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The gastrointestinal tract is a site of high immune challenge, as it must maintain a deli-
cate balance between tolerating luminal contents and generating an immune response 
toward pathogens. CD4+ T cells are key in mediating the host protective and homeo-
static responses. Yet, CD4+ T cells are also known to be the main drivers of inflammatory 
bowel disease (IBD) when this balance is perturbed. Many subsets of CD4+ T cells have 
been identified as players in perpetuating chronic intestinal inflammation. Over the last 
few decades, understanding of how each subset of Th cells plays a role has dramatically 
increased. Simultaneously, this has allowed development of therapeutic innovation 
targeting specific molecules rather than broad immunosuppressive agents. Here, we 
review the emerging evidence of how each subset functions in promoting and sustaining 
the chronic inflammation that characterizes IBD.

Keywords: inflammatory bowel disease, Crohn’s disease, ulcerative colitis, T helper cells, inflammatory cytokines, 
transcription factors

CD4+ T CeLLS iN iNFLAMMATORY BOweL DiSeASe (iBD)

Inflammatory bowel disease is a complex set of diseases that includes Crohn’s disease (CD) 
and ulcerative colitis (UC), each with multiple bacterial, immune, and non-immune cell types 
contributing to inflammation. However, there are a number of lines of evidence that suggest 
that CD4+ T helper cells are major initiators in the disease process. CD4+ T  cells are enriched 
in lesional tissue from patients with CD and UC and blockade or depletion of CD4+ T is effec-
tive in treating patients with IBD. In these studies, CD4+ T cell-depleting and blocking antibod-
ies caused remission from disease in a number of CD and UC patients examined, suggesting a 
prominent role of CD4+ T  cells in propagating disease (1, 2). Interestingly, IBD patients with 
concurrent HIV infection also exhibit a greater incidence of remission as compared to non-HIV 
controls, correlating with decreased total blood CD4+ T cell counts (3, 4). Finally, a number of 
biologics that target CD4+ T  cell differentiation into inflammatory subsets or their byproducts  
(i.e., cytokines) have shown efficacy in treating patients with IBD (5–7). Given the importance 
of CD4+ Th cells in the disease process, this review will focus on how Th cells differentiate in the 
inflamed intestinal tract during IBD and how the Th lineage-specific cytokines and transcription 
factors (TFs) contribute to disease.

Th1 CeLLS

Th1 cells are important for protecting against infectious pathogens. These cells primarily produce 
interferon (IFN)-γ and tumor necrosis factor (TNF) that, respectively, activate macrophages and 
direct cytotoxic CD8+ T cell responses, that in turn promote elimination of intracellular pathogens 
such as viruses and bacteria (8). In IBD, however, Th1 cells accumulate in the intestinal tract of indi-
viduals with CD and are directly associated with disease. Interleukin (IL)-12, which is secreted by 
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FiguRe 1 | Critical factors in the differentiation of effector Th cells during 
inflammatory bowel disease (IBD). T helper cells recognize antigen presented 
in the context of major histocompatibility complex II on antigen-presenting 
cells in a T cell receptor-dependent fashion (not shown). In conjunction with 
assorted co-stimulatory signals (i.e., CD80/86–CD28 interaction and others), 
these signals initiate a program of cell division and differentiation. This 
differentiation program can be profoundly influenced based on the cytokines 
present in the environment in which they are initiated. Interleukin (IL)-12 and 
IL-23, cytokines induced during early stages of IBD, play important roles in 
differentiation of interferon (IFN)-γ/tumor necrosis factor (TNF)-producing 
Th1 cells as well as IL-17-producing Th17 cells. However, Th17 cells require 
additional signals including IL-6 and TGF-β for full induction of their 
differentiation. IL-6, in combination with TNF-α and tryptophan metabolites, 
initiates differentiation of protective IL-22-producing Th22 cells. Th1 
differentiation is initiated and stabilized by transcription factors signal 
transducer and activator of transcription (STAT)4 and T-bet while Th17 cells 
require a combination of transcriptional regulators including STAT3, SMAD 
proteins, and RORγt. IL-4, IL-5, and IL-13-secreting Th2 and IL-9-secreting 
Th9 cells require IL-4 and STAT6 for their differentiation. Similar to Th17 cells, 
Th9 cells additionally require TGF-β, SMAD proteins, and a TGF-β/
SMAD-induced transcription factor PU.1 for their development. As a whole, 
the inflammatory mediators produced by Th cells in IBD play a role in the 
maintenance or breaking down gut epithelial barriers or in recruiting unique 
cells types to the intestines that further promote inflammation. Factors in red 
indicate genes involved in Th cell differentiation or function that contain single 
nucleotide polymorphisms that are associated with increased disease 
susceptibility or severity in humans (see Table 2).
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antigen-presenting cells, acts via signal transducer and activator 
of transcription (STAT)4 to promote the differentiation of naïve 
T cells into Th1 cells (9–11). STAT4 also signals activation of the 
TF T-bet, a lineage-defining factor for Th1 differentiation, which 
upregulates the IL-12 receptor, IFN-γ expression, and causes 
further expansion of Th1 cells (Figure 1) (12).

Th1-Associated Cytokines
Interferon-γ
Interferon-γ is the defining cytokine produced by Th1 cells and 
is used almost exclusively to identify Th1  cells in settings of 
disease. During intestinal inflammation, IFN-γ in combination 
with another Th1-associated cytokine, TNF, was proposed to 
drive intestinal epithelial cell beta catenin signaling and limit 

their differentiation and proliferation (13). Despite this proposed 
model, the role of IFN-γ in murine IBD is controversial. Powrie 
et  al. (14) and Ito et  al. (15) both demonstrate that IFN-γ is 
required for disease development in a CD45RBhi RAG adoptive 
transfer model and in a DSS model of IBD (see Table 1), respec-
tively. Nava et al. (13) also observed moderately reduced disease 
in IFN-γ-deficient mice in a DSS model of disease. Loss of IFN-γ 
in these reports correlated with overall reduced inflammation and 
tissue damage as well as reduced type-1-associated chemokine 
expression that would recruit other inflammatory cells to the 
intestinal tract. In contrast to these studies, Simpson et al. (16), 
using a adoptive transfer model of colitis modified from Powrie 
et al. (14), demonstrated that IFN-γ was not required for disease 
in this setting. Furthermore, Muzaki et al. (17) showed that IFN-
γ-deficient mice were in fact more susceptible to DSS-induced 
colitis, suggesting a protective role for IFN-γ. In a TNBS model 
of colitis (Table 1), IFN-γ was neither protective nor required for 
disease (18, 19).

The seemingly contradictory nature of the above studies sug-
gests that other factors may be involved or compensate for the 
loss of IFN-γ in some models. Alternatively, the dependence of 
disease on IFN-γ may be a factor of the exact model system used 
or the differences in gut microbiomes within populations of mice 
across institutes or may be attributable to different mouse strains 
used. However, in human GWAS studies, there is a clear enrich-
ment of SNPs in a CD- and UC-associated risk area comprised 
of several regions up and downstream of the human IFNG gene 
(45, 46). Furthermore, a particular IBD-associated SNP within 
the IFNG gene (rs1861494) is functionally linked with elevated 
IFN-γ expression in IBD patients (Figure 1; Table 2) (47). These 
data suggest at least a possible role of IFN-γ in promoting IBD 
in humans.

Tumor Necrosis Factor
A wide array or both immune (i.e., Th1 cells, Figure 1) and non-
immune cells produce TNF during inflammation that induces 
signaling through two distinct receptors, TNFR1 and TNFR2. 
Similar to IFN-γ, TNF has also been demonstrated to be involved 
in intestinal barrier dysregulation during IBD (13) and has a 
varied role in mouse models of intestinal inflammation. Blockade 
of TNF in mice undergoing TNBS-induced disease, exhibited 
reduced weight loss and inflammation (24). Similarly, Yang et al. 
(25) demonstrated that TNFR1-, TNFR2-, and TNFR1/TNFR2 
double-deficient mice exhibited similarly reduced TNBS-induced 
IBD as compared to control mice, suggesting a non-redundant 
role each receptor in this model. However, these findings were 
challenged by other studies in the TNBS model system where 
Ebach et al. (70) demonstrated that TNFR1-deficient mice had 
exacerbated disease and TNFR2-deficient mice had attenuated 
disease compared to controls, suggesting a protective and exac-
erbating role for each receptor, respectively.

Strikingly similar to the role of IFN-γ in murine IBD, the effect 
of TNF also varies greatly between model systems. Despite the 
protective role of TNF blockade in the TNBS model, TNF blockade 
in oxazolone-treated mice had little effect (24). In addition, Stillie 
and Stadnyk (71) showed that both TNFR1 and TNFR2-deficient 
mice developed significant disease after DSS treatment. Even 

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


TABLe 1 | Models of Th cell-driven inflammatory bowel disease.

Mouse model Type of model Th-type/s involved Key cytokines/TFs Reference

DSS colitis Chemical Th1 (Acute) IFN-γ, TNF, T-bet (13, 15, 20–22)
Th2 (Chronic) IL-4, IL-13, STAT6, GATA3
Th9 IL-9, PU.1

TNBS colitis Chemical Th1 (Acute) TNF, T-bet (23–30)
Th2 (Chronic) IL-13, GATA3
Th9 (Acute) IL-9, PU.1
Th17 (Acute) IL-17R, SMAD7

Oxazolone Chemical Th2, NK-T IL-4, IL-13 (29, 31–35)
Th9 IL-9, GATA3
Th17 TGF-β, SMAD7

Anti-CD40 Chemical (activating antibody) Th1 IL-12 (36)
Th17 IL-17, IL-23

Citrobacter rodentium Infectious Th1 IFN- γ (37, 38)
Th17 IL-17A, IL-17F

RAG or SCID T cell transfer model Transfer Th1 IFN-γ, STAT4, T-bet (14–16, 23, 39–41)
Th17 IL-23, STAT3, SMAD2

Abcb1an−/− Transgenic Th17 IL-23 (42)

Tcrα−/− Transgenic Th2-like IL-4 (43)

Il10/Il10r−/− Transgenic Th17 IL-17, IL-23 (44)

Th-association was determined by induced expression in a particular model or by mechanistic studies, where cytokines/TFs were manipulated by gene deletion or blocking antibody.
Acute, acute exposure to chemical; Chronic, repeating exposure to chemical; STAT, signal transducer and activator of transcription; IL, interleukin; TNF, tumor necrosis factor;  
IFN, interferon; TFs, transcription factors.
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more surprisingly, Wang et al. (72) reported exacerbated disease 
in DSS-treated TNFR1- and TNFR2-deficient mice as compared 
to controls, suggesting a protective role of TNF signaling during 
murine IBD. In these last experiments, lack of TNF signaling 
resulted in production of another auto-immune-associated 
cytokine, GM-CSF that played a critical role in the exacerbated 
disease phenotype, suggesting a role for compensating cytokines 
in some of these model systems. As a whole, these data indicate 
a need for standardization of model systems and sharing of 
reagents between laboratories to uncover potential discrepancies 
in these studies.

In humans, there are several SNPs in the TNF gene that are 
associated with IBD in a number of populations (Figure  1; 
Table 2). In addition, anti-TNF therapy is currently used in treat-
ment of both CD and UC and is effective in a number of patients. 
Interestingly, while anti-TNF therapy was sufficient for complete 
remission of IBD-related symptoms (5, 6, 73), only ~24–50% 
of patients exhibited mucosal wound healing depending on the 
type of anti-TNF antibody used (74, 75). These data indicate a 
disconnect between tissue damage and what generally makes IBD 
patients feel “sick” (i.e., possibly more systemic effects). While 
both factors are relevant end points, mucosal wound healing is 
potentially more meaningful as these patients may be less likely 
to relapse after ceasing anti-TNF therapy.

Th1-Associated TFs
T-bet
T-bet is required for the differentiation of Th1 cells both in vitro 
and in vivo in the context of IBD. Tbx21-deficient CD4 T cells, 
isolated from BALB/c mice, were unable to induce colitis in a SCID 
adoptive transfer model of IBD. Furthermore, overexpression of 

T-bet in Th cells exacerbated experimental colitis in this same 
model (23). By contrast, a more recent study demonstrates that 
Tbx21-deficient CD4 T cells, this time from C57BL/6 mice, pro-
duced similar pathology as WT CD4 T cells (76). However, while 
Tbx21-deficient cells exhibited a dramatic decrease in IFN-γ-
production, there was a corresponding increase in the proportion 
of cells that produced IL-17 and other Th17-associated cytokines 
in the inflamed intestines. Further mechanistic work demons-
trated that Tbx21-deficient cells had heightened sensitivity to 
IL-23 signaling and increased RORγt expression, a TF associated 
with Th17 differentiation. As a whole, these data demonstrate 
that T-bet plays a pivotal role in Th1 differentiation in murine 
models of IBD, however, in some cases, the loss of Th1 cells is 
compensated for by an increase in pathogenic IL-17-producing 
cells resulting in a similar disease phenotype.

T-bet can also play a protective role in murine IBD. Tbx21-
deficient mice develop more severe colitis than control animals 
after treatment with DSS. This elevated disease is marked by 
enhanced immune cell infiltration into the intestines, ulceration, 
and loss of crypts (77). Interestingly, this disease became a spon-
taneous disease when crossed to Rag2-deficient mice that lack T 
and B cells, suggesting that CD4+ T cells do not drive this disease. 
Instead, Garrett et al. (77) and Powell et al. (78) demonstrated that 
colitis in these mice was induced by exaggerated TNF production 
in dendritic cells (DCs) and elevated numbers of IL-17-producing 
innate lymphoid cells (ILCs) in the intestinal tract that causes a 
microbial breach in the intestinal lining.

Human GWAS studies have identified several SNPs that were 
associated with development of UC and CD (46, 79). Interestingly, 
a number of these SNPs sites were enriched for T-bet binding. 
Although T-bet bound a number of these intergenic regions in 
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TABLe 2 | Single nucleotide polymorphisms (SNPs) associated with Th-associated cytokines or transcription factors.

gene SNP Th subset association Population studied Disease type Reference

IL12B rs3212227 Th1  – Caucasian
 – Spanish

Crohn’s disease (CD),  
ulcerative colitis (UC)

(48–50)

rs6887695 Th1  – Spanish CD, UC (49)
rs2288831 Th1  – Korean CD (51)
rs10045431 Th1  – British (Caucasian) CD, UC (52, 53)
rs6871626 Th1  – British (Caucasian) CD, UC (54)
rs6556412 Th1  – British (Caucasian) CD, UC (54)

IFNG rs1861494 Th1  – Caucasian CD, UC (47)
rs7134599 Th1  – British (Caucasian) UC (54)

TNF rs1800629 Th1  – Spanish
 – Portuguese

Inflammatory bowel disease (55, 56)

rs1799964 Th1  – Iranian
 – French Canadian

CD (57, 58)

STAT4 rs7574865 Th1  – Spanish UC (59)
rs925847 Th1  – Korean UC (60)

IL23R rs11805303 Th17  – British (Caucasian) CD, UC (48)
rs11209026 Th17  – Dutch(Caucasian),

 – Hungarian(Caucasian),
 – New Zealanders(Caucasian),
 – British (Caucasian)
 – Spanish

CD, UC (49, 61–64)

rs7517847 Th17  – British (Caucasian)
 – Spanish

CD (49, 65)

rs1004819 Th17  – German/Caucasian CD (50)
rs11465804 Th17  – Mixed CD (52)

STAT3 rs12948909 Th17  – British (Caucasian)
 – German (Caucasian)

UC (53, 66, 67)

rs744166 Th17  – Caucasian CD, UC (67)

JAK2 rs10758669 Th17  – British (Caucasian)
 – Mixed

CD, UC (52–54)

STAT6 rs324015 Th2/Th9  – British (Caucasian) CD (68)

IL4 rs2243250 Th2/Th9  – Iranian CD, UC (69)
rs2243248 Th2/Th9  – Iranian CD, UC (69)

4

Imam et al. Effector T Helper Cells in IBD

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1212

healthy individuals, several of these SNPs lead to reduced T-bet 
binding at these sites and altered gene expression of a number of 
Th1 related factors (IL18RAP and TRIB1) (80). Although both 
IL-18 and IL18RAP have been previously shown to be also associ-
ated with IBD, the role of TRIB1 in this setting is unclear. While 
these data need to be further verified using in vivo models of IBD, it 
might suggest that T-bet serves more of an inflammatory role than a 
protective role in human disease.

Signal Transducer and Activator of Transcription 4
Binding of IL-12, produced by DCs and other innate immune 
cells, to its receptor triggers the phosphorylation of STAT4 which 
then translocates to the nucleus and initiates the transcriptional 
network associated with Th1 differentiation (81, 82). STAT4 binds 
a number of distinct regions within the genome including a num-
ber of key Th1-associated genes [i.e., Ifng and Tbx21 (82, 83)].  
Given its initiator role, STAT4-deficiency leads to a major 
impairment of Th1 differentiation in  vitro as well as in mouse 
models of IBD (9, 10, 16). In support of these initial findings, 
mice engineered to overexpress STAT4 (STAT4-transgenic mice) 
developed an IBD-like disease after administration of dinitrophe-
nyl-conjugated keyhole limpet hemocyanin that correlated with 

increased numbers of IFN-γ and TNF-producing CD4+ T cells 
in the intestines (84). Interestingly, IFN-γ, a key Th1-associated 
gene downstream of STAT4 signaling, was not required for 
disease in an adoptive transfer model of IBD (16). These data 
suggest that although STAT4 is critical for Th1 differentiation 
and disease development in murine IBD, it may promote disease 
IFN-γ-independent manner.

Interleukin-12 and STAT4 also appear to be linked to IBD in 
humans. There are a number of IBD-associated SNPs in the IL12B 
gene in Caucasian populations that correlate with enhanced dis-
ease (Figure 1; Table 2). STAT4 SNPs are associated with UC, but 
not CD, in some populations (51, 59, 85), suggesting a restricted 
role for these polymorphisms in human disease. More strikingly, 
STAT4 isoform ratios appear to be a better predictor of disease 
in IBD patients. STAT4 is produced as two distinct isoforms  
(α and β), where the STAT4β variant lacks 44 amino acids at 
the C-terminal end of the protein spanning the transactivation 
domain. Patients with UC or CD have elevated STAT4β:STAT4α 
ratios as compared to non-IBD controls and this ratio is norma-
lized after steroid treatment (86). In both murine models of colitis 
and experimental autoimmune encephalomyelitis, CD4 T  cells 
only expressing the STAT4β isoform drive exacerbated disease 
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as compared to cells expressing the STAT4α isoform (87, 88). In 
the murine IBD model, STAT4α- and STAT4β-expressing cells 
had a similar capacity to produce IFN-γ and IL-17, but STAT4β 
preferentially drove expression of TNF and GM-CSF that have 
been also described to play a role in IBD severity (25, 88). Again, 
these data indicate that while STAT4 in CD4 T  cells is critical  
for development of IBD, it might do so independently of IFN-γ.

Th17 CeLLS

The traditional Th1/Th2 paradigm of CD and UC was challenged 
with the discovery of a unique subset of IL-17-producing, termed 
Th17 cells (89). Th17 cells play an important role in maintaining 
commensal populations at important barrier sites (i.e., skin and 
gut), but when triggered in settings of autoimmunity can often 
exacerbate disease (89). The Th17 differentiation program is 
driven primarily by IL-6 and TGF-β (90) and further stabilized 
by signals from accessory cytokines including IL-23 and IL-1β 
(Figure 1) (91, 92). Interestingly, Th17 differentiation is inhibited 
by cytokines produced by other Th lineages including IFN-γ, 
IL-4, and IL-2 (93, 94). As IL-6 induces STAT3 phosphorylation, 
STAT3 and other downstream TFs, retinoic-acid-receptor-related 
orphan receptor (ROR) gamma and ROR alpha, are critical for 
Th17 differentiation in vitro and in vivo (95, 96). After differentia-
tion, Th17 cells primarily express IL-17A and IL-17F; however, 
these cells can also co-produce signature cytokines from other Th 
cell lineages in particular settings of autoimmune inflammation 
(i.e., IFN-γ: Th1, IL-22: Th22, IL-9: Th9).

Th17-Associated Cytokines
Interleukin-17
Th17 cells are largely defined by their capacity to produce IL-17 
(IL-17A and/or IL-17F) in settings of inflammation. IL-17 signals 
through a heterodimeric receptor (IL-17RA and IL-17RC) that is 
expressed on many non-hematopoietic cells including intestinal 
epithelial cells and on some activated T cells (97). Signaling through 
these receptors plays an important role in epithelial cell barrier 
function, and in the production of inflammatory chemokines and 
cytokines by target cells. In Th cells, IL-17 can also dampen the 
production of IFN-γ thereby possibly enhancing the stability of 
the Th17 phenotype by limiting Th1 differentiation (98).

Interleukin-17A protein in the serum and IL-17-producing Th 
cells in the gut-draining lymph nodes were elevated in patients 
with CD, but not UC, over non-IBD patients (99). In addition, 
the numbers of IL-17+ cells in the intestines of patients with active 
CD and UC were also elevated as compared to healthy controls 
and patients with inactive CD or UC (100). While IL-17A block-
ade is successful in diminishing disease in patients with plaque 
psoriasis and ankylosing spondylitis, treatment of CD patients 
with IL-17A-blocking antibodies surprisingly enhanced disease 
severity resulting in a premature end to these clinical trials  
(101, 102). These adverse effect studies were substantiated in mice 
where IL-17 blockade in a DSS model of colitis exacerbated dis-
ease symptoms as well as immune cell infiltration into the mucosa 
(103). This result was recapitulated in IL-17-deficient mice treated 
with DSS (104). Furthermore, transfer of IL-17A- or IL-17RA-
deficient Th cells into RAG recipient mice lead to an enhanced 

colitis-like wasting disease (98). Interestingly, IL-17R-deficient 
and IL-17R-Ig fusion protein-treated mice were protected from 
disease in TNBS model of UC, suggesting that the protective role 
of IL-17 may depend on the particular model of colitis used (30).

One explanation for the enhanced disease observed in anti- 
IL-17A-treated or IL-17A-deficient mice may be compensatory 
effects of other Th subsets or inflammatory cytokines. Indeed, 
O’Connor et al. (98) observed increased intestinal Ifng mRNA and 
increased Th1 polarization in the absence of IL-17A. Furthermore, 
addition of IL-17A to developing Th1 cells in culture suppressed 
IFN-γ production, suggesting that IL-17A limits Th1 differen-
tiation and Th1-mediated immunopathology. Unfortunately, the 
authors did not neutralize IFN-γ in these mouse experiments to 
determine if elevated IFN-γ in mice that had received IL-17A-
deficient Th cells was the cause of exacerbated disease. However, 
in Abcb1a-deficient mice that also develop enhanced colitis after 
Helicobacter infection and IL-17RA blockade, co-blockade of 
IFN-γ did not decrease disease severity (42), suggesting that 
increased IFN-γ may not be causative for the enhanced disease 
observed in the absence of IL-17. Leppkes et al. (105) demons-
trated a different type of immune compensation in the absence 
of IL-17A. This study observed striking increases in IL-17F after 
adoptive transfer of IL-17A-deficient cells into RAG-deficient 
hosts. Interestingly, antibody blockade of IL-17F in mice that 
had received IL-17A-deficient Th cells ablated disease. Similarly, 
Wedebye Schmidt et al. (106) also found that antibody-mediated 
blockade of either IL-17A or IL-17F alone was insufficient to 
reduce disease severity, whereas blockade of both IL-17A and 
IL-17F completely abrogated disease. These studies highlight the 
compensatory nature of the intestinal immune response during 
IBD and indicate that multiple Th cell types and cytokines likely 
work in concert to promote autoimmunity in this setting.

Another theory of why the absence of IL-17A enhances 
intestinal inflammation lies within its ability to regulate epithelial 
barrier function and gut homeostasis. Maxwell et al. (42) observed 
increased gut permeability in the Abdcb1a-deficient colitis model 
when IL-17RA signaling was abrogated via blocking antibodies as 
compared to control mice. This was further substantiated in a DSS 
model of colitis where antibody-mediated blockade of IL-17 also 
resulted in enhanced “leakiness” of the intestinal epithelial barrier 
(107). In both cases, the increase in permeability correlated with 
changes in epithelial tight junction gene expression and changes in 
occludin positioning within the damaged epithelial layer (42, 107). 
Interestingly, Maxwell et al. (42) demonstrated that IL-17 signaling 
was also critical for production of anti-microbial peptides (AMPs) 
that may influence bacterial populations within the intestines dur-
ing colitis. Song et al. (104) also showed that IL-17, in concert with 
fibroblast growth factor 2, regulated both epithelial barrier function 
and bacterial homeostasis in the gut. As a whole, these data indicate 
that although IL-17 has bona fide inflammatory properties, the 
barrier maintenance and microbial “grooming” function of IL-17 
is likely dominant and is crucial for protection against intestinal 
barrier breach and enhanced inflammation during colitis.

Interleukin-23
Interleukin-23 is composed of the IL-12p40 and IL-23p19 subu-
nits and is produced primarily by DCs and monocytes in IBD  
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(108, 109). IL-23 signals through the IL-23 receptor (IL-23R) 
which is induced by TGF-β, IL-6, and STAT3 signaling on 
activated T cells (110, 111). IL-23 distinctly enhances Th17 dif-
ferentiation in vitro and lineage commitment in vivo (112, 113). 
Furthermore, IL-23 levels are elevated in intestinal biopsies taken 
from patients with IBD (109) and SNPs in the IL23R locus have 
been associated with increased risk for IBD (Table 2) (79, 114).

Interleukin-23 is also elevated in mice with colitis and largely 
appears to be required for disease progression. Interestingly, IL-23 
plays an important role in both innate and adaptive immune-
driven disease. Hue et al. (39) demonstrated that treatment with 
neutralizing antibodies to IL-23p19 blocked the development 
of innate-driven infectious colitis in a 129SvEvRAG−/− mice. 
Furthermore, adaptive immune-driven colitis in an adoptive 
transfer RAG model of disease was abolished when CD45RBhi 
cells were transferred into mice lacking both IL-12p40 and 
IL-23p19, but not in mice lacking individual cytokines (39). These 
findings were confirmed in similar models where either IL-23R-
deficient donor cells (115) were transferred or IL-23 signaling 
was blocked with neutralizing antibodies (116). There was also 
a reduction in disease in IL-23p19-deficient mice treated with 
anti-CD40 agonist antibody as compared to anti-CD40-treated 
WT controls (Table 1) (36). In essentially all situations, reduced 
disease in these animals correlated with a reduction in IL-17+ 
CD4 T cells, particularly those that co-produce IFN-γ, suggest-
ing that these IL-17+/IFN-γ+ cells may be the major inducers of 
disease. Interestingly, both Ahern et al. (115) and Uhlig et al. (36) 
observed that while IL-23p19-deficient mice lacked intestinal 
pathology there was very little difference in the weight loss that 
is often associated with murine models of colitis. By contrast, 
IL-12p40-deficient mice exhibited reduced weight loss, but 
minimal reductions in intestinal pathology (36), suggesting that 
weight loss and intestinal pathology are controlled by divergent 
mechanisms.

Similar to IL-17, IL-23 is not always pathogenic, and in some 
cases, can have a protective role. Becker et al. (37) demonstrated 
in TNBS and DSS models of colitis that IL-23p19-deficient mice 
were much more susceptible to developing colitis as compared 
to their WT counterparts. This phenomenon was also observed 
in a model of infectious colitis, using C. rodentium, where 
antibody-mediated blockade of IL-23 or IL-23-deficiency exac-
erbated disease and enhanced mortality compared to controls 
(117). Both Aychek et  al. (117) and Becker et  al. (37) noted 
increased IFN-γ in the absence of IL-23 and enhanced disease 
could be ameliorated by blockade of IL-12 or IFN-γ. This is 
consistent with several reports noted above where lack of IL-17 
may result in enhanced Th1 responses and suggests a delicate 
balance in mechanisms that control development of intestinal 
inflammation.

Th17-Associated TFs
Signal Transducer and Activator of Transcription 3
STAT3 is activated via phosphorylation by kinases associated 
with the IL-6 and IL-21 receptor and is critical for in vitro and 
in  vivo differentiation of Th17  cells (96, 118). In IBD patients, 
there is an increase in both total STAT3 protein as well as phos-
phorylated STAT3 in the inflamed colon over non-IBD controls 

which correlated with disease severity (119, 120). There is also a 
STAT3 SNP associated with enhanced IBD susceptibility or dis-
ease severity in different populations, further implicating a role 
for STAT3 in both CD and UC (Figure 1; Table 2) (67, 121, 122). 
In line with these observations in humans, STAT3 signaling also 
plays a role in a mouse model of IBD. In a RAG adoptive transfer 
model of IBD, Durant et  al. (40) demonstrated that STAT3-
deficient CD45RBhi CD4 T cells were unable to differentiate into 
IL-17-producing cells and were unable to initiate inflammation 
in the intestines. Interestingly, lack of STAT3 in CD4 T cells had 
little effect on their capacity to produce IFN-γ, but significantly 
enhanced the frequency of these cells that became FOXP3+ 
T regulatory cells. STAT3-deficient CD4 T cells also lacked the 
ability to proliferate or survive in the lymphopenic environment 
present in RAG-deficient hosts. The authors further demonstrated 
via CHIP-seq analysis that STAT3 binds and promotes epigenetic 
remodeling of both Th17- and anti-apoptotic/survival-associated 
genes suggesting a complex role for T cell-intrinsic STAT3 in the 
progression of colitis.

SMADS
TGF-β binding to its receptor triggers activation and phospho-
rylation of SMAD proteins that translocate to the nucleus and 
influence transcription of a variety of genes involved in tumor 
metastasis and T helper cell differentiation. In T  cells, TGF-β 
induces SMADs 2 and 3 that form a complex with SMAD4 and 
activate transcription of a number of genes including FOXP3 and 
RORγt (123). Furthermore, SMAD-induced TGF-β signaling also 
results in increased expression of SMAD7 that acts as an inhibitor 
of TGF-β-induced signaling pathway (124).

Although TGF-β is critical in the differentiation of Th17 cells, 
each SMAD protein has a unique and sometimes antagonizing 
role in this process. SMAD2 promotes Th17 differentiation 
in vitro by enhancing IL-6R expression or by physically interact-
ing with the Th17-associated TF RORγt (41, 125). Furthermore, 
SMAD2-deficient CD4 T cells were unable to initiate colitis in 
a RAG adoptive transfer model and in a C. rodentium model of 
infectious colitis (Table 1) (41). By contrast, SMAD3-deficiency 
resulted in enhanced Th17 differentiation in  vivo (125) and 
SMAD4-deficiency had little effect on Th17 differentiation (96). 
However, more recent reports indicate that SMAD4 degradation 
might play an important role in Th17 differentiation. Zhang et al. 
(126, 127) demonstrated that SMAD4-deficient cells produced 
IL-17 in the absence of TGF-β in culture, an over-looked point 
in the previous study, and ectopic SMAD4 expression suppressed 
Th17 differentiation. Although SMADs 2, 3, and 4 have been 
proposed to work together to drive transcription, it is clear from 
these reports that each SMAD protein has a unique role in Th17 
differentiation.

SMAD7 expression is increased in lesional tissue isolated from 
patients with UC and CD, whereas phosphorylation of SMADs 
2 and 3 is reduced as compared to non-IBD controls (128), sug-
gesting a dominant role for SMAD7 in IBD. Blockade of SMAD7 
activity with an anti-sense oligonucleotide enhanced SMAD2 
activation and reduced inflammatory cytokine production in 
intestinal explants (128) and severity of colitis in mice sensi-
tized and treated with TNBS or oxazolone (29). Furthermore, 
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SMAD7-overexpressing T cells enhanced development of colitis 
in a RAG adoptive transfer model of colitis even in the presence 
of co-transferred T regulatory cells (129). Interestingly, SMAD7 
transgenic CD4+ T cells isolated from the intestines of these mice 
are not enriched for IL-17-producing cells, but instead have more 
IFN-γ-producing Th1 cells and have a lesser capacity to express 
FOXP3. These data are consistent with previous reports that 
demonstrated that TGF-β signaling in T regulatory cells induced 
FOXP3 which in turn limits SMAD7 expression (124). As a 
whole, these data indicate that an imbalance in T cell-intrinsic 
SMAD signaling does not promote Th17 differentiation in vivo, 
but rather enhances the ability of T cells to avoid Treg-mediated 
suppression.

RORγt
An immune-specific isoform of retinoic acid receptor-related 
orphan nuclear receptor gamma (RORγt), a type of nuclear 
hormone receptor (NHR), is critical for the differentiation of 
Th17 cells (95). RORγt is induced by both IL-6/STAT3 and in 
some cases TGF-β, two cytokines that drive Th17 differentiation 
(130). Currently, there has been no identified IBD-associated 
RORC SNPs suggesting that while it is critical for Th17 differen-
tiation, variations in this gene are not associated with enhanced 
disease.

Nuclear hormone receptors, like RORγt, are prime candidates 
for therapeutic intervention based on their mechanism of action 
where binding of a particular ligand controls their transcriptional 
activity. Natural ligands for RORγt have been recently identified 
as being a cholesterol biosynthetic intermediates (CBIs) and dele-
tion of enzymes that generate these CBIs appear to be involved 
in Th17 differentiation (131). There has been a great deal of 
interest in generation of small molecule inhibitors that would 
be able to block or displace binding of natural RORγt ligands to 
therapeutically inhibit Th17 responses during IBD. Withers et al. 
(132) demonstrated that therapeutic delivery of an oral-available 
Rorγt inhibitor (GSK805) was able to significantly reduce disease 
in a number of murine IBD models. Interestingly, GSK805 treat-
ment was more effective in treating disease that IL-17 blockade 
or deficiency and was not marked by compensatory increases 
in IFN-γ production as observed in studies mentioned above. 
These data suggest that either RORγt small molecule inhibitors 
target additional RORγt-expressing cells types that contribute to 
inflammation (i.e., ILC3s) or inhibit other Th17-associated func-
tions besides IL-17 production.

Th22 CeLLS

Th22 cells are characterized by their production of IL-22, but 
not IFN-γ or IL-17. Differentiation of Th22 cells occurs in the 
presence of IL-6, TNF-α, and IL-1β, and suppressed by TGF-β 
(Figure 1) (133, 134). Similar to Th17 cells, IL-21 also can enhance 
the differentiation of IL-22-producing T  cells (135). Although 
Th22 cells do not produce IFN-γ, they express high levels of T-bet 
that is critical for their differentiation (136). Furthermore, while 
expression of the aryl hydrocarbon receptor (AhR) TFs is low in 
Th22 cells as compared to Th17 cells, it is also critical for IL-22 
production from CD4 T cells (133, 136).

Th22-Associated Cytokines
Interleukin-22
Interleukin-22 is a member of the IL-10 family of cytokines and 
binds to IL-22R which is complex of IL-22R1 and IL-10R2 that sig-
nals primarily through STAT3 (137). IL-22 is elevated in both mice 
and humans with IBD (138, 139) and is known to have a protective 
effect against gut inflammation, tissue damage, and bacterial infec-
tion (136, 140–142). IL-22 producing Th cells were significantly 
reduced in inflamed tissues from UC patients and were replaced by 
IL-17-producing Th17 cells, suggesting that the balance of inflam-
matory and anti-inflammatory cells is disrupted during IBD.

In IBD, IL-22 ameliorated intestinal inflammation in a STAT3-
dependent manner that correlated with enhanced mucus produc-
tion by colonic epithelial cells (143). Mice deficient in IL-22 are 
susceptible to C. rodentium infection (136) and mice that lack 
STAT3 specifically in T cells exhibited enhanced susceptibility to 
infectious colitis during C. rodentium infection that was rescued 
by intestinal overexpression of IL-22 (144). Furthermore, adoptive 
transfer of Th cells cultured under Th22 conditions was sufficient 
to protect from C. rodentium infectious colitis (136). In both a 
DSS and RAG adoptive transfer model of colitis, IL-22-deficient 
mice or mice receiving IL-22-deficient Th cells exhibited enhanced 
weight loss and colon inflammation as compared to controls indi-
cating that IL-22 has a protective role in multiple models of murine 
colitis (145, 146). Together, these data suggest that Th22 cells are a 
relevant protective source of IL-22 during intestinal inflammation.

Interleukin-22 mediates its protective properties by inducing 
production of mucus and AMPs that have direct anti-microbial 
activity (141, 147). In addition, injection of IL-22 into mice 
induced the expression of LPS binding protein by hepatic cells 
thereby increasing the capacity to neutralize systemic LPS and 
reduce inflammation (138).

IL-22 Binding Protein (IL-22BP)
IL-22 binding protein exists as soluble inhibitory receptor and it is 
expressed at high levels in the PP and colon by DCs in the steady 
state and by CD4+ T cells during inflammation (146, 148–150). 
IL-22BP has higher affinity than IL-22R1 and competes for 
IL-22 binding with the cell-associated receptor, and interferes 
with the protective role of IL-22. Both UC and CD patients 
exhibit increased IL-22BP expression and IL-22BP+ cells in 
inflamed intestinal tissue as compared to healthy controls (149). 
Importantly, transfer of IL-22BP-deficient Th cells into either 
IL-22BP-sufficient or -deficient RAG mice resulted in less disease 
as compared to mice receiving WT Th cells, indicating that Th 
cell-derived IL-22BP was the biologically dominant source for 
pathogenic IL-22BP production during IBD (149). In future stud-
ies, it will be important to determine what Th cells are producing 
IL-22BP (i.e., Th1 and Th17) or if these cells are a unique Th 
subset. Furthermore, the factors that result in IL-22BP produc-
tion by Th cells is unknown. Understanding of this pathway will 
have clear implications for treatment of IBD.

Th22-Associated TFs
Aryl Hydrocarbon Receptor
STAT3 signaling and T-bet are required for the differentiation of 
Th22 cells (136) and the role of these factors in IBD have been 
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discussed above in terms of Th17 and Th1 differentiation, respec-
tively. Although Th22 cells do not express elevated levels of AhR as 
compared to Th17 cells, it is critical for their differentiation (136). 
As Th22 cells are associated with protection against intestinal dis-
ease, it is not surprising that AhR is also associated with protection 
from IBD. Patients with IBD exhibit significantly higher IL-22 and 
AhR expression as compared to healthy individuals (151), pre-
sumably to counteract enhanced inflammation within the tissue. 
In mice, transfer of AhR-deficient Th cells in a RAG model of coli-
tis induced more severe disease as compared to mice that received 
WT Th cells (135). In a murine TNBS colitis model, an AhR 
antagonist induced more severe colitis by suppressing synthesis 
of IL-22. By contrast, treatment of AhR agonist 6-formylindolo 
(3, 2-b)carbazole (FICZ), a tryptophan derivative, reversed relaps-
ing TNBS and DSS-induced colitis (151). Mechanistically, tryp-
tophan metabolites can alter the intestinal microbiota in favor 
of microbes that induce AhR production and AhR-dependent 
IL-22 transcription (152). As a whole, these data indicate that 
AhR expression in Th cells is required for IL-22 production and 
protection from IBD.

Th2 CeLLS

Th2 cells classically function to provide anti-parasite immunity, 
but are also known to be effector cells in asthma and differenti-
ate in response to IL-4 (153). IL-4 signaling in Th2 cells leads 
to activation of the receptor-associated signaling molecule 
STAT6 and downstream induction of the Th2 defining TF 
GATA3 (Figure 1) (153). GATA3 is able to further polarize the 
differentiation of Th2 cells through a positive autoactivation 
pathway (154) and can also convert committed Th1 cells can 
to Th2 cells when ectopically expressed (155). While Th1 cells 
are indicative of CD, Th2 or Th2-like cells are more associated 
with UC. This Th1/Th2 paradigm, although controversial, has 
been recently supported by the development of an equation 
that can predict CD vs. UC based on cell populations with 83% 
accuracy (156).

Th2-Associated Cytokines
Interleukin-4
The role of IL-4 in perpetuating IBD is controversial. T  cells 
isolated from UC biopsies do not exhibit significant production 
of IL-4, which has shown to be vital in the differentiation of Th2 
cells and their defining cytokine (157). Similarly, IL4 mRNA 
expression in intestinal mucosa in both CD and UC patients was 
undetectable (158). IL-4, in combination with IL-10 (another 
cytokine enriched in Th2 cells), has also been shown to syner-
gistically inhibit the pro-inflammatory cytokines TNF-alpha and 
IL-1β that are associated with IBD (159). Furthermore, SNPs 
present in the IL-4 gene are overrepresented in UC patients and 
are presumably loss of function mutations, suggesting a possible 
regulatory role of these cytokines in IBD patients (Figure  1; 
Table 2) (69). However, anti-IL-4 treatment of mice undergoing 
oxazolone-induced colitis or TCRα−/− adoptive transfer model 
prevented the majority of disease (31, 43, 160). These data indi-
cate that IL-4 may have anti- or pro-inflammatory roles based on 
the particular type of IBD or mouse model used.

Interleukin-5
Stimulated lamina propria (LP) T cells isolated from colonic biop-
sies from UC patients had increased expression of IL-5 compared 
to CD and control patients (161). An assessment of cytokine tran-
scripts in UC and CD patients found IL-5, IL-13, IL-15, and IL-33 
mRNA levels to be increased in UC patients (162). Although IL-5 
is produced in these tissues, its exact contribution to UC is still 
unclear. IL-5 is a potent inducer of eosinophils from the bone 
marrow and there is some evidence that elevated IL-5 levels in 
UC promotes the recruitment of eosinophils into the inflamed 
intestine (163, 164). The role of these eosinophils in UC, however, 
remains unclear.

Interleukin-13
Similarly, LP mononuclear cells from UC produced much larger 
amounts of IL-13 than CD or control patients (33). However, the 
source of IL-13 was not always T cell derived. In human studies, 
both LP Th cells and invariant natural killer T cells accounted for 
the majority of the IL-13 production (161, 165). IL-13 is also pro-
duced in mice by intestinal ILCs (166, 167). Interestingly, IL-13 
signaling through the once thought “decoy” IL-13Rα2 receptor 
induces TGF-β and fibrosis of intestinal tissue in a chronic model 
of TNBS colitis (26, 27). Given the apparent importance of IL-13 
in both human IBD and murine model studies, IL-13-specific 
antibodies (anrukinzumab and tralokinumab) have been trialed 
as therapy for UC patients. Unfortunately, anrukinzumab did 
not show significant therapeutic effect in UC patients with active 
disease (168). Tralokinumab showed some improved clinical 
remission rates and mucosal healing, but did not have significant 
clinical response when compared to placebo, which may indicate 
limited therapeutic benefit (169).

Th2-Associated TFs
Signal Transducer and Activator of Transcription 6
STAT6 is activated by the cytokines IL-4 and IL-13 and binds a 
number of IL-4-responsive promoters (170). Activated STAT6, 
as measured by phosphorylation, was also enhanced in intestinal 
tissues take from UC patients and correlated with disease severity 
(171). There is also one reported SNP in the STAT6 gene that 
is associated with CD (Figure  1; Table  2) (68). In models of 
UC (e.g., DSS and oxazolone-induced UC), STAT6 can play an 
important role in IBD pathogenesis through changes in inducible 
NO synthase or tight junction proteins and Th2 cytokine produc-
tion (20, 172). However, STAT6 was found to be dispensable in a 
TCRα−/− colitis model (173).

GATA3
STAT6 binds the promoter and activates transcription of 
GATA3; GATA3 can subsequently induce its own expression 
and inhibit Th1 production. Thus, GATA3 is a lineage-defining 
factor for Th2 cells. GATA3 was expressed at higher levels in 
colonic tissue from UC patients compared to ileal CD patients 
and correlated with disease severity. Furthermore, UC patients 
had an increased number of mucosal CD4+/GATA+ cells (35). 
This has also been shown in pediatric UC patients, those with 
active disease had increased expression of mucosal GATA3 
compared to age-matched controls (174). In a murine models 
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of UC (DSS and oxazolone-induced UC), overexpression of 
GATA3 accelerates acute colitis in contrast to overexpression of 
T-bet or RORγt (21, 35). Furthermore, T cell-specific GATA3-
deficient mice were resistant to oxazolone-induced disease and 
treatment with hgd40 DNAzyme that cleaves GATA3 mRNA 
also exhibit a significant decrease in disease severity (35). 
Currently, SB012, which contains hgd40, is being investigated 
for use in UC patients (https://www.clinicaltrials.gov/show/
NCT02129439).

Others
c-MAF is a TF that is associated with Th2 and Th17 differentia-
tion and aids in both IL-4 and IL-17 production (175, 176). CD 
and UC patients have increased numbers of c-MAF+ T cells in the 
inflamed intestine. Interestingly, c-MAF+ cells were also T-bet+, 
a Th1-associated factor, suggesting that these cells may have a 
Th1-like phenotype (177). Furthermore, c-MAF overexpressing 
naïve CD4 T cells were unable to induce colitis as compared to 
WT controls. However, c-MAF overexpression within memory/
effector CD4 T  cells, normally containing T  regulatory cells, 
augmented colitis when co-transferred with naïve Th cells (177). 
Deletion of c-MAF in T regulatory cells also limited their ability 
to produce the anti-inflammatory cytokine IL-10 and regulate 
microbiota-specific Th cells (178). These data indicate that there 
is a fine balance in c-MAF expression in T regulatory cells that 
controls their regulatory capacity.

The TF NFAT is also involved in Th2 differentiation and NFAT 
family member expression was enriched in the inflamed intestine 
during IBD (179). A gene controlling NFAT nuclear translocation 
was identified as a key IBD susceptibility gene in human IBD 
GWAS studies (180). Furthermore, genetic deletion of NFATc2 
results in reduced disease in an oxazolone model of murine colitis 
by modulating the ability of Th cells to produce IL-6, a cytokine 
normally associated with Th2 cells (181).

Th9 CeLLS

Interleukin-9 producing T  cells were initially thought to be a 
subset of the Th2 population. This changed after the finding that 
TGF-β, together with IL-4 reprogram Th2 cells to become Th9 
cells that secrete IL-9 and IL-10 and have a unique transcriptional 
profile (Figure 1) (182, 183). In these cells, IL-9 production is 
under the control of PU.1, STAT6, BATF, GATA3, and IRF4 (183, 
184). TGF-β, in particular, stimulates the production of TF PU.1, 
which in turn induces IL-9 expression (185).

Th9-Associated Cytokines
Interleukin-9
Recent studies both of CD and UC patients have shown IL-9 pro-
duction to be enhanced in these disease states and correlates with 
endoscopic Mayo scores (34). Further studies have also revealed 
that in UC patients, activated peripheral blood lymphocytes pro-
duced increased amounts of IL-9 (186). Clinically, patients with 
increased serum IL-9 levels have been shown to have a worsened 
prognosis (187) and higher levels of systemic IL-9 were also 
associated with cachexia and lower hemoglobin concentrations 
in IBD patients (188).

In mouse studies, mice with oxazolone-induced colitis 
exhibited increased IL-9 expression and IL-9-deficient mice were 
resistant to development of colitis (34). Interestingly, therapeuti-
cally targeting IL-9 with a neutralizing antibody in these studies 
also significantly reduced disease over controls, and this was also 
verified in a DSS model of UC (22). In a TNBS-induced colitis 
model, IL-9-deficient mice were also resistant to colitis devel-
opment and suggested that IL-9 may have a role in regulating 
intestinal barrier function (28). In additional studies using the 
RAG adoptive transfer model of colitis found that when IL-9-
producing T  cells were transferred into RAG 1-deficient mice, 
the mice exhibited increased degree of colitis (189). As compared 
to other cytokines that have model-dependent protective or 
pathogenic roles in IBD (i.e., IFN-γ and IL-17), IL-9 appears to 
have a consistent pathogenic role across disease models making 
it a potential druggable target in IBD.

Tofacitinib, one of the newest approved therapies for IBD, is 
a small molecule Janus kinase (JAK) inhibitor that has shown 
promising therapeutic potential in UC (190). The JAK family 
includes intracellular tyrosine kinases that activate STATs to 
control multiple cytokines including IL-9. However, IL-9 is one 
of the many cytokines that are inhibited; perhaps newer therapies 
with more targeted IL-9 activity may be beneficial in patients who 
have failed other forms of treatment.

Interleukin-10
Th9 cells also produce IL-10, which is classically known to be 
immunosuppressive (184). However, as above, experiments by 
Dardalhon et al. showed that transferring IL-9 and IL-10 double 
positive cells into RAG 1-deficient mice worsened colitis in these 
mice (189). However, IL-10 and its role in IBD has been studied 
extensively. IL-10-deficient mice irrefutably develop colitis 
spontaneously and pathologically resemble human IBD (191). 
The role of IL-10 in relation to Th9 cells, however, needs to be 
further elucidated.

Th9-Associated TFs
PU.1
PU.1 is required for Th9 development and is produced more 
in these cells compared to the other subsets (185). In Th9 cells, 
PU.1 binds to the Il9 promoter and alters histone acetylation 
(192). In human IBD, the number of PU.1+ Th cells is higher 
in mucosal biopsies of patients with active IBD (34). This was 
also shown using immunohistochemistry to assess the density of 
PU.1 expressing cells in both human UC and murine DSS colitis 
(22). Moreover, mice with PU.1-deficient T cells had diminished 
pathology in the oxazolone model (34).

Others
STAT6, GATA3, and SMAD proteins are also required for Th9 dif-
ferentiation and may be involved in Th9-mediated colitis. Indeed, 
IL-9 is significantly reduced in oxazolone-induced colitis when 
GATA3 is deficient in T cells (35). However, the role of STAT6 
and SMADs on IL-9 production in colitis has not been examined. 
IRF4 is also required for differentiation of Th2, Th9, and Th17 cells 
(193–195) and is required for inflammation in a RAG adoptive 
transfer model of colitis (196, 197). Therefore, a number of TFs 
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that play a role on other Th lineages can also impact Th9 function 
during intestinal inflammation.

OuTLOOK ON iBD THeRAPY

Over the last several decades, researchers have generated a 
tremendous amount of information regarding how the CD4+ 
Th response influences the outcome of IBD in both mice and 
humans. This has already led to the development of a number 
of biologics (i.e., anti-TNF) that are effective in causing at least 
temporary remission from disease. However, these therapies are 
only effective in causing endoscopic and microscopic remission 
in a subset of patients. In this review, we have highlighted a 
number of instances where depletion or deletion of particular 
Th-associated cytokines can have deleterious effects. In the 
majority of these instances, there are compensatory immune 
mechanisms that either render treatment ineffective or make 
disease considerably worse. Clearly, more work must be done to 
identify these compensatory mechanisms and be able to predict 
them in both murine models of disease and in human patients. 
Broad-scale successful treatments of IBD will likely require target-
ing multiple arms of the Th cell response to account for compen-
sating mechanisms that may be unique to each individual. These 
personalized treatments might include bi-specific antibodies or 
multiple biologics used in conjunction to account for predicted 
compensatory responses.

There are, however, some inherent drawbacks to this “multi-
faceted” approach. Targeting multiple immune mechanisms will 
likely occur at increased cost to the patient. CD treatment is 
already ~3× more expensive than UC therapy with ~64% of that 
cost being driven by anti-TNF therapy (198), a cost that will 
likely increase when multiple biologics are used. One approach 
to this problem is to utilize a broader pan-Th inhibitor that might 
target multiple cytokines that are produced by a number of Th 
subsets. As the majority of these cytokines signal through cytokine 
receptor-associated JAKs, JAK inhibitors are an attractive target 

for limiting autoimmune inflammation. The JAK inhibitor tofaci-
tinib has been approved for treatment of rheumatoid arthritis and 
has shown promise in phase 3 clinical trials in IBD (199). Beyond 
cost, targeting multiple arms of the immune system may also 
lead to increased susceptibility to infection or cancer. Although a  
number of Th-associated cytokines are involved in IBD pathogen-
esis, almost all of these have evolved for protection from infection 
and for regulating gut homeostasis and microbiota. Patients on 
anti-TNF therapy are more susceptible to a number of infections 
and development of particular types of tumors (200, 201). It is easy 
to imagine that combination of anti-TNF therapy with anti-IL-23 
or a JAK inhibitor would further increase susceptibility and thereby 
limit the efficacy or desirability of treatment. Ideally, future treat-
ments would target offender-only molecules that do not also play 
protective or homeostatic roles in the immune system. A recent 
study by van Unen et al. (202) used high parameter time of flight 
mass cytometry (CyTOF) to identify a number of novel immune 
cell populations that correlate with disease in IBD patients. This 
type of data will be instrumental in identifying possible “offender-
only” immune cell populations that may be targeted therapeuti-
cally without hampering normal host immune responses.

AuTHOR CONTRiBuTiONS

TI, SP, MK, and MO wrote the manuscript and designed figures 
and tables.

FuNDiNg

The work in the study was supported by NIH grants R01 
AI057459, R01 AI129241, R21 AI117380, and R01 AI095282 to 
MK. Support provided by the Herman B Wells Center was in part 
from the Riley Children’s Foundation. TI was supported by the 
Department of Pediatrics through the Project Development Team 
within the ICTSI NIH/NCRR Grant Number UL1TR001108. MO 
had support from Purdue University.

ReFeReNCeS

1. Emmrich J, Seyfarth M, Fleig WE, Emmrich F. Treatment of inflamma-
tory bowel disease with anti-CD4 monoclonal antibody. Lancet (1991) 
338(8766):570–1. doi:10.1016/0140-6736(91)91133-F 

2. Stronkhorst A, Radema S, Yong SL, Bijl H, ten Berge IJ, Tytgat GN, et al. CD4 
antibody treatment in patients with active Crohn’s disease: a phase 1 dose 
finding study. Gut (1997) 40(3):320–7. doi:10.1136/gut.40.3.320 

3. Greenwald B, James SP. Long-term HIV infection with Crohn’s disease.  
Am J Gastroenterol (1995) 90(1):167–8. 

4. Skamnelos A, Tatsioni A, Katsanos KH, Tsianos V, Christodoulou D,  
Tsianos EV. CD4 count remission hypothesis in patients with inflammatory 
bowel disease and human immunodeficiency virus infection: a systematic 
review of the literature. Ann Gastroenterol (2015) 28(3):337–46. 

5. Targan SR, Hanauer SB, van Deventer SJ, Mayer L, Present DH, Braakman T,  
et  al. A short-term study of chimeric monoclonal antibody cA2 to tumor 
necrosis factor alpha for Crohn’s disease. Crohn’s disease cA2 study group. 
N Engl J Med (1997) 337(15):1029–35. doi:10.1056/NEJM199710093371502 

6. Hanauer SB, Feagan BG, Lichtenstein GR, Mayer LF, Schreiber S, Colombel JF, 
et al. Maintenance infliximab for Crohn’s disease: the ACCENT I randomised 
trial. Lancet (2002) 359(9317):1541–9. doi:10.1016/S0140-6736(02)08512-4 

7. Feagan BG, Sandborn WJ, D’Haens G, Panes J, Kaser A, Ferrante M, et al. 
Induction therapy with the selective interleukin-23 inhibitor risankizumab 

in patients with moderate-to-severe Crohn’s disease: a randomised, 
double-blind, placebo-controlled phase 2 study. Lancet (2017) 389(10080): 
1699–709. doi:10.1016/S0140-6736(17)30570-6 

8. Manetti R, Parronchi P, Giudizi MG, Piccinni MP, Maggi E, Trinchieri G, 
et al. Natural killer cell stimulatory factor (interleukin 12 [IL-12]) induces T 
helper type 1 (Th1)-specific immune responses and inhibits the development 
of IL-4-producing Th cells. J Exp Med (1993) 177(4):1199–204. doi:10.1084/
jem.177.4.1199 

9. Kaplan MH, Sun YL, Hoey T, Grusby MJ. Impaired IL-12 responses and 
enhanced development of Th2 cells in Stat4-deficient mice. Nature (1996) 
382(6587):174–7. doi:10.1038/382174a0 

10. Thierfelder WE, van Deursen JM, Yamamoto K, Tripp RA, Sarawar SR,  
Carson RT, et al. Requirement for Stat4 in interleukin-12-mediated responses 
of natural killer and T  cells. Nature (1996) 382(6587):171–4. doi:10.1038/ 
382171a0 

11. Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, O’Garra A, Murphy KM. Pillars 
article: development of TH1 CD4+ T  cells through IL-12 produced by 
Listeria-induced macrophages. Science (1993) 260(5107):547–9.  doi:10.1126/
science.8097338 

12. Thieu VT, Yu Q, Chang HC, Yeh N, Nguyen ET, Sehra S, et  al. Signal 
transducer and activator of transcription 4 is required for the transcription 
factor T-bet to promote T helper 1 cell-fate determination. Immunity (2008) 
29(5):679–90. doi:10.1016/j.immuni.2008.08.017 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/0140-6736(91)91133-F
https://doi.org/10.1136/gut.40.3.320
https://doi.org/10.1056/NEJM199710093371502
https://doi.org/10.1016/S0140-6736(02)08512-4
https://doi.org/10.1016/S0140-6736(17)30570-6
https://doi.org/10.1084/jem.177.4.1199
https://doi.org/10.1084/jem.177.4.1199
https://doi.org/10.1038/382174a0
https://doi.org/10.1038/
382171a0
https://doi.org/10.1038/
382171a0
https://doi.org/10.1126/science.8097338
https://doi.org/10.1126/science.8097338
https://doi.org/10.1016/j.immuni.2008.08.017


11

Imam et al. Effector T Helper Cells in IBD

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1212

13. Nava P, Koch S, Laukoetter MG, Lee WY, Kolegraff K, Capaldo CT, et  al. 
Interferon-gamma regulates intestinal epithelial homeostasis through con-
verging beta-catenin signaling pathways. Immunity (2010) 32(3):392–402. 
doi:10.1016/j.immuni.2010.03.001 

14. Powrie F, Leach MW, Mauze S, Menon S, Caddle LB, Coffman RL. Inhibition 
of Th1 responses prevents inflammatory bowel disease in SCID mice 
reconstituted with CD45RBhi CD4+ T cells. Immunity (1994) 1(7):553–62. 
doi:10.1016/1074-7613(94)90045-0 

15. Ito R, Shin-Ya M, Kishida T, Urano A, Takada R, Sakagami J, et  al. 
Interferon-gamma is causatively involved in experimental inflammatory  
bowel disease in mice. Clin Exp Immunol (2006) 146(2):330–8. doi:10.1111/ 
j.1365-2249.2006.03214.x 

16. Simpson SJ, Shah S, Comiskey M, de Jong YP, Wang B, Mizoguchi E, et al. 
T  cell-mediated pathology in two models of experimental colitis depends 
predominantly on the interleukin 12/signal transducer and activator of 
transcription (STAT)-4 pathway, but is not conditional on interferon gamma 
expression by T  cells. J Exp Med (1998) 187(8):1225–34. doi:10.1084/
jem.187.8.1225 

17. Muzaki AR, Tetlak P, Sheng J, Loh SC, Setiagani YA, Poidinger M, et  al.  
Intestinal CD103(+)CD11b(-) dendritic cells restrain colitis via IFN-
gamma-induced anti-inflammatory response in epithelial cells. Mucosal 
Immunol (2016) 9(2):336–51. doi:10.1038/mi.2015.64 

18. Camoglio L, te Velde AA, de Boer A, ten Kate FJ, Kopf M, van Deventer SJ.  
Hapten-induced colitis associated with maintained Th1 and inflamma-
tory responses in IFN-gamma receptor-deficient mice. Eur J Immunol 
(2000) 30(5):1486–95. doi:10.1002/(SICI)1521-4141(200005)30:5<1486:: 
AID-IMMU1486>3.0.CO;2-8 

19. Jin Y, Lin Y, Lin L, Zheng C. IL-17/IFN-gamma interactions regulate  
intestinal inflammation in TNBS-induced acute colitis. J Interferon Cytokine 
Res (2012) 32(11):548–56. doi:10.1089/jir.2012.0030 

20. Elrod JW, Laroux FS, Houghton J, Carpenter A, Ando T, Jennings MH, et al. 
DSS-induced colitis is exacerbated in STAT-6 knockout mice. Inflamm Bowel 
Dis (2005) 11(10):883–9. doi:10.1097/01.MIB.0000182871.76434.57 

21. Okamura M, Yoh K, Ojima M, Morito N, Takahashi S. Overexpression  
of GATA-3 in T  cells accelerates dextran sulfate sodium-induced colitis.  
Exp Anim (2014) 63(2):133–40. doi:10.1538/expanim.63.133 

22. Yuan A, Yang H, Qi H, Cui J, Hua W, Li C, et  al. IL-9 antibody injection 
suppresses the inflammation in colitis mice. Biochem Biophys Res Commun 
(2015) 468(4):921–6. doi:10.1016/j.bbrc.2015.11.057 

23. 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(9):1129–43. 
doi:10.1084/jem.20011956 

24. Shen C, de Hertogh G, Bullens DM, Van Assche G, Geboes K, Rutgeerts P,  
et al. Remission-inducing effect of anti-TNF monoclonal antibody in TNBS 
colitis: mechanisms beyond neutralization? Inflamm Bowel Dis (2007) 
13(3):308–16. doi:10.1002/ibd.20005 

25. Yang Y, Wang H, Dou Y, Wang Y, Han G, Wang R, et al. Colitogenic role of 
tumour necrosis factor (TNF) receptors in trinitrobenzene sulphonic acid 
colitis: TNF-R1 ablation does not affect systemic inflammatory response. Clin 
Exp Immunol (2011) 165(3):372–82. doi:10.1111/j.1365-2249.2011.04413.x 

26. Fichtner-Feigl S, Fuss IJ, Young CA, Watanabe T, Geissler EK, Schlitt HJ, et al. 
Induction of IL-13 triggers TGF-beta1-dependent tissue fibrosis in chronic 
2,4,6-trinitrobenzene sulfonic acid colitis. J Immunol (2007) 178(9):5859–70. 
doi:10.4049/jimmunol.178.9.5859 

27. Fichtner-Feigl S, Young CA, Kitani A, Geissler EK, Schlitt HJ, Strober W. 
IL-13 signaling via IL-13R alpha2 induces major downstream fibrogenic 
factors mediating fibrosis in chronic TNBS colitis. Gastroenterology (2008) 
135(6):2003–13, 2013.e1–7. doi:10.1053/j.gastro.2008.08.055 

28. Gerlach K, McKenzie AN, Neurath MF, Weigmann B. IL-9 regulates intestinal  
barrier function in experimental T  cell-mediated colitis. Tissue Barriers 
(2015) 3(1–2):e983777. doi:10.4161/21688370.2014.983777 

29. Boirivant M, Pallone F, Di Giacinto C, Fina D, Monteleone I, Marinaro M, 
et  al. Inhibition of Smad7 with a specific antisense oligonucleotide facili-
tates TGF-beta1-mediated suppression of colitis. Gastroenterology (2006) 
131(6):1786–98. doi:10.1053/j.gastro.2006.09.016 

30. Zhang Z, Zheng M, Bindas J, Schwarzenberger P, Kolls JK. Critical role of 
IL-17 receptor signaling in acute TNBS-induced colitis. Inflamm Bowel Dis 
(2006) 12(5):382–8. doi:10.1097/01.MIB.0000218764.06959.91 

31. Boirivant M, Fuss IJ, Chu A, Strober W. Oxazolone colitis: a murine model 
of T helper cell type 2 colitis treatable with antibodies to interleukin 4. J Exp 
Med (1998) 188(10):1929–39. doi:10.1084/jem.188.10.1929 

32. 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(5):629–38. doi:10.1016/
S1074-7613(02)00453-3 

33. Heller F, Florian P, Bojarski C, Richter J, Christ M, Hillenbrand B, et  al. 
Interleukin-13 is the key effector Th2 cytokine in ulcerative colitis that affects 
epithelial tight junctions, apoptosis, and cell restitution. Gastroenterology 
(2005) 129(2):550–64. doi:10.1053/j.gastro.2005.05.002 

34. 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(7):676–86. doi:10.1038/ni.2920 

35. Popp V, Gerlach K, Mott S, Turowska A, Garn H, Atreya R, et  al. Rectal 
delivery of a DNAzyme that specifically blocks the transcription factor 
GATA3 and reduces colitis in mice. Gastroenterology (2017) 152(1):176–92. 
doi:10.1053/j.gastro.2016.09.005 

36. Uhlig HH, McKenzie BS, Hue S, Thompson C, Joyce-Shaikh B, Stepankova R,  
et  al. Differential activity of IL-12 and IL-23 in mucosal and systemic 
innate immune pathology. Immunity (2006) 25(2):309–18. doi:10.1016/j.
immuni.2006.05.017 

37. Becker C, Dornhoff H, Neufert C, Fantini MC, Wirtz S, Huebner S, et  al. 
Cutting edge: IL-23 cross-regulates IL-12 production in T  cell-dependent 
experimental colitis. J Immunol (2006) 177(5):2760–4. doi:10.4049/jimmunol. 
177.5.2760 

38. Ishigame H, Kakuta S, Nagai T, Kadoki M, Nambu A, Komiyama Y, et al. 
Differential roles of interleukin-17A and -17F in host defense against 
mucoepithelial bacterial infection and allergic responses. Immunity (2009) 
30(1):108–19. doi:10.1016/j.immuni.2008.11.009 

39. Hue S, Ahern P, Buonocore S, Kullberg MC, Cua DJ, McKenzie BS, et  al. 
Interleukin-23 drives innate and T  cell-mediated intestinal inflammation. 
J Exp Med (2006) 203(11):2473–83. doi:10.1084/jem.20061099 

40. Durant L, Watford WT, Ramos HL, Laurence A, Vahedi G, Wei L, et  al. 
Diverse targets of the transcription factor STAT3 contribute to T cell patho-
genicity and homeostasis. Immunity (2010) 32(5):605–15. doi:10.1016/j.
immuni.2010.05.003 

41. Malhotra N, Robertson E, Kang J. SMAD2 is essential for TGF beta-mediated 
Th17 cell generation. J Biol Chem (2010) 285(38):29044–8. doi:10.1074/jbc.
C110.156745 

42. Maxwell JR, Zhang Y, Brown WA, Smith CL, Byrne FR, Fiorino M, et  al. 
Differential roles for interleukin-23 and interleukin-17 in intestinal immu-
noregulation. Immunity (2015) 43(4):739–50. doi:10.1016/j.immuni.2015. 
08.019 

43. Mizoguchi A, Mizoguchi E, Bhan AK. The critical role of interleukin 4 but not 
interferon gamma in the pathogenesis of colitis in T-cell receptor α mutant 
mice. Gastroenterology (1999) 116(2):320–6. doi:10.1016/S0016-5085(99) 
70128-9 

44. Yen D, Cheung J, Scheerens H, Poulet F, McClanahan T, McKenzie B, et al. 
IL-23 is essential for T cell-mediated colitis and promotes inflammation via 
IL-17 and IL-6. J Clin Invest (2006) 116(5):1310–6. doi:10.1172/JCI21404 

45. Silverberg MS, Cho JH, Rioux JD, McGovern DP, Wu J, Annese V, et  al. 
Ulcerative colitis-risk loci on chromosomes 1p36 and 12q15 found by 
genome-wide association study. Nat Genet (2009) 41(2):216–20. doi:10.1038/
ng.275 

46. Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. Host-
microbe interactions have shaped the genetic architecture of inflammatory 
bowel disease. Nature (2012) 491(7422):119–24. doi:10.1038/nature11582 

47. Gonsky R, Deem RL, Landers CJ, Haritunians T, Yang S, Targan SR. IFNG 
rs1861494 polymorphism is associated with IBD disease severity and func-
tional changes in both IFNG methylation and protein secretion. Inflamm 
Bowel Dis (2014) 20(10):1794–801. doi:10.1097/MIB.0000000000000172 

48. Fisher SA, Tremelling M, Anderson CA, Gwilliam R, Bumpstead S, Prescott NJ,  
et  al. Genetic determinants of ulcerative colitis include the ECM1 locus 
and five loci implicated in Crohn’s disease. Nat Genet (2008) 40(6):710–2. 
doi:10.1038/ng.145 

49. Marquez A, Mendoza JL, Taxonera C, Diaz-Rubio M, De La Concha EG, 
Urcelay E, et al. IL23R and IL12B polymorphisms in Spanish IBD patients: no 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.immuni.2010.03.001
https://doi.org/10.1016/1074-7613(94)90045-0
https://doi.org/10.1111/j.1365-2249.2006.03214.x
https://doi.org/10.1111/j.1365-2249.2006.03214.x
https://doi.org/10.1084/jem.187.8.1225
https://doi.org/10.1084/jem.187.8.1225
https://doi.org/10.1038/mi.2015.64
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5 < 1486::AID-IMMU1486 > 3.0.
CO;2-8
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5 < 1486::AID-IMMU1486 > 3.0.
CO;2-8
https://doi.org/10.1089/jir.2012.0030
https://doi.org/10.1097/01.MIB.0000182871.76434.57
https://doi.org/10.1538/expanim.63.133
https://doi.org/10.1016/j.bbrc.2015.11.057
https://doi.org/10.1084/jem.20011956
https://doi.org/10.1002/ibd.20005
https://doi.org/10.1111/j.1365-2249.2011.
04413.x
https://doi.org/10.4049/jimmunol.178.9.5859
https://doi.org/10.1053/j.gastro.2008.08.055
https://doi.org/10.4161/21688370.2014.983777
https://doi.org/10.1053/j.gastro.2006.09.016
https://doi.org/10.1097/01.MIB.0000218764.06959.91
https://doi.org/10.1084/jem.188.10.1929
https://doi.org/10.1016/S1074-7613(02)00453-3
https://doi.org/10.1016/S1074-7613(02)00453-3
https://doi.org/10.1053/j.gastro.2005.05.002
https://doi.org/10.1038/ni.2920
https://doi.org/10.1053/j.gastro.2016.09.005
https://doi.org/10.1016/j.immuni.2006.05.017
https://doi.org/10.1016/j.immuni.2006.05.017
https://doi.org/10.4049/jimmunol.
177.5.2760
https://doi.org/10.4049/jimmunol.
177.5.2760
https://doi.org/10.1016/j.immuni.2008.11.009
https://doi.org/10.1084/jem.20061099
https://doi.org/10.1016/j.immuni.2010.05.003
https://doi.org/10.1016/j.immuni.2010.05.003
https://doi.org/10.1074/jbc.C110.156745
https://doi.org/10.1074/jbc.C110.156745
https://doi.org/10.1016/j.immuni.2015.
08.019
https://doi.org/10.1016/j.immuni.2015.
08.019
https://doi.org/10.1016/S0016-5085(99)70128-9
https://doi.org/10.1016/S0016-5085(99)70128-9
https://doi.org/10.1172/JCI21404
https://doi.org/10.1038/ng.275
https://doi.org/10.1038/ng.275
https://doi.org/10.1038/nature11582
https://doi.org/10.1097/MIB.0000000000000172
https://doi.org/10.1038/ng.145


12

Imam et al. Effector T Helper Cells in IBD

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1212

evidence of interaction. Inflamm Bowel Dis (2008) 14(9):1192–6. doi:10.1002/
ibd.20463 

50. Glas J, Seiderer J, Wagner J, Olszak T, Fries C, Tillack C, et al. Analysis of 
IL12B gene variants in inflammatory bowel disease. PLoS One (2012) 
7(3):e34349. doi:10.1371/journal.pone.0034349 

51. Moon CM, Shin DJ, Son NH, Shin ES, Hong SP, Kim TI, et  al. Genetic 
variants in the IL12B gene are associated with inflammatory bowel diseases 
in the Korean population. J Gastroenterol Hepatol (2013) 28(10):1588–94. 
doi:10.1111/jgh.12214 

52. Barrett JC, Hansoul S, Nicolae DL, Cho JH, Duerr RH, Rioux JD, et  al. 
Genome-wide association defines more than 30 distinct susceptibility loci 
for Crohn’s disease. Nat Genet (2008) 40(8):955–62. doi:10.1038/ng.175 

53. Anderson CA, Massey DC, Barrett JC, Prescott NJ, Tremelling M, Fisher 
SA, et  al. Investigation of Crohn’s disease risk loci in ulcerative colitis 
further defines their molecular relationship. Gastroenterology (2009) 136(2): 
523–9.e3. doi:10.1053/j.gastro.2008.10.032 

54. Anderson CA, Boucher G, Lees CW, Franke A, D’Amato M, Taylor KD, et al. 
Meta-analysis identifies 29 additional ulcerative colitis risk loci, increasing 
the number of confirmed associations to 47. Nat Genet (2011) 43(3):246–52. 
doi:10.1038/ng.764 

55. Ferreira AC, Almeida S, Tavares M, Canedo P, Pereira F, Regalo G, et  al. 
NOD2/CARD15 and TNFA, but not IL1B and IL1RN, are associated 
with Crohn’s disease. Inflamm Bowel Dis (2005) 11(4):331–9. doi:10.1097/ 
01.MIB.0000158153.71579.b4 

56. Lopez-Hernandez R, Valdes M, Campillo JA, Martinez-Garcia P, Salama H,  
Salgado G, et  al. Genetic polymorphisms of tumour necrosis factor alpha 
(TNF-alpha) promoter gene and response to TNF-alpha inhibitors in 
Spanish patients with inflammatory bowel disease. Int J Immunogenet (2014) 
41(1):63–8. doi:10.1111/iji.12059 

57. Sanchez R, Levy E, Costea F, Sinnett D. IL-10 and TNF-alpha promoter 
haplotypes are associated with childhood Crohn’s disease location. World 
J Gastroenterol (2009) 15(30):3776–82. doi:10.3748/wjg.15.3776 

58. Naderi N, Farnood A, Dadaei T, Habibi M, Balaii H, Firouzi F, et  al. 
Association of tumor necrosis factor alpha gene polymorphisms with 
inflammatory bowel disease in Iran. Iran J Public Health (2014) 43(5): 
630–6. 

59. Diaz-Gallo LM, Palomino-Morales RJ, Gomez-Garcia M, Cardena C,  
Rodrigo L, Nieto A, et al. STAT4 gene influences genetic predisposition to 
ulcerative colitis but not Crohn’s disease in the Spanish population: a replica-
tion study. Hum Immunol (2010) 71(5):515–9. doi:10.1016/j.humimm.2010. 
02.005 

60. Moon CM, Cheon JH, Kim SW, Shin DJ, Kim ES, Shin ES, et al. Association 
of signal transducer and activator of transcription 4 genetic variants with 
extra-intestinal manifestations in inflammatory bowel disease. Life Sci  
(2010) 86(17–18):661–7. doi:10.1016/j.lfs.2010.02.016 

61. Oliver J, Rueda B, Lopez-Nevot MA, Gomez-Garcia M, Martin J. Replication 
of an association between IL23R gene polymorphism with inflammatory 
bowel disease. Clin Gastroenterol Hepatol (2007) 5(8):977–81, 981.e1–2. 
doi:10.1016/j.cgh.2007.05.002 

62. Roberts RL, Gearry RB, Hollis-Moffatt JE, Miller AL, Reid J, Abkevich V, et al. 
IL23R R381Q and ATG16L1 T300A are strongly associated with Crohn’s disease 
in a study of New Zealand Caucasians with inflammatory bowel disease. Am 
J Gastroenterol (2007) 102(12):2754–61. doi:10.1111/j.1572-0241.2007.01525.x 

63. Lakatos PL, Szamosi T, Szilvasi A, Molnar E, Lakatos L, Kovacs A, et  al. 
ATG16L1 and IL23 receptor (IL23R) genes are associated with disease 
susceptibility in Hungarian CD patients. Dig Liver Dis (2008) 40(11):867–73. 
doi:10.1016/j.dld.2008.03.022 

64. Cotterill L, Payne D, Levinson S, McLaughlin J, Wesley E, Feeney M, et al. 
Replication and meta-analysis of 13,000 cases defines the risk for interleu-
kin-23 receptor and autophagy-related 16-like 1 variants in Crohn’s disease. 
Can J Gastroenterol (2010) 24(5):297–302. doi:10.1155/2010/480458 

65. Cummings JR, Ahmad T, Geremia A, Beckly J, Cooney R, Hancock L, et al. 
Contribution of the novel inflammatory bowel disease gene IL23R to disease 
susceptibility and phenotype. Inflamm Bowel Dis (2007) 13(9):1063–8. 
doi:10.1002/ibd.20180 

66. Franke A, Balschun T, Karlsen TH, Hedderich J, May S, Lu T, et al. Replication 
of signals from recent studies of Crohn’s disease identifies previously 
unknown disease loci for ulcerative colitis. Nat Genet (2008) 40(6):713–5. 
doi:10.1038/ng.148 

67. Zhang J, Wu J, Peng X, Song J, Wang J, Dong W. Associations between  
STAT3 rs744166 polymorphisms and susceptibility to ulcerative colitis 
and Crohn’s disease: a meta-analysis. PLoS One (2014) 9(10):e109625. 
doi:10.1371/journal.pone.0109625 

68. Klein W, Tromm A, Folwaczny C, Hagedorn M, Duerig N, Epplen J, et al.  
The G2964A polymorphism of the STAT6 gene in inflammatory bowel 
disease. Dig Liver Dis (2005) 37(3):159–61. doi:10.1016/j.dld.2004.10.011 

69. Ebrahimi Daryani N, Saghazadeh A, Moossavi S, Sadr M, Shahkarami S,  
Soltani S,et  al. Interleukin-4 and interleukin-10 gene polymorphisms in 
patients with inflammatory bowel disease. Immunol Invest (2017) 46(7): 
714–29. doi:10.1080/08820139.2017.1360343 

70. Ebach DR, Newberry R, Stenson WF. Differential role of tumor necrosis 
factor receptors in TNBS colitis. Inflamm Bowel Dis (2005) 11(6):533–40. 
doi:10.1097/01.MIB.0000163698.34592.30 

71. Stillie R, Stadnyk AW. Role of TNF receptors, TNFR1 and TNFR2, in dextran 
sodium sulfate-induced colitis. Inflamm Bowel Dis (2009) 15(10):1515–25. 
doi:10.1002/ibd.20951 

72. Wang Y, Han G, Chen Y, Wang K, Liu G, Wang R, et al. Protective role of 
tumor necrosis factor (TNF) receptors in chronic intestinal inflammation: 
TNFR1 ablation boosts systemic inflammatory response. Lab Invest (2013) 
93(9):1024–35. doi:10.1038/labinvest.2013.89 

73. Hanauer SB, Sandborn WJ, Rutgeerts P, Fedorak RN, Lukas M, MacIntosh D,  
et al. Human anti-tumor necrosis factor monoclonal antibody (adalimumab)  
in Crohn’s disease: the CLASSIC-I trial. Gastroenterology (2006) 130(2): 
323–33; quiz 591. doi:10.1053/j.gastro.2005.11.030 

74. Rutgeerts P, Diamond RH, Bala M, Olson A, Lichtenstein GR, Bao W, et al. 
Scheduled maintenance treatment with infliximab is superior to episodic 
treatment for the healing of mucosal ulceration associated with Crohn’s 
disease. Gastrointest Endosc (2006) 63(3):433–42; quiz 464. doi:10.1016/j.
gie.2005.08.011 

75. Rutgeerts P, Van Assche G, Sandborn WJ, Wolf DC, Geboes K, Colombel JF,  
et al. Adalimumab induces and maintains mucosal healing in patients with 
Crohn’s disease: data from the EXTEND trial. Gastroenterology (2012) 
142(5):1102–11.e2. doi:10.1053/j.gastro.2012.01.035 

76. Krausgruber T, Schiering C, Adelmann K, Harrison OJ, Chomka A, Pearson C,  
et  al. T-bet is a key modulator of IL-23-driven pathogenic CD4(+) T  cell 
responses in the intestine. Nat Commun (2016) 7:11627. doi:10.1038/
ncomms11627 

77. Garrett WS, Lord GM, Punit S, Lugo-Villarino G, Mazmanian SK, Ito S, 
et  al. Communicable ulcerative colitis induced by T-bet deficiency in the 
innate immune system. Cell (2007) 131(1):33–45. doi:10.1016/j.cell.2007. 
08.017 

78. Powell N, Walker AW, Stolarczyk E, Canavan JB, Gokmen MR, Marks E, 
et al. The transcription factor T-bet regulates intestinal inflammation medi-
ated by interleukin-7 receptor+ innate lymphoid cells. Immunity (2012) 
37(4):674–84. doi:10.1016/j.immuni.2012.09.008 

79. Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, et al. 
A genome-wide association study identifies IL23R as an inflammatory 
bowel disease gene. Science (2006) 314(5804):1461–3. doi:10.1126/science. 
1135245 

80. Soderquest K, Hertweck A, Giambartolomei C, Henderson S, Mohamed R, 
Goldberg R, et al. Genetic variants alter T-bet binding and gene expression 
in mucosal inflammatory disease. PLoS Genet (2017) 13(2):e1006587. 
doi:10.1371/journal.pgen.1006587 

81. Kaplan MH. STAT4: a critical regulator of inflammation in vivo. Immunol  
Res (2005) 31(3):231–42. doi:10.1385/IR:31:3:231 

82. Wei L, Vahedi G, Sun HW, Watford WT, Takatori H, Ramos HL, et al. Discrete 
roles of STAT4 and STAT6 transcription factors in tuning epigenetic modi-
fications and transcription during T helper cell differentiation. Immunity 
(2010) 32(6):840–51. doi:10.1016/j.immuni.2010.06.003 

83. Good SR, Thieu VT, Mathur AN, Yu Q, Stritesky GL, Yeh N, et al. Temporal 
induction pattern of STAT4 target genes defines potential for Th1 lineage- 
specific programming. J Immunol (2009) 183(6):3839–47. doi:10.4049/
jimmunol.0901411 

84. Wirtz S, Finotto S, Kanzler S, Lohse AW, Blessing M, Lehr HA, et  al. 
Cutting edge: chronic intestinal inflammation in STAT-4 transgenic mice: 
characterization of disease and adoptive transfer by TNF- plus IFN-gamma-
producing CD4+ T cells that respond to bacterial antigens. J Immunol (1999) 
162(4):1884–8. 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/ibd.20463
https://doi.org/10.1002/ibd.20463
https://doi.org/10.1371/journal.pone.0034349
https://doi.org/10.1111/jgh.12214
https://doi.org/10.1038/ng.175
https://doi.org/10.1053/j.gastro.2008.10.032
https://doi.org/10.1038/ng.764
https://doi.org/10.1097/
01.MIB.0000158153.71579.b4
https://doi.org/10.1097/
01.MIB.0000158153.71579.b4
https://doi.org/10.1111/iji.12059
https://doi.org/10.3748/wjg.15.3776
https://doi.org/10.1016/j.humimm.2010.
02.005
https://doi.org/10.1016/j.humimm.2010.
02.005
https://doi.org/10.1016/j.lfs.2010.02.016
https://doi.org/10.1016/j.cgh.2007.05.002
https://doi.org/10.1111/j.1572-0241.2007.
01525.x
https://doi.org/10.1016/j.dld.2008.03.022
https://doi.org/10.1155/2010/480458
https://doi.org/10.1002/ibd.20180
https://doi.org/10.1038/ng.148
https://doi.org/10.1371/journal.pone.0109625
https://doi.org/10.1016/j.dld.2004.10.011
https://doi.org/10.1080/08820139.2017.1360343
https://doi.org/10.1097/01.MIB.0000163698.34592.30
https://doi.org/10.1002/ibd.20951
https://doi.org/10.1038/labinvest.2013.89
https://doi.org/10.1053/j.gastro.2005.11.030
https://doi.org/10.1016/j.gie.2005.
08.011
https://doi.org/10.1016/j.gie.2005.
08.011
https://doi.org/10.1053/j.gastro.2012.01.035
https://doi.org/10.1038/ncomms11627
https://doi.org/10.1038/ncomms11627
https://doi.org/10.1016/j.cell.2007.08.017
https://doi.org/10.1016/j.cell.2007.08.017
https://doi.org/10.1016/j.immuni.2012.09.008
https://doi.org/10.1126/science.
1135245
https://doi.org/10.1126/science.
1135245
https://doi.org/10.1371/journal.pgen.1006587
https://doi.org/10.1385/IR:31:3:231
https://doi.org/10.1016/j.immuni.2010.06.003
https://doi.org/10.4049/jimmunol.0901411
https://doi.org/10.4049/jimmunol.0901411


13

Imam et al. Effector T Helper Cells in IBD

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1212

85. Zhu H, Liu J, Zhang H, Wang Z, Liu J, Lu S, et al. Polymorphisms of STAT4 
and the risk of inflammatory bowel disease: a case-control study in Chinese 
Han population. Biomed Rep (2013) 1(2):320–4. doi:10.3892/br.2013.59 

86. Jabeen R, Miller L, Yao W, Gupta S, Steiner S, Kaplan MH. Altered STAT4 
isoform expression in patients with inflammatory bowel disease. Inflamm 
Bowel Dis (2015) 21(10):2383–92. doi:10.1097/MIB.0000000000000495 

87. Mo C, Chearwae W, O’Malley JT, Adams SM, Kanakasabai S, Walline CC, 
et al. Stat4 isoforms differentially regulate inflammation and demyelination  
in experimental allergic encephalomyelitis. J Immunol (2008) 181(8): 
5681–90. doi:10.4049/jimmunol.181.8.5681 

88. O’Malley JT, Eri RD, Stritesky GL, Mathur AN, Chang HC, Hogenesch H, 
et  al. STAT4 isoforms differentially regulate Th1 cytokine production and  
the severity of inflammatory bowel disease. J Immunol (2008) 181(7): 
5062–70. doi:10.4049/jimmunol.181.7.5062 

89. Weaver CT, Elson CO, Fouser LA, Kolls JK. The Th17 pathway and inflam-
matory diseases of the intestines, lungs, and skin. Annu Rev Pathol (2013) 
8:477–512. doi:10.1146/annurev-pathol-011110-130318 

90. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal 
developmental pathways for the generation of pathogenic effector TH17 and 
regulatory T cells. Nature (2006) 441(7090):235–8. doi:10.1038/nature04753 

91. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD,  
et  al. IL-23 drives a pathogenic T  cell population that induces autoim-
mune inflammation. J Exp Med (2005) 201(2):233–40. doi:10.1084/jem. 
20041257 

92. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, Kang HS, et  al. 
Critical regulation of early Th17 cell differentiation by interleukin-1 signaling.  
Immunity (2009) 30(4):576–87. doi:10.1016/j.immuni.2009.02.007 

93. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM,  
et al. Interleukin 17-producing CD4+ effector T cells develop via a lineage 
distinct from the T helper type 1 and 2 lineages. Nat Immunol (2005) 6(11): 
1123–32. doi:10.1038/ni1254 

94. Laurence A, Tato CM, Davidson TS, Kanno Y, Chen Z, Yao Z, et  al. 
Interleukin-2 signaling via STAT5 constrains T helper 17 cell generation. 
Immunity (2007) 26(3):371–81. doi:10.1016/j.immuni.2007.02.009 

95. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. 
The orphan nuclear receptor RORgammat directs the differentiation pro-
gram of proinflammatory IL-17+ T helper cells. Cell (2006) 126(6):1121–33. 
doi:10.1016/j.cell.2006.07.035 

96. Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, Chung Y, et al. T 
helper 17 lineage differentiation is programmed by orphan nuclear receptors 
ROR alpha and ROR gamma. Immunity (2008) 28(1):29–39. doi:10.1016/j.
immuni.2007.11.016 

97. Gaffen S. IL-17 receptor composition. Nat Rev Immunol (2016) 16(1):4. 
doi:10.1038/nri.2015.2 

98. O’Connor W Jr, Kamanaka M, Booth CJ, Town T, Nakae S, Iwakura Y, et al. 
A protective function for interleukin 17A in T  cell-mediated intestinal 
inflammation. Nat Immunol (2009) 10(6):603–9. doi:10.1038/ni.1736 

99. Sakuraba A, Sato T, Kamada N, Kitazume M, Sugita A, Hibi T. Th1/Th17 
immune response is induced by mesenteric lymph node dendritic cells in 
Crohn’s disease. Gastroenterology (2009) 137(5):1736–45. doi:10.1053/j.
gastro.2009.07.049 

100. Fujino S, Andoh A, Bamba S, Ogawa A, Hata K, Araki Y, et  al. Increased 
expression of interleukin 17 in inflammatory bowel disease. Gut (2003) 
52(1):65–70. doi:10.1136/gut.52.1.65 

101. Hueber W, Sands BE, Lewitzky S, Vandemeulebroecke M, Reinisch W,  
Higgins PD, et al. Secukinumab, a human anti-IL-17A monoclonal antibody, 
for moderate to severe Crohn’s disease: unexpected results of a randomised, 
double-blind placebo-controlled trial. Gut (2012) 61(12):1693–700. 
doi:10.1136/gutjnl-2011-301668 

102. Targan SR, Feagan B, Vermeire S, Panaccione R, Melmed GY, Landers C, 
et  al. A randomized, double-blind, placebo-controlled phase 2 study of 
brodalumab in patients with moderate-to-severe Crohn’s disease. Am 
J Gastroenterol (2016) 111(11):1599–607. doi:10.1038/ajg.2016.298 

103. Ogawa A, Andoh A, Araki Y, Bamba T, Fujiyama Y. Neutralization of inter-
leukin-17 aggravates dextran sulfate sodium-induced colitis in mice. Clin 
Immunol (2004) 110(1):55–62. doi:10.1016/j.clim.2003.09.013 

104. Song X, Dai D, He X, Zhu S, Yao Y, Gao H, et  al. Growth factor FGF2  
cooperates with interleukin-17 to repair intestinal epithelial damage. 
Immunity (2015) 43(3):488–501. doi:10.1016/j.immuni.2015.06.024 

105. Leppkes M, Becker C, Ivanov II, Hirth S, Wirtz S, Neufert C, et  al. 
RORgamma-expressing Th17 cells induce murine chronic intestinal inflam-
mation via redundant effects of IL-17A and IL-17F. Gastroenterology (2009) 
136(1):257–67. doi:10.1053/j.gastro.2008.10.018 

106. Wedebye Schmidt EG, Larsen HL, Kristensen NN, Poulsen SS, Lynge 
Pedersen AM, Claesson MH, et al. TH17 cell induction and effects of IL-17A 
and IL-17F blockade in experimental colitis. Inflamm Bowel Dis (2013) 
19(8):1567–76. doi:10.1097/MIB.0b013e318286fa1c 

107. Lee JS, Tato CM, Joyce-Shaikh B, Gulen MF, Cayatte C, Chen Y, et  al. 
Interleukin-23-independent IL-17 production regulates intestinal epithelial 
permeability. Immunity (2015) 43(4):727–38. doi:10.1016/j.immuni.2015. 
09.003 

108. Abe K, Nguyen KP, Fine SD, Mo JH, Shen C, Shenouda S, et al. Conventional 
dendritic cells regulate the outcome of colonic inflammation independently 
of T cells. Proc Natl Acad Sci U S A (2007) 104(43):17022–7. doi:10.1073/
pnas.0708469104 

109. Kamada N, Hisamatsu T, Okamoto S, Chinen H, Kobayashi T, Sato T, et al. 
Unique CD14 intestinal macrophages contribute to the pathogenesis of  
Crohn disease via IL-23/IFN-gamma axis. J Clin Invest (2008) 118(6): 
2269–80. doi:10.1172/JCI34610 

110. Abraham C, Cho J. Interleukin-23/Th17 pathways and inflammatory bowel 
disease. Inflamm Bowel Dis (2009) 15(7):1090–100. doi:10.1002/ibd.20894 

111. Morishima N, Mizoguchi I, Takeda K, Mizuguchi J, Yoshimoto T. TGF-beta 
is necessary for induction of IL-23R and Th17 differentiation by IL-6 and 
IL-23. Biochem Biophys Res Commun (2009) 386(1):105–10. doi:10.1016/j.
bbrc.2009.05.140 

112. McGeachy MJ, Cua DJ. Th17 cell differentiation: the long and winding road. 
Immunity (2008) 28(4):445–53. doi:10.1016/j.immuni.2008.03.001 

113. Stritesky GL, Yeh N, Kaplan MH. IL-23 promotes maintenance but not com-
mitment to the Th17 lineage. J Immunol (2008) 181(9):5948–55. doi:10.4049/
jimmunol.181.9.5948 

114. Wellcome Trust Case Control Consortium, Australo-Anglo-American 
Spondylitis Consortium (TASC), Burton PR, Clayton DG, Cardon LR, 
Craddock N, et  al. Association scan of 14,500 nonsynonymous SNPs in  
four diseases identifies autoimmunity variants. Nat Genet (2007) 
39(11):1329–37. doi:10.1038/ng.2007.17 

115. Ahern PP, Schiering C, Buonocore S, McGeachy MJ, Cua DJ, Maloy KJ, et al. 
Interleukin-23 drives intestinal inflammation through direct activity on 
T cells. Immunity (2010) 33(2):279–88. doi:10.1016/j.immuni.2010.08.010 

116. Elson CO, Cong Y, Weaver CT, Schoeb TR, McClanahan TK, Fick RB, et al. 
Monoclonal anti-interleukin 23 reverses active colitis in a T cell-mediated 
model in mice. Gastroenterology (2007) 132(7):2359–70. doi:10.1053/j.
gastro.2007.03.104 

117. Aychek T, Mildner A, Yona S, Kim KW, Lampl N, Reich-Zeliger S, et al. IL- 
23-mediated mononuclear phagocyte crosstalk protects mice from 
Citrobacter rodentium-induced colon immunopathology. Nat Commun 
(2015) 6:6525. doi:10.1038/ncomms7525 

118. Mathur AN, Chang HC, Zisoulis DG, Stritesky GL, Yu Q, O’Malley JT, et al. 
Stat3 and Stat4 direct development of IL-17-secreting Th cells. J Immunol 
(2007) 178(8):4901–7. doi:10.4049/jimmunol.178.8.4901 

119. Lovato P, Brender C, Agnholt J, Kelsen J, Kaltoft K, Svejgaard A, et  al. 
Constitutive STAT3 activation in intestinal T cells from patients with Crohn’s 
disease. J Biol Chem (2003) 278(19):16777–81. doi:10.1074/jbc.M207999200 

120. Mudter J, Weigmann B, Bartsch B, Kiesslich R, Strand D, Galle PR, et  al. 
Activation pattern of signal transducers and activators of transcription 
(STAT) factors in inflammatory bowel diseases. Am J Gastroenterol (2005) 
100(1):64–72. doi:10.1111/j.1572-0241.2005.40615.x 

121. Cenit MC, Alcina A, Marquez A, Mendoza JL, Diaz-Rubio M, de las Heras V,  
et  al. STAT3 locus in inflammatory bowel disease and multiple sclerosis 
susceptibility. Genes Immun (2010) 11(3):264–8. doi:10.1038/gene. 
2010.10 

122. de Lange KM, Barrett JC. Understanding inflammatory bowel disease via 
immunogenetics. J Autoimmun (2015) 64:91–100. doi:10.1016/j.jaut.2015. 
07.013 

123. Lu L, Wang J, Zhang F, Chai Y, Brand D, Wang X, et al. Role of SMAD and 
non-SMAD signals in the development of Th17 and regulatory T  cells. 
J Immunol (2010) 184(8):4295–306. doi:10.4049/jimmunol.0903418 

124. Fantini MC, Becker C, Monteleone G, Pallone F, Galle PR, Neurath MF.  
Cutting edge: TGF-beta induces a regulatory phenotype in CD4+CD25- T cells 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.3892/br.2013.59
https://doi.org/10.1097/MIB.0000000000000495
https://doi.org/10.4049/jimmunol.181.8.5681
https://doi.org/10.4049/jimmunol.181.7.5062
https://doi.org/10.1146/annurev-pathol-011110-130318
https://doi.org/10.1038/nature04753
https://doi.org/10.1084/jem.
20041257
https://doi.org/10.1084/jem.
20041257
https://doi.org/10.1016/j.immuni.2009.02.007
https://doi.org/10.1038/ni1254
https://doi.org/10.1016/j.immuni.2007.02.009
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1016/j.immuni.2007.11.016
https://doi.org/10.1016/j.immuni.2007.11.016
https://doi.org/10.1038/nri.2015.2
https://doi.org/10.1038/ni.1736
https://doi.org/10.1053/j.gastro.2009.07.049
https://doi.org/10.1053/j.gastro.2009.07.049
https://doi.org/10.1136/gut.52.1.65
https://doi.org/10.1136/gutjnl-2011-301668
https://doi.org/10.1038/ajg.2016.298
https://doi.org/10.1016/j.clim.2003.09.013
https://doi.org/10.1016/j.immuni.2015.06.024
https://doi.org/10.1053/j.gastro.2008.10.018
https://doi.org/10.1097/MIB.0b013e318286fa1c
https://doi.org/10.1016/j.immuni.2015.
09.003
https://doi.org/10.1016/j.immuni.2015.
09.003
https://doi.org/10.1073/pnas.0708469104
https://doi.org/10.1073/pnas.0708469104
https://doi.org/10.1172/JCI34610
https://doi.org/10.1002/ibd.20894
https://doi.org/10.1016/j.bbrc.2009.05.140
https://doi.org/10.1016/j.bbrc.2009.05.140
https://doi.org/10.1016/j.immuni.2008.03.001
https://doi.org/10.4049/jimmunol.181.9.5948
https://doi.org/10.4049/jimmunol.181.9.5948
https://doi.org/10.1038/ng.2007.17
https://doi.org/10.1016/j.immuni.2010.08.010
https://doi.org/10.1053/j.gastro.2007.03.104
https://doi.org/10.1053/j.gastro.2007.03.104
https://doi.org/10.1038/ncomms7525
https://doi.org/10.4049/jimmunol.178.8.4901
https://doi.org/10.1074/jbc.M207999200
https://doi.org/10.1111/j.1572-0241.2005.40615.x
https://doi.org/10.1038/gene.
2010.10
https://doi.org/10.1038/gene.
2010.10
https://doi.org/10.1016/j.jaut.2015.
07.013
https://doi.org/10.1016/j.jaut.2015.
07.013
https://doi.org/10.4049/jimmunol.0903418


14

Imam et al. Effector T Helper Cells in IBD

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1212

through Foxp3 induction and down-regulation of Smad7. J Immunol (2004) 
172(9):5149–53. doi:10.4049/jimmunol.172.9.5149 

125. Martinez GJ, Zhang Z, Reynolds JM, Tanaka S, Chung Y, Liu T, et  al. 
Smad2 positively regulates the generation of Th17 cells. J Biol Chem (2010) 
285(38):29039–43. doi:10.1074/jbc.C110.155820 

126. Zhang YE. Non-SMAD pathways in TGF-beta signaling. Cell Res (2009) 
19(1):128–39. doi:10.1038/cr.2008.328 

127. Zhang S, Takaku M, Zou L, Gu AD, Chou WC, Zhang G, et al. Reversing 
SKI-SMAD4-mediated suppression is essential for TH17 cell differentiation. 
Nature (2017) 551(7678):105–9. doi:10.1038/nature24283 

128. Monteleone G, Kumberova A, Croft NM, McKenzie C, Steer HW,  
MacDonald TT. Blocking SMAD7 restores TGF-beta1 signaling in chronic 
inflammatory bowel disease. J Clin Invest (2001) 108(4):601–9. doi:10.1172/
JCI12821 

129. Fantini MC, Rizzo A, Fina D, Caruso R, Sarra M, Stolfi C, et al. SMAD7 controls 
resistance of colitogenic T cells to regulatory T cell-mediated suppression. 
Gastroenterology (2009) 136(4):1308–16, e1–3. doi:10.1053/j.gastro.2008. 
12.053 

130. Lochner M, Peduto L, Cherrier M, Sawa S, Langa F, Varona R, et al. In vivo 
equilibrium of proinflammatory IL-17+ and regulatory IL-10+ Foxp3+ 
RORgamma t+ T  cells. J Exp Med (2008) 205(6):1381–93. doi:10.1084/
jem.20080034 

131. Santori FR, Huang P, van de Pavert SA, Douglass EF Jr, Leaver DJ,  
Haubrich BA, et al. Identification of natural RORgamma ligands that regu-
late the development of lymphoid cells. Cell Metab (2015) 21(2):286–97. 
doi:10.1016/j.cmet.2015.01.004 

132. Withers DR, Hepworth MR, Wang X, Mackley EC, Halford EE, Dutton EE, 
et al. Transient inhibition of ROR-gammat therapeutically limits intestinal 
inflammation by reducing TH17 cells and preserving group 3 innate lym-
phoid cells. Nat Med (2016) 22(3):319–23. doi:10.1038/nm.4046 

133. Duhen T, Geiger R, Jarrossay D, Lanzavecchia A, Sallusto F. Production of 
interleukin 22 but not interleukin 17 by a subset of human skin-homing 
memory T cells. Nat Immunol (2009) 10(8):857–63. doi:10.1038/ni.1767 

134. Plank MW, Kaiko GE, Maltby S, Weaver J, Tay HL, Shen W, et al. Th22 cells 
form a distinct Th lineage from Th17 cells in vitro with unique transcrip-
tional properties and Tbet-dependent Th1 plasticity. J Immunol (2017) 
198(5):2182–90. doi:10.4049/jimmunol.1601480 

135. Yeste A, Takenaka MC, Mascanfroni ID, Nadeau M, Kenison JE, Patel B, et al. 
Tolerogenic nanoparticles inhibit T  cell-mediated autoimmunity through 
SOCS2. Sci Signal (2016) 9(433):ra61. doi:10.1126/scisignal.aad0612 

136. Basu R, O’Quinn DB, Silberger DJ, Schoeb TR, Fouser L, Ouyang W, et al. 
Th22 cells are an important source of IL-22 for host protection against 
enteropathogenic bacteria. Immunity (2012) 37(6):1061–75. doi:10.1016/j.
immuni.2012.08.024 

137. Kotenko SV, Izotova LS, Mirochnitchenko OV, Esterova E, Dickensheets H, 
Donnelly RP, et  al. Identification of the functional interleukin-22 (IL-22) 
receptor complex: the IL-10R2 chain (IL-10Rbeta) is a common chain of both 
the IL-10 and IL-22 (IL-10-related T cell-derived inducible factor, IL-TIF) 
receptor complexes. J Biol Chem (2001) 276(4):2725–32. doi:10.1074/jbc.
M007837200 

138. Wolk K, Witte E, Hoffmann U, Doecke WD, Endesfelder S, Asadullah K,  
et  al. IL-22 induces lipopolysaccharide-binding protein in hepatocytes: 
a potential systemic role of IL-22 in Crohn’s disease. J Immunol (2007) 
178(9):5973–81. doi:10.4049/jimmunol.178.9.5973 

139. Hanash AM, Dudakov JA, Hua G, O’Connor MH, Young LF, Singer NV, 
et  al. Interleukin-22 protects intestinal stem cells from immune-mediated 
tissue damage and regulates sensitivity to graft versus host disease. Immunity  
(2012) 37(2):339–50. doi:10.1016/j.immuni.2012.05.028 

140. Andoh A, Zhang Z, Inatomi O, Fujino S, Deguchi Y, Araki Y, et  al. 
Interleukin-22, a member of the IL-10 subfamily, induces inflammatory 
responses in colonic subepithelial myofibroblasts. Gastroenterology (2005) 
129(3):969–84. doi:10.1053/j.gastro.2005.06.071 

141. Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, et al. Interleukin-22 
mediates early host defense against attaching and effacing bacterial  
pathogens.Nat Med (2008) 14(3):282–9. doi:10.1038/nm1720 

142. Pickert G, Neufert C, Leppkes M, Zheng Y, Wittkopf N, Warntjen M, et al. 
STAT3 links IL-22 signaling in intestinal epithelial cells to mucosal wound 
healing. J Exp Med (2009) 206(7):1465–72. doi:10.1084/jem.20082683 

143. Sugimoto K, Ogawa A, Mizoguchi E, Shimomura Y, Andoh A, Bhan AK, 
et al. IL-22 ameliorates intestinal inflammation in a mouse model of ulcer-
ative colitis. J Clin Invest (2008) 118(2):534–44. doi:10.1172/JCI33194

144. Backert I, Koralov SB, Wirtz S, Kitowski V, Billmeier U, Martini E, et  al. 
STAT3 activation in Th17 and Th22 cells controls IL-22-mediated epithelial 
host defense during infectious colitis. J Immunol (2014) 193(7):3779–91. 
doi:10.4049/jimmunol.1303076 

145. Zenewicz LA, Yancopoulos GD, Valenzuela DM, Murphy AJ, Stevens S,  
Flavell RA. Innate and adaptive interleukin-22 protects mice from 
inflammatory bowel disease. Immunity (2008) 29(6):947–57. doi:10.1016/j.
immuni.2008.11.003 

146. Huber S, Gagliani N, Zenewicz LA, Huber FJ, Bosurgi L, Hu B, et al. IL-22BP 
is regulated by the inflammasome and modulates tumorigenesis in the 
intestine. Nature (2012) 491(7423):259–63. doi:10.1038/nature11535 

147. Gallo RL, Hooper LV. Epithelial antimicrobial defence of the skin and  
intestine. Nat Rev Immunol (2012) 12(7):503–16. doi:10.1038/nri3228 

148. Martin JC, Beriou G, Heslan M, Chauvin C, Utriainen L, Aumeunier A, 
et al. Interleukin-22 binding protein (IL-22BP) is constitutively expressed by 
a subset of conventional dendritic cells and is strongly induced by retinoic  
acid. Mucosal Immunol (2014) 7(1):101–13. doi:10.1038/mi.2013.28 

149. Pelczar P, Witkowski M, Perez LG, Kempski J, Hammel AG, Brockmann L, 
et al. A pathogenic role for T cell-derived IL-22BP in inflammatory bowel 
disease. Science (2016) 354(6310):358–62. doi:10.1126/science.aah5903 

150. Jinnohara T, Kanaya T, Hase K, Sakakibara S, Kato T, Tachibana N, et  al. 
IL-22BP dictates characteristics of Peyer’s patch follicle-associated epithe-
lium for antigen uptake. J Exp Med (2017) 214(6):1607–18. doi:10.1084/
jem.20160770 

151. Monteleone I, Rizzo A, Sarra M, Sica G, Sileri P, Biancone L, et  al. Aryl 
hydrocarbon receptor-induced signals up-regulate IL-22 production and 
inhibit inflammation in the gastrointestinal tract. Gastroenterology (2011) 
141(1):237–48, 248.e1. doi:10.1053/j.gastro.2011.04.007 

152. Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, 
et  al. Tryptophan catabolites from microbiota engage aryl hydrocarbon 
receptor and balance mucosal reactivity via interleukin-22. Immunity (2013) 
39(2):372–85. doi:10.1016/j.immuni.2013.08.003 

153. Walker JA, McKenzie ANJ. TH2 cell development and function. Nat Rev 
Immunol (2018) 18(2):121–33. doi:10.1038/nri.2017.118 

154. Ouyang W, Lohning M, Gao Z, Assenmacher M, Ranganath S, Radbruch A,  
et  al. Stat6-independent GATA-3 autoactivation directs IL-4-independent 
Th2 development and commitment. Immunity (2000) 12(1):27–37. 
doi:10.1016/S1074-7613(00)80156-9 

155. Zheng W, Flavell RA. The transcription factor GATA-3 is necessary and 
sufficient for Th2 cytokine gene expression in CD4 T  cells. Cell (1997) 
89(4):587–96. doi:10.1016/S0092-8674(00)80240-8 

156. Li J, Ueno A, Fort Gasia M, Luider J, Wang T, Hirota C, et  al. Profiles of 
lamina propria T helper cell subsets discriminate between ulcerative colitis 
and Crohn’s disease. Inflamm Bowel Dis (2016) 22(8):1779–92. doi:10.1097/
MIB.0000000000000811 

157. Karttunnen R, Breese EJ, Walker-Smith JA, MacDonald TT. Decreased 
mucosal interleukin-4 (IL-4) production in gut inflammation. J Clin Pathol 
(1994) 47(11):1015–8. doi:10.1136/jcp.47.11.1015 

158. Niessner M, Volk BA. Altered Th1/Th2 cytokine profiles in the intestinal 
mucosa of patients with inflammatory bowel disease as assessed by 
quantitative reversed transcribed polymerase chain reaction (RT-PCR). 
Clin Exp Immunol (1995) 101(3):428–35. doi:10.1111/j.1365-2249.1995. 
tb03130.x 

159. Kucharzik T, Lugering N, Adolf M, Domschke W, Stoll R. Synergistic effect 
of immunoregulatory cytokines on peripheral blood monocytes from 
patients with inflammatory bowel disease. Dig Dis Sci (1997) 42(4):805–12.  
doi:10.1023/A:1018872332387 

160. Mombaerts P, Mizoguchi E, Grusby MJ, Glimcher LH, Bhan AK, Tonegawa S.  
Spontaneous development of inflammatory bowel disease in T cell receptor 
mutant mice. Cell (1993) 75(2):274–82. doi:10.1016/0092-8674(93)80069-Q 

161. Fuss IJ, Neurath M, Boirivant M, Klein JS, de la Motte C, Strong SA, et al. 
Disparate CD4+ lamina propria (LP) lymphokine secretion profiles in 
inflammatory bowel disease. Crohn’s disease LP cells manifest increased 
secretion of IFN-gamma, whereas ulcerative colitis LP cells manifest 
increased secretion of IL-5. J Immunol (1996) 157(3):1261–70. 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.172.9.5149
https://doi.org/10.1074/jbc.C110.155820
https://doi.org/10.1038/cr.2008.328
https://doi.org/10.1038/nature24283
https://doi.org/10.1172/JCI12821
https://doi.org/10.1172/JCI12821
https://doi.org/10.1053/j.gastro.2008.
12.053
https://doi.org/10.1053/j.gastro.2008.
12.053
https://doi.org/10.1084/jem.20080034
https://doi.org/10.1084/jem.20080034
https://doi.org/10.1016/j.cmet.2015.01.004
https://doi.org/10.1038/nm.4046
https://doi.org/10.1038/ni.1767
https://doi.org/10.4049/jimmunol.1601480
https://doi.org/10.1126/scisignal.aad0612
https://doi.org/10.1016/j.immuni.2012.08.024
https://doi.org/10.1016/j.immuni.2012.08.024
https://doi.org/10.1074/jbc.M007837200
https://doi.org/10.1074/jbc.M007837200
https://doi.org/10.4049/jimmunol.178.9.5973
https://doi.org/10.1016/j.immuni.2012.05.028
https://doi.org/10.1053/j.gastro.2005.06.071
https://doi.org/10.1038/nm1720
https://doi.org/10.1084/jem.20082683
https://doi.org/10.1172/JCI33194
https://doi.org/10.4049/jimmunol.1303076
https://doi.org/10.1016/j.immuni.2008.11.003
https://doi.org/10.1016/j.immuni.2008.11.003
https://doi.org/10.1038/nature11535
https://doi.org/10.1038/nri3228
https://doi.org/10.1038/mi.2013.28
https://doi.org/10.1126/science.aah5903
https://doi.org/10.1084/jem.20160770
https://doi.org/10.1084/jem.20160770
https://doi.org/10.1053/j.gastro.2011.04.007
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1038/nri.2017.118
https://doi.org/10.1016/S1074-7613(00)80156-9
https://doi.org/10.1016/S0092-8674(00)80240-8
https://doi.org/10.1097/MIB.0000000000000811
https://doi.org/10.1097/MIB.0000000000000811
https://doi.org/10.1136/jcp.47.11.1015
https://doi.org/10.1111/j.1365-2249.1995.tb03130.x
https://doi.org/10.1111/j.1365-2249.1995.tb03130.x
https://doi.org/10.1023/A:1018872332387
https://doi.org/10.1016/0092-8674(93)80069-Q


15

Imam et al. Effector T Helper Cells in IBD

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1212

162. Nemeth ZH, Bogdanovski DA, Barratt-Stopper P, Paglinco SR, Antonioli L, 
Rolandelli RH. Crohn’s disease and ulcerative colitis show unique cytokine 
profiles. Cureus (2017) 9(4):e1177. doi:10.7759/cureus.1177 

163. Lampinen M, Carlson M, Sangfelt P, Taha Y, Thorn M, Loof L, et al. IL-5 
and TNF-alpha participate in recruitment of eosinophils to intestinal 
mucosa in ulcerative colitis. Dig Dis Sci (2001) 46(9):2004–9. doi:10.1023/ 
A:1010659803912 

164. Lampinen M, Backman M, Winqvist O, Rorsman F, Ronnblom A, Sangfelt P, 
et al. Different regulation of eosinophil activity in Crohn’s disease compared 
with ulcerative colitis. J Leukoc Biol (2008) 84(6):1392–9. doi:10.1189/
jlb.0807513 

165. Fuss IJ, Strober W. The role of IL-13 and NK T cells in experimental and 
human ulcerative colitis. Mucosal Immunol (2008) 1(Suppl 1):S31–3. 
doi:10.1038/mi.2008.40 

166. Fuss IJ, Heller F, Boirivant M, Leon F, Yoshida M, Fichtner-Feigl S, et  al. 
Nonclassical CD1d-restricted NK T  cells that produce IL-13 characterize  
an atypical Th2 response in ulcerative colitis. J Clin Invest (2004) 113(10): 
1490–7. doi:10.1172/JCI19836 

167. Camelo A, Barlow JL, Drynan LF, Neill DR, Ballantyne SJ, Wong SH, et al. 
Blocking IL-25 signalling protects against gut inflammation in a type-2 model 
of colitis by suppressing nuocyte and NKT derived IL-13. J Gastroenterol 
(2012) 47(11):1198–211. doi:10.1007/s00535-012-0591-2 

168. Reinisch W, Panes J, Khurana S, Toth G, Hua F, Comer GM, et  al. 
Anrukinzumab, an anti-interleukin 13 monoclonal antibody, in active UC: 
efficacy and safety from a phase IIa randomised multicentre study. Gut  
(2015) 64(6):894–900. doi:10.1136/gutjnl-2014-308337 

169. Danese S, Rudzinski J, Brandt W, Dupas JL, Peyrin-Biroulet L, Bouhnik Y, 
et al. Tralokinumab for moderate-to-severe UC: a randomised, double-blind, 
placebo-controlled, phase IIa study. Gut (2015) 64(2):243–9. doi:10.1136/
gutjnl-2014-308004 

170. Heim MH. The Jak-STAT pathway: cytokine signalling from the receptor 
to the nucleus. J Recept Signal Transduct Res (1999) 19(1–4):75–120. 
doi:10.3109/10799899909036638 

171. Rosen MJ, Frey MR, Washington MK, Chaturvedi R, Kuhnhein LA, Matta P,  
et al. STAT6 activation in ulcerative colitis: a new target for prevention of 
IL-13-induced colon epithelial cell dysfunction. Inflamm Bowel Dis (2011) 
17(11):2224–34. doi:10.1002/ibd.21628 

172. Rosen MJ, Chaturvedi R, Washington MK, Kuhnhein LA, Moore PD, 
Coggeshall SS, et  al. STAT6 deficiency ameliorates severity of oxazolone 
colitis by decreasing expression of claudin-2 and Th2-inducing cytokines. 
J Immunol (2013) 190(4):1849–58. doi:10.4049/jimmunol.1201373 

173. Okuda Y, Takahashi I, Kim JK, Ohta N, Iwatani K, Iijima H, et al. Development 
of colitis in signal transducers and activators of transcription 6-deficient 
T-cell receptor alpha-deficient mice: a potential role of signal transducers 
and activators of transcription 6-independent interleukin-4 signaling for the 
generation of Th2-biased pathological CD4+ betabetaT  cells. Am J Pathol 
(2003) 162(1):263–71. doi:10.1016/S0002-9440(10)63817-5 

174. Ohtani K, Ohtsuka Y, Ikuse T, Baba Y, Yamakawa Y, Aoyagi Y, et  al. 
Increased mucosal expression of GATA-3 and STAT-4 in pediatric ulcerative 
colitis. Pediatr Int (2010) 52(4):584–9. doi:10.1111/j.1442-200X.2009. 
03019.x 

175. Kim JI, Ho IC, Grusby MJ, Glimcher LH. The transcription factor c-Maf con-
trols the production of interleukin-4 but not other Th2 cytokines. Immunity 
(1999) 10(6):745–51. doi:10.1016/S1074-7613(00)80073-4 

176. Tanaka S, Suto A, Iwamoto T, Kashiwakuma D, Kagami S, Suzuki K, 
et  al. Sox5 and c-Maf cooperatively induce Th17  cell differentiation via 
RORgammat induction as downstream targets of STAT3. J Exp Med (2014) 
211(9):1857–74. doi:10.1084/jem.20130791 

177. Weigmann B, Nemetz A, Becker C, Schmidt J, Strand D, Lehr HA, et  al. 
A critical regulatory role of leucin zipper transcription factor c-Maf in 
Th1-mediated experimental colitis. J Immunol (2004) 173(5):3446–55. 
doi:10.4049/jimmunol.173.5.3446 

178. Xu M, Pokrovskii M, Ding Y, Yi R, Au C, Harrison OJ, et  al. c-MAF- 
dependent regulatory T  cells mediate immunological tolerance to a gut 
pathobiont. Nature (2018) 554(7692):373–7. doi:10.1038/nature25500 

179. Shih TC, Hsieh SY, Hsieh YY, Chen TC, Yeh CY, Lin CJ, et  al. Aberrant 
activation of nuclear factor of activated T cell 2 in lamina propria mononu-
clear cells in ulcerative colitis. World J Gastroenterol (2008) 14(11):1759–67. 
doi:10.3748/wjg.14.1759 

180. Liu Z, Lee J, Krummey S, Lu W, Cai H, Lenardo MJ. The kinase LRRK2 
is a regulator of the transcription factor NFAT that modulates the 
severity of inflammatory bowel disease. Nat Immunol (2011) 12(11): 
1063–70. doi:10.1038/ni.2113 

181. Weigmann B, Lehr HA, Yancopoulos G, Valenzuela D, Murphy A, Stevens S, 
et al. The transcription factor NFATc2 controls IL-6-dependent T cell activa-
tion in experimental colitis. J Exp Med (2008) 205(9):2099–110. doi:10.1084/
jem.20072484 

182. 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(12):1341–6. doi:10.1038/ni.1659 

183. 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(11):4641–53. doi:10.1172/JCI69489 

184. Kaplan MH. The transcription factor network in Th9 cells. Semin 
Immunopathol (2017) 39(1):11–20. doi:10.1007/s00281-016-0600-2 

185. Chang HC, 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(6):527–34. 
doi:10.1038/ni.1867 

186. 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(5):743–55. doi:10.1136/gutjnl-2013-305947 

187. Defendenti C, Sarzi-Puttini P, Saibeni S, Bollani S, Bruno S, Almasio PL,  
et  al. Significance of serum Il-9 levels in inflammatory bowel disease. Int J  
Immunopathol Pharmacol (2015) 28(4):569–75. doi:10.1177/0394632015600535 

188. Matusiewicz M, Neubauer K, Bednarz-Misa I, Gorska S, Krzystek-Korpacka M.  
Systemic interleukin-9 in inflammatory bowel disease: association with 
mucosal healing in ulcerative colitis. World J Gastroenterol (2017) 23(22): 
4039–46. doi:10.3748/wjg.v23.i22.4039 

189. 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, 
generates IL-9+ IL-10+ Foxp3(-) effector T  cells. Nat Immunol (2008) 
9(12):1347–55. doi:10.1038/ni.1677 

190. Sandborn WJ, Su C, Sands BE, D’Haens GR, Vermeire S, Schreiber S, et al. 
Tofacitinib as induction and maintenance therapy for ulcerative colitis.  
N Engl J Med (2017) 376(18):1723–36. doi:10.1056/NEJMoa1606910 

191. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W. Interleukin- 
10-deficient mice develop chronic enterocolitis. Cell (1993) 75(2):263–74. 
doi:10.1016/0092-8674(93)80068-P 

192. Goswami R, Kaplan MH. Gcn5 is required for PU.1-dependent IL-9 induc-
tion in Th9 cells. J Immunol (2012) 189(6):3026–33. doi:10.4049/jimmunol. 
1201496 

193. Brustle A, Heink S, Huber M, Rosenplanter C, Stadelmann C, Yu P, et  al.  
The development of inflammatory T(H)-17 cells requires interferon- 
regulatory factor 4. Nat Immunol (2007) 8(9):958–66. doi:10.1038/ni1500 

194. 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(2):192–202. doi:10.1016/j.immuni.2010. 
07.014 

195. Gao Y, Nish SA, Jiang R, Hou L, Licona-Limon P, Weinstein JS, et al. Control 
of T helper 2 responses by transcription factor IRF4-dependent dendritic 
cells. Immunity (2013) 39(4):722–32. doi:10.1016/j.immuni.2013.08.028 

196. Mudter J, Amoussina L, Schenk M, Yu J, Brustle A, Weigmann B, et al. The 
transcription factor IFN regulatory factor-4 controls experimental colitis in 
mice via T cell-derived IL-6. J Clin Invest (2008) 118(7):2415–26. doi:10.1172/ 
JCI33227 

197. Mudter J, Yu J, Zufferey C, Brustle A, Wirtz S, Weigmann B, et  al. IRF4 
regulates IL-17A promoter activity and controls RORgammat-dependent 
Th17 colitis in vivo. Inflamm Bowel Dis (2011) 17(6):1343–58. doi:10.1002/ 
ibd.21476 

198. van der Valk ME, Mangen MJ, Leenders M, Dijkstra G, van Bodegraven AA, 
Fidder HH, et al. Healthcare costs of inflammatory bowel disease have shifted 
from hospitalisation and surgery towards anti-TNFalpha therapy: results from 
the COIN study. Gut (2014) 63(1):72–9. doi:10.1136/gutjnl-2012-303376 

199. Olivera P, Danese S, Peyrin-Biroulet L. JAK inhibition in inflammatory  
bowel disease. Expert Rev Clin Immunol (2017) 13(7):693–703. doi:10.1080/
1744666X.2017.1291342 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.7759/cureus.1177
https://doi.org/10.1023/
A:1010659803912
https://doi.org/10.1023/
A:1010659803912
https://doi.org/10.1189/jlb.0807513
https://doi.org/10.1189/jlb.0807513
https://doi.org/10.1038/mi.2008.40
https://doi.org/10.1172/JCI19836
https://doi.org/10.1007/s00535-012-0591-2
https://doi.org/10.1136/gutjnl-2014-308337
https://doi.org/10.1136/gutjnl-2014-308004
https://doi.org/10.1136/gutjnl-2014-308004
https://doi.org/10.3109/10799899909036638
https://doi.org/10.1002/ibd.21628
https://doi.org/10.4049/jimmunol.1201373
https://doi.org/10.1016/S0002-9440(10)63817-5
https://doi.org/10.1111/j.1442-200X.2009.03019.x
https://doi.org/10.1111/j.1442-200X.2009.03019.x
https://doi.org/10.1016/S1074-7613(00)80073-4
https://doi.org/10.1084/jem.20130791
https://doi.org/10.4049/jimmunol.173.5.3446
https://doi.org/10.1038/nature25500
https://doi.org/10.3748/wjg.14.1759
https://doi.org/10.1038/ni.2113
https://doi.org/10.1084/jem.20072484
https://doi.org/10.1084/jem.20072484
https://doi.org/10.1038/ni.1659
https://doi.org/10.1172/JCI69489
https://doi.org/10.1007/s00281-016-0600-2
https://doi.org/10.1038/ni.1867
https://doi.org/10.1136/gutjnl-2013-305947
https://doi.org/10.1177/0394632015600535
https://doi.org/10.3748/wjg.v23.i22.4039
https://doi.org/10.1038/ni.1677
https://doi.org/10.1056/NEJMoa1606910
https://doi.org/10.1016/0092-8674(93)80068-P
https://doi.org/10.4049/jimmunol.1201496
https://doi.org/10.4049/jimmunol.1201496
https://doi.org/10.1038/ni1500
https://doi.org/10.1016/j.immuni.2010.07.014
https://doi.org/10.1016/j.immuni.2010.07.014
https://doi.org/10.1016/j.immuni.2013.08.028
https://doi.org/10.1172/JCI33227
https://doi.org/10.1172/JCI33227
https://doi.org/10.1002/ibd.21476
https://doi.org/10.1002/ibd.21476
https://doi.org/10.1136/gutjnl-2012-303376
https://doi.org/10.1080/1744666X.2017.1291342
https://doi.org/10.1080/1744666X.2017.1291342


16

Imam et al. Effector T Helper Cells in IBD

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1212

200. Lemaitre M, Kirchgesner J, Rudnichi A, Carrat F, Zureik M, Carbonnel F, et al. 
Association between use of thiopurines or tumor necrosis factor antagonists 
alone or in combination and risk of lymphoma in patients with inflamma-
tory bowel disease. JAMA (2017) 318(17):1679–86. doi:10.1001/jama.2017. 
16071 

201. Shah ED, Farida JP, Siegel CA, Chong K, Melmed GY. Risk for overall  
infection with anti-TNF and anti-integrin agents used in IBD: a system-
atic review and meta-analysis. Inflamm Bowel Dis (2017) 23(4):570–7. 
doi:10.1097/MIB.0000000000001049 

202. van Unen V, Li N, Molendijk I, Temurhan M, Hollt T, van der Meulen-de 
Jong AE, et  al. Mass cytometry of the human mucosal immune system 
identifies tissue- and disease-associated immune subsets. Immunity (2016) 
44(5):1227–39. doi:10.1016/j.immuni.2016.04.014 

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 handling Editor declared a past co-authorship with one of the authors [MK].

Copyright © 2018 Imam, Park, Kaplan and Olson. 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/10.1001/jama.2017.16071
https://doi.org/10.1001/jama.2017.16071
https://doi.org/10.1097/MIB.0000000000001049
https://doi.org/10.1016/j.immuni.2016.04.014
https://creativecommons.org/licenses/by/4.0/

	Effector T Helper Cell Subsets 
in Inflammatory Bowel Diseases
	CD4+ T Cells in Inflammatory Bowel Disease (IBD)
	Th1 Cells
	Th1-Associated Cytokines
	Interferon-γ
	Tumor Necrosis Factor

	Th1-Associated TFs
	T-bet
	Signal Transducer and Activator of Transcription 4


	Th17 Cells
	Th17-Associated Cytokines
	Interleukin-17
	Interleukin-23

	Th17-Associated TFs
	Signal Transducer and Activator of Transcription 3
	SMADS
	RORγt


	Th22 Cells
	Th22-Associated Cytokines
	Interleukin-22
	IL-22 Binding Protein (IL-22BP)

	Th22-Associated TFs
	Aryl Hydrocarbon Receptor


	Th2 Cells
	Th2-Associated Cytokines
	Interleukin-4
	Interleukin-5
	Interleukin-13

	Th2-Associated TFs
	Signal Transducer and Activator of Transcription 6
	GATA3
	Others


	Th9 Cells
	Th9-Associated Cytokines
	Interleukin-9
	Interleukin-10

	Th9-Associated TFs
	PU.1
	Others


	Outlook on IBD Therapy
	Author Contributions
	Funding
	References


