:10.1016/j.immuni.2013.07.013 

75. Rao RR, Li Q, GubbelsBupp MR, Shrikant PA. Transcription factor Foxo1 
represses T-bet-mediated effector functions and promotes memory CD8(+) T cell 
differentiation. Immunity (2012) 36:374–87. doi:10.1016/j.immuni.2012.01.015 

76. Hess Michelini R, Doedens AL, Goldrath AW, Hedrick SM. Differentiation 
of CD8 memory T cells depends on Foxo1. J Exp Med (2013) 210:1189–200. 
doi:10.1084/jem.20130392 

77. Sukumar M, Liu J, Ji Y, Subramanian M, Crompton JG, Yu Z, et al. Inhibiting 
glycolytic metabolism enhances CD8+ T cell memory and antitumor func-
tion. J Clin Invest (2013) 123:4479–88. doi:10.1172/JCI69589 

78. Park H-J, Kim D-H, Choi J-Y, Kim W-J, Kim JY, Senejani AG, et al. PPARγ 
negatively regulates T cell activation to prevent follicular helper T cells and 
germinal center formation. PLoS One (2014) 9:e99127. doi:10.1371/journal.
pone.0099127 

79. Stone EL, Pepper M, Katayama CD, Kerdiles YM, Lai C-Y, Emslie E, et  al. 
ICOS coreceptor signaling inactivates the transcription factor FOXO1 to 
promote Tfh cell differentiation. Immunity (2015) 42:239–51. doi:10.1016/j.
immuni.2015.01.017 

80. Wu C, Yosef N, Thalhamer T, Zhu C, Xiao S, Kishi Y, et  al. Induction of 
pathogenic Th17 cells by inducible salt sensing kinase SGK1. Nature (2013) 
496:513–7. doi:10.1038/nature11984 

81. Lainé A, Martin B, Luka M, Mir L, Auffray C, Lucas B, et  al. Foxo1 is a 
T  cell-intrinsic inhibitor of the RORγt-Th17 program. J Immunol (2015) 
195:1791–803. doi:10.4049/jimmunol.1500849 

82. Ichiyama K, Gonzalez-Martin A, Kim B-S, Jin HY, Jin W, Xu W, et  al. The 
microRNA-183-96-182 cluster promotes T helper 17 cell pathogenicity by 
negatively regulating transcription factor Foxo1 expression. Immunity (2016) 
44:1284–98. doi:10.1016/j.immuni.2016.05.015 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/ng.323
https://doi.org/10.1186/1465-9921-14-93
https://doi.org/10.1016/j.jdermsci.2015.03.004
https://doi.org/10.4049/jimmunol.1500909
https://doi.org/10.4049/jimmunol.1500909
https://doi.org/10.1007/s00281-016-0607-8
https://doi.org/10.1136/gutjnl-2013-305947
https://doi.org/10.1016/S1074-7613(02)00453-3
https://doi.org/10.1084/jem.20011956
https://doi.org/10.4049/jimmunol.1203089
https://doi.org/10.4049/jimmunol.1203089
https://doi.org/10.4049/jimmunol.1200808
https://doi.org/10.4049/jimmunol.0901906
https://doi.org/10.4049/jimmunol.0901906
https://doi.org/10.1007/s00281-016-0606-9
https://doi.org/10.1007/s00281-016-0606-9
https://doi.org/10.1016/j.immuni.2013.07.020
https://doi.org/10.1073/pnas.97.2.767
https://doi.org/10.1073/pnas.97.2.767
https://doi.org/10.1002/ijc.24622
https://doi.org/10.1172/JCI65459
https://doi.org/10.1172/JCI65459
https://doi.org/10.1038/sj.onc.1206076
https://doi.org/10.4049/jimmunol.1601624
https://doi.org/10.1073/pnas.0812530106
https://doi.org/10.1073/pnas.0812530106
https://doi.org/10.1038/ni.3788
https://doi.org/10.1038/s41467-017-00674-6
https://doi.org/10.1038/ni.2416
https://doi.org/10.4049/jimmunol.1001183
https://doi.org/10.1038/ni0403-313
https://doi.org/10.3389/fimmu.2014.00557
https://doi.org/10.3389/fimmu.2012.00245
https://doi.org/10.15252/embr.201541905
https://doi.org/10.1084/jem.20102516
https://doi.org/10.4049/jimmunol.0900246
https://doi.org/10.1038/onc.2008.21
https://doi.org/10.1038/nri3278
https://doi.org/10.1038/ni.1784
https://doi.org/10.1016/j.immuni.2013.07.013
https://doi.org/10.1016/j.immuni.2012.01.015
https://doi.org/10.1084/jem.20130392
https://doi.org/10.1172/JCI69589
https://doi.org/10.1371/journal.pone.0099127
https://doi.org/10.1371/journal.pone.0099127
https://doi.org/10.1016/j.immuni.2015.01.017
https://doi.org/10.1016/j.immuni.2015.01.017
https://doi.org/10.1038/nature11984
https://doi.org/10.4049/jimmunol.1500849
https://doi.org/10.1016/j.immuni.2016.05.015


11

Malik and Awasthi Foxo1 in Th9 Differentiation

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 995

83. Ouyang W, Liao W, Luo CT, Yin N, Huse M, Kim MV, et al. Novel Foxo1-
dependent transcriptional programs control T(reg) cell function. Nature 
(2012) 491:554–9. doi:10.1038/nature11581 

84. Kerdiles YM, Stone EL, Beisner DR, McGargill MA, Ch’en IL, Stockmann C, 
et  al. Foxo transcription factors control regulatory T  cell development and 
function. Immunity (2010) 33:890–904. doi:10.1016/j.immuni.2010.12.002 

85. Ouyang W, Beckett O, Ma Q, Paik J, DePinho RA, Li MO. Foxo proteins 
cooperatively control the differentiation of Foxp3+ regulatory T  cells. Nat 
Immunol (2010) 11:618–27. doi:10.1038/ni.1884 

86. Luo CT, Liao W, Dadi S, Toure A, Li MO. Graded Foxo1 activity in Treg cells 
differentiates tumour immunity from spontaneous autoimmunity. Nature 
(2016) 529:532–6. doi:10.1038/nature16486 

87. Samstein RM, Arvey A, Josefowicz SZ, Peng X, Reynolds A, Sandstrom R, 
et  al. Foxp3 exploits a preexistent enhancer landscape for regulatory T cell 
lineage specification. Cell (2012) 151:153–66. doi:10.1016/j.cell.2012.06.053 

88. Zheng Y, Chaudhry A, Kas A, deRoos P, Kim JM, Chu T-T, et al. Regulatory 
T-cell suppressor program co-opts transcription factor IRF4 to control T(H)2 
responses. Nature (2009) 458:351–6. doi:10.1038/nature07674 

89. Chang H-C, Han L, Jabeen R, Carotta S, Nutt SL, Kaplan MH. PU.1 regu-
lates TCR expression by modulating GATA-3 activity. J Immunol (2009) 
183:4887–94. doi:10.4049/jimmunol.0900363 

90. Huber M, Brüstle A, Reinhard K, Guralnik A, Walter G, Mahiny A, et al. IRF4 
is essential for IL-21-mediated induction, amplification, and stabilization 
of the Th17 phenotype. Proc Natl Acad Sci U S A (2008) 105:20846–51. 
doi:10.1073/pnas.0809077106 

91. Schraml BU, Hildner K, Ise W, Lee W-L, Smith WA-E, Solomon B, et al. The 
AP-1 transcription factor Batf controls T(H)17 differentiation. Nature (2009) 
460:405–9. doi:10.1038/nature08114 

92. Kano S, Sato K, Morishita Y, Vollstedt S, Kim S, Bishop K, et al. The contri-
bution of transcription factor IRF1 to the interferon-gamma-interleukin 12 
signaling axis and TH1 versus TH-17 differentiation of CD4+ T  cells. Nat 
Immunol (2008) 9:34–41. doi:10.1038/ni1538 

93. Karwacz K, Miraldi ER, Pokrovskii M, Madi A, Yosef N, Wortman I, et  al. 
Critical role of IRF1 and BATF in forming chromatin landscape during type 
1 regulatory cell differentiation. Nat Immunol (2017) 18:412–21. doi:10.1038/
ni.3683 

94. Buttrick TS, Wang W, Yung C, Trieu KG, Patel K, Khoury SJ, et  al. Foxo1 
promotes Th9 cell differentiation and airway allergy. Sci Rep (2018) 8:818. 
doi:10.1038/s41598-018-19315-z 

95. Essaghir A, Dif N, Marbehant CY, Coffer PJ, Demoulin J-B. The transcription 
of FOXO genes is stimulated by FOXO3 and repressed by growth factors.  
J Biol Chem (2009) 284:10334–42. doi:10.1074/jbc.M808848200 

96. Zhu WL, Tong H, Teh JT, Wang M. Forkhead box protein O3 transcription 
factor negatively regulates autophagy in human cancer cells by inhibiting 
forkhead box protein O1 expression and cytosolic accumulation. PLoS One 
(2014) 9:e115087. doi:10.1371/journal.pone.0115087 

97. Hsu P, Santner-Nanan B, Hu M, Skarratt K, Lee CH, Stormon M, et  al. 
IL-10 potentiates differentiation of human induced regulatory T  cells via 
STAT3 and Foxo1. J Immunol (2015) 195:3665–74. doi:10.4049/jimmunol. 
1402898 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The reviewer PP and handling Editor declared their shared affiliation.

Copyright © 2018 Malik and Awasthi. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) and the 
copyright owner are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction 
is permitted which does not comply with these terms.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nature11581
https://doi.org/10.1016/j.immuni.2010.12.002
https://doi.org/10.1038/ni.1884
https://doi.org/10.1038/nature16486
https://doi.org/10.1016/j.cell.2012.06.053
https://doi.org/10.1038/nature07674
https://doi.org/10.4049/jimmunol.0900363
https://doi.org/10.1073/pnas.0809077106
https://doi.org/10.1038/nature08114
https://doi.org/10.1038/ni1538
https://doi.org/10.1038/ni.3683
https://doi.org/10.1038/ni.3683
https://doi.org/10.1038/s41598-018-19315-z
https://doi.org/10.1074/jbc.M808848200
https://doi.org/10.1371/journal.pone.0115087
https://doi.org/10.4049/jimmunol.
1402898
https://doi.org/10.4049/jimmunol.
1402898
https://creativecommons.org/licenses/by/4.0/

	Transcriptional Control of Th9 Cells: Role of Foxo1 in Interleukin-9 Induction
	Introduction
	Differentiation and Transcriptional Regulation of Th9 Cells
	Physiological Importance of Th9 Cells
	Phosphoinositide 3-Kinase (PI3K) Signaling and Role of Foxo1 Transcription Factor in CD4+ T Cells
	Foxo1 Regulates IL-9 Production and Development of Th9 Cells
	Foxo1 Tunes IL-9 Induction by Th17 Cells and Regulatory T Cells
	Conclusion and Perspective
	Author Contributions
	Funding
	References


