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Summary
CD4 T cells, also known as T helper (Th) cells, play an important role in orchestrating adaptive
immune responses to various infectious agents. They are also involved in the induction of
autoimmune and allergic diseases. Upon T cell receptor (TCR)-mediated cell activation, naïve
CD4 T cells can differentiate into at least four major lineages, Th1, Th2, Th17 and iTreg cells, that
participate in different types of immune responses. Networks of cytokines and transcription factors
are critical for determining CD4 T cell fates and effector cytokine production. Here we review
collaboration and cross-regulation between various essential cytokines in the activation / induction
of key transcription factors during the process of Th cell differentiation towards these distinct
lineages. We also discuss the interactions of key transcription factors at both genetic and protein
levels and the function of the resulting network(s) in regulating the expression of effector
cytokines.

Keywords
T helper cells; cytokines; transcription factors; T cell differentiation

Introduction
Upon activation by T cell receptor (TCR)- and cytokine-mediated signaling, naïve CD4 T
cells may differentiate into at least four major types of T helper (Th) cells, Th1, Th2, Th17
and inducible T regulatory (iTreg) cells, that play a critical role in orchestrating adaptive
immune responses to various microorganisms (1). They can be distinguished by their unique
cytokine production profiles and their functions: Th1 cells predominantly produce interferon
(IFN) γ and are important for protective immune responses to intracellular viral and bacterial
infection; Th2 cells, by producing interleukin (IL)-4, IL-5, IL-9, IL-13 and IL-25, are critical
for expelling extracellular parasites such as helminths; Th17 cells are responsible for
controlling extracellular bacteria and fungi through their production of IL-17a, IL-17f and
IL-22; inducible T regulatory (iTreg) cells, together with natural-occurring T regulatory
(nTreg) cells, are important in maintaining immune tolerance, as well as in regulating
lymphocyte homeostasis, activation and function.

The major determinant for Th cell differentiation is the cytokine milieu at the time of
antigen encounter, although the nature of cognate antigen and its affinity to the TCR as well
as the available co-stimulants, many of which regulate initial cytokine production, can
influence Th cell fate. IL-12 and IFNγ are two important cytokines for Th1 differentiation.
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For Th2 differentiation, many cytokines including IL-4, IL-2, IL-7 and thymic stromal
lymphopoietin (TSLP) may be involved. While transforming growth factor (TGF) β induces
Th17 differentiation in the presence of IL-6, it also promotes iTreg cell differentiation when
IL-2 but not IL-6 is available. In general, more than one cytokine is required for
differentiation to any particular phenotype and cytokines that promote differentiation to one
lineage may suppress adoption of other lineage fates. Furthermore, cells simultaneously or
sequentially exposed to cytokine mixtures whose components that would normally induce
different lineage fates may acquire a mixed Th phenotype. Thus, Th cell differentiation
involves a complex cytokine network; this is particularly true in vivo.

Transcription factors are critical for Th cell differentiation and cytokine production. Cell fate
determination in each lineage requires at least two types of transcription factors, the master
regulators and the signal transducer and activator of transcription (STAT) proteins. The
activity of the master regulators is controlled by their expression, whereas STAT proteins
are activated by cytokines through post-transcriptional modifications such as
phosphorylation. Some STAT proteins are responsible for inducing the expression of master
regulators. In addition, the same STATs and the master regulators often collaborate in
regulating cytokine production by directly acting on cytokine genes. The essential
transcription factors of Th lineages are T-bet/Stat4 (Th1), GATA-3/STAT5 (Th2), RORγt/
STAT3 (Th17), and Foxp3/STAT5 (iTreg), respectively.

Two factor-fate determination is an over-simplified model. Many other transcription factors
are also involved in either regulating or fine-tuning the differentiation processes. In addition,
transcription factors interact with each other at genetic and protein levels, forming a
sophisticated transcriptional regulatory network.

The activation, differentiation and expansion of Th cells are tightly regulated by the activity
and relative expression of specific transcription factors. Inappropriate regulation of the Th
response to pathogens may lead to chronic infection, whereas an uncontrolled response
causes excessive self-tissue damage. An undesirable activation of Th1, Th17 or Th2 cells
can also result in organ-specific autoimmune diseases or allergic inflammatory diseases and
asthma. Therefore, understanding the networks of cytokines and transcription factors during
CD4 T cell differentiation is critical for diagnosis and treatment of many immune-related
human diseases.

Networks of cytokines determines CD4 T cell fates
Cytokine-mediated positive feedback loops

When stimulated by a cognate antigen presented by accessory cells in the presence of IL-4,
naïve CD4 T cells differentiate into IL-4-producing Th2 cells (2-5). Similarly, IFNγ is
important for the differentiation of IFNγ-producing Th1 cells (6) although IL-12 is also
critical for this process (7). The combination of TGFβ and IL-6 was first shown to induce
Th17 differentiation in vitro (8-10) but later it was reported that IL-21, a cytokine produced
by Th17 cells, could replace IL-6 for the induction of Th17 differentation (11-13). The
combination of TGFβ and IL-2 induces iTreg differentiation (14-18) and similar to nTregs,
iTregs produce TGFβ. Therefore, an important principle for Th cell differentation is that one
of the signature cytokines produced by each differentiated cell also plays a critical role in the
induction of such cells potentially providing a powerful positive feedback loop. These
“feedback” cytokines are IFNγ for Th1, IL-4 for Th2, IL-21 for Th17 and TGFβ for iTregs
(Fig.1).

To determine the importance of these potential auto-regulatory loops, knowing the pattern of
cytokine production shortly after T cell activation of naïve CD4 T cells is very critical. This
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has been studied in considerable detail for in vitro Th2 differentiation. It has been shown
that the strength of TCR signaling regulates initial cytokine production: low concentrations
of cognate peptide induce IL-4-independent IL-4 production during the first 24 hours after T
cell engagement whereas stimulation with high concentration of peptide suppresses “early”
IL-4 and induces IFNγ (19-21). In addition to Th signature (feedback) cytokines, IL-2 and
possibly the genetically adjacent IL-21 are also induced in naïve CD4 T cells upon T cell
activation. Since IL-2 is important for initial IL-4 production (20), whereas IL-21 plays a
role in inducing Th17 (11-13) and Tfh cells (22-24), regulation of the production of these
cytokines in naïve T cells becomes an important subject to study.

Cytokine-mediated cross-regulation of Th cell differentiation
Cytokines that are important for Th cell differentiation towards one fate often suppress the
development of other Th lineages. For example, IL-4, the important Th2 inducer, can
suppress Th1, Th17 and Treg cell differentiation, partly due to STAT6-mediated
upregulation of the transcriptional repressor, Gfi-1 (25,26). TGFβ promotes the development
of Th17 (8-10) or Treg cells (9,14) but it suppresses Th1 and Th2 cell differentiation
(27-29). While IL-2 is important for both Th2 and Treg cell differentiation, it represses Th17
cell differentiation (30). The cross-regulation among the cytokines may occur at
transcriptional level when a transcriptional repressor or an inhibitor of signaling is induced.
It is also likely that cytokines regulate each other's signaling by crosstalking through their
shared signaling molecules. Furthermore, crosstalks between signaling triggered by TCR
and cytokines exist. TCR activation transiently downregulate cytokine signaling (31);
however, whether signals triggered by cytokines modulate TCR-mediated signal
transduction is less clear.

Functions of cytokines at effector stages
At the effector stage of Th cell differentiation, each Th lineage preferentially expresses a
distinct IL-1 family receptor, IL-18R1 for Th1, IL-33R (T1/ST2) for Th2 and IL-1R for
Th17 (32). Stimulation of differentiated Th1 cells with IL-18 plus IL-12 induces TCR-
independent IFNγ production (32-35). Similarly, IL-33 plus IL-2, IL-7 or TSLP induces
IL-13 production in Th2 cells (32). IL-23 is important for full differentiation and
maintenance of Th17 cells (36), although it is not involved in the initial differentiation stage
due to lack of IL-23R expression on naive CD4 T cells (8,9,37). IL-1 plus IL-6, IL-21 or
IL-23 induces IL-17 production in Th17 cells (32). TCR-independent effector cytokine
production by Th cells induced by pro-inflammatory cytokines that are possibly produced by
epithelial cells at infection sites suggests Th cells may function as innate-like effector cells
when the appropriate cytokine milieu is created in their environment.

Cytokine networks: one or two cytokines cannot explain everything
As we have described, for each Th lineage differentiation, more than one cytokine is
involved. For example, IL-4 alone is not suffient to induce Th2 differentiation in the absence
of a STAT5 activator such as IL-2 (38,39). TGFβ in combination with different cytokines
can induce distinct Th cell fates: together with IL-2, TGFβ induces Treg differentation (15);
with IL-6, it causes Th17 differentiation (8-10); with IL-4, it promotes the generation of
IL-9-producing Th9 cells (40,41). It is possible that TGFβ has other functions in the
presence of other cytokines, such as IL-12 or IFNγ. IL-1 and TNFα are important
inflammatory cytokines and IL-1 has been shown critical for the differentiation of Th17
cells, especially in humans (33,42,43). IL-1 is also a powerful adjuvant for a variety of Th
responses by directly acting on CD4 T cells (44). Since IL-1 and tumor necrosis factor
(TNF) α are produced at early stages of most immune responses, their effects on Th1, Th2
and Treg cell differentiation should also be carefully studied.
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For in vitro cell differentiation, one can create a precise cytokine environment by adding
exogeneous cytokines and antibodies to other cytokines; however, in vivo, naïve CD4 T
cells may encounter different environments characterized by cytokines that are produced by
accessory cells and by CD4 T cells themselves. Many of these cytokines have never been
studied in detail in vitro for their effects on T cell differentiation and some of them may
have opposite effects on a particular Th cell differentiation. Indeed, sequential exposure of
both mouse and human CD4 T cells to IL-4 and IL-12 results in IL-4/IFNγ double-
producing cells in vitro (45,46). Therefore, in vivo Th cell differentiation is a complex
process controlled by the network of cytokines.

A network of transcription factors determines CD4 T cell fates
Master regulators and their induction

As discussed above, cytokine signaling during activation of naïve CD4 T cells by cognate
antigen plays a critical role in determining the fate of the responding CD4 T cells. STAT
proteins are the major molecules that mediate cytokine signaling. Activated STAT
molecules can induce the expression of the master regulators that determine Th cell fates.
However, such induction does not occur without TCR signaling implying that the
transcription factors activated by TCR, such as NFAT, NF-κB and AP-1, play important
roles in regulating the expression of master regulators (Fig. 1).

T-bet—T-bet is regarded as the master regulator for Th1 cell differentiation and IFNγ
production (47). T-bet deficient (Tbx21-/-) cells produce diminished but measurable amounts
of IFNγ during in vitro culture and in in vivo responses to Leishmania major infection (48).

STAT1 activated by IFNγ has been shown to induce T-bet expression during Th1
differentiation in vitro (6,49). Therefore, the IFNγ-STAT1-T-bet-IFNγ pathway serves as a
powerful amplification mechanism for in vitro Th1 differentiation. In vivo, Stat1-/- CD4 T
cells from T. gondii-infected mice express lower amounts of T-bet than that do infected
wild-type mice; however, normal levels of IFNγ can be detected in the serum of Stat1-/-

mice (50).

STAT4 activation by IL-12 is critical for Th1 responses both in vitro and in vivo (51-53)
and the expression level of STAT4 is higher in Th1 than that in Th2 cells (54). The IL-12-
STAT4 pathway is also responsible for up-regulating T-bet expression (54-56), although
STAT4 may induce IFNγ production independently of T-bet. The relative importance of the
IL-12/STAT4 and IFNγ/STAT1 pathways in inducing T-bet expression and IFNγ production
in different in vivo Th1 models needs to be further studied.

It has been shown that TCR activation alone is sufficient to induce T-bet expression in
human naïve CD4 T cells after 8-16 hr of stimulation; both IFNγ and IL-12 enhance such
induction (57). Three DNase I hypersensitivity (HS) sites in the Tbx21 gene are induced
during Th1 differentation, one of which is at Tbx21 promoter and is only weakly accessible
in unstimulated naïve CD4 T cells. NFAT binds to the HS site that is located 7.5 Kb
upstream of the transcription start site of Tbx21 whereas STAT4 binds to the HS site that is
12 Kb upstream of the start site. STAT1 has also been found to bind this distant enhancer to
which STAT4 binds (55).

GATA3—GATA3 is the Th2 master regulator (45,58-60) but it also plays important roles at
multiple steps of CD4 T cell development (61). Th2 differentiation is completely abolished
both in vitro and in vivo when GATA3 is conditionally deleted in peripheral CD4 T cells
(45,60). IL-4-mediated STAT6 activation is important for Th2 differentiation (62-64). A
constitutively active form of STAT6 or tomoxifen-induced dimerization of a STAT6-
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estrogen receptor fusion protein induces GATA3 expression in the absence of IL-4 signaling
(65,66) suggesting that the IL-4-STAT6 pathway is necessary and sufficient for GATA3
upregulation in vitro when T cells are activated through TCR.

Although some in vivo Th2 responses such as that to Trichuris muris infection require the
engagement of the IL-4-STAT6 pathway (67), STAT6-independent in vivo Th2
differentiation can also be obtained (68-72). Since the IL-4-independent Th2 response to
Nippostrongylus brasiliensis still requires GATA3, this result suggests either that GATA3
can be upregulated by signaling pathways other than IL-4/STAT6 or that GATA3
upregulation is not essential for Th2 responses, with basal levels being sufficient under
certain circumstances. Indeed, a constitutively activated STAT5 is able to induce IL-4-
producing capacity without upregulating GATA3 expression (39), although this
constitutively active STAT5 fails to induce IL-4-producing capacity in a Gata3-deficient
setting.

Stimulation of naïve CD4 T cells with low-dose peptide induces TCR-driven IL-4-
independent GATA3 expression (20). How such GATA3 induction is achieved is not
certain. It has been shown that NF-κB (p50) is important for GATA3 expression (29).
However, whether p50 directly regulates GATA3 especially at early stage of T cell
activation has not been determined.

GATA3 may also induce its own expression when it reaches certain threshold (73). Our
unpublished GATA3 ChIPseq data show that GATA3 can bind many sites within its gene
body and up to 1 Mb downstream of Gata3 transcription start site suggesting that the
regulatory elements for GATA3 expression may be far from each other. Furthermore, it has
been recently reported that GATA3 and Dec2, another transcription factor, can form a
positive regulatory loop during Th2 differentiation and that Dec2 binds to the Gata3
promoter (74). In the absence of Dec2, Th2 responses are diminished and there is a
reduction of GATA3 and JunB expression. GATA3 and Dec2 may collaborate in JunB
induction. It is not clear how Dec2 is initially induced but GATA3 seems to be dispensable
for its induction in Th2 cells. Although STAT5 activation does not affect initial GATA3
induction, it is important for maintaining the expression of GATA3 in differentiated Th2
cells (32).

RORγt—RORγt is the master regulator for Th17 cells (75). RORγt-deficient mice produce
diminished amounts of IL-17 and are partially resistant to EAE induction. TGFβ plus IL-6
induce RORγt in CD4 T cells that are being activated through their TCR. Three STAT3
activators, IL-6, IL-21 and IL-23, play critical roles in differentiation, amplification and
maintenance of Th17 cells (8-13,30,76-79). STAT3 is required for the induction of RORγt
and STAT3 directly binds to Rorc gene (80). Interestingly, BATF, a transcription factor
belonging to the AP-1 family, is also necessary for RORγt induction (81). Runx1 has been
reported to induce optimal RORγt expression (82). How TCR- and cytokine-mediated
signaling regulate the expression and/or activation of BATF and Runx1 during Th17
differerentiation is not clear.

Foxp3—Foxp3 is the master regulator for both iTregs and nTregs (83-85). IPEX patients
and Scurfy mice that carry mutations in Foxp3 have no or reduced functional Tregs (86-88).
Naïve CD4 T cells stimulated through their TCR and TGFβR can develop into Foxp3+ Tregs
(14). In humans, TCR activation is able to transiently induce Foxp3 expression consistent
with the binding of NFAT and AP-1 at the promoter of FOXP3 gene (89,90). In mice,
collaboration between NFAT and Smad3, activated by TCR and TGFβ, respectively, is
important for Foxp3 induction; NFAT and Smad3 interact with the conserved non-coding
sequence (CNS) 1 located in the second intron of the Foxp3 gene (91). CNS1 deletion
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results in reduced Foxp3 induction in the periphery but not in the thymus (92). STAT5
activation is critical for Treg development and activated STAT5 directly binds to the Foxp3
promoter and to CNS2 in the 3’ region of the second intron (15-18).

The Foxp3/Runx1 complex is important for maintaining Foxp3 expression in nTregs
through its binding to CNS2, suggesting that there is an auto-regulatory loop for Foxp3
expression (92). Indeed, the expression of a Foxp3 reporter in Foxp3-deficient mice was
found to be unstable (93). Interestingly, CpG islands within Foxp3 CNS2 are methylated in
iTregs and Foxp3 fails to bind to methylated CNS2 (92); this may explain why nTreg cells
are more stable than iTregs in their expression of Foxp3. Our unpublished data suggest
GATA3 also binds to Foxp3 CNS2; GATA3 deficiency in Tregs results in an unstable
phenotype.

The NF-κB family member c-Rel is highly expressed in both nTregs and iTregs (94). c-Rel
has been found to bind to CNS3 in intron 4 of the Foxp3 gene, the only CNS that is
accessible in non-Tregs (92). In addition to its binding to the CNS3, c-Rel also binds to the
Foxp3 promoter, and thus, c-Rel KO cells fail to give rise to Tregs (92,95,96).

Foxo proteins have been recently reported to play a critical role in the development of
nTregs and in TGFβ-induced Foxp3 exprssion. Foxo binds to both the Foxp3 promoter and
CNS2 and the Foxo-binding site near the transcription start site seems to be critical for the
Foxp3 promoter activity (97,98).

Foxp3 expression is not sufficient for expression of all the Treg functions; other
transcription factors, such as Runx, are required. As discussed above, Foxp3 and Runx1
form a complex that is important for maintaining Foxp3 expression. In addition, this
complex both positively regulates Treg-specific gene expression (99-102) and negatively
regulates genes not expressed in Tregs, such as IL-2 (103). The Ikaros family protein Eos
also regulates the repressive functions of Tregs possibly through protein-protein interactions
with Foxp3 (104). Another Ikaros family protein, Helios, is expressed in nTregs but not in
iTregs (105); however, the function of Helios in nTregs has not been determined. Some Treg
functions, such as controlling Th2-related immune pathology, require the interaction of
Foxp3 with IRF4 (106).

Cross-regulation among the key transcription factors
The adoption of one lineage fate during T cell differentiation is usually accompanied by
suppression of the alternative fates the precursor could have assumed. Such suppression is
mainly achieved by cross-regulation among transcription factors at both transcriptional and
post-transcriptional levels.

For example, T-bet is not only important for Th1 differentiation, it is also critical for
suppressing Th2 responses. Overexpressing T-bet suppresses GATA3 expression (56). By
contract, in the absence of T-bet, GATA3 and IL-4 are upregulated even under a strong Th1-
biased environment suggesting that T-bet normally suppresses Th2 differentiation (107).
Consistent with this idea, Tbx21-/- mice have been reported to develop spontaneous airway
hypersensitivity and T-bet-expressing CD4 T cells in asthmatic patients are reduced in
frequency (108). T-bet also participates in suppressing Th17 responses since Tbx21-/- cells
can produce IL-17 even when cultured under Th1 conditions. IL-17 production is further
enhanced when both Eomes, another T-box family protein, and T-bet are absent. Eomes is
responsible for T-bet-independent IFNγ production in CD8 T cells (109). Consequently, T-
bet/Eomes double-deficient mice develop a wasting disease in response to LCMV infection
owing to over-production of IL-17 (110). It has been recently reported that T-bet induction
in IL-12-treated Th17 cells silences RORγt. T-bet is bound to a site near the Rorc second
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exon in IL-12-treated Th17 cells (111). However, our T-bet ChIPseq data showed that T-bet
binds to a different site at Rorc locus in Th1 cells suggesting that repression of RORγt in
Th1 cells may proceed by a different T-bet dependent pathway.

Not only does T-bet regulate other lineage genes at the transcriptional levels, it also controls
the activity of other transcription factors through protein-protein interactions. Tyrosine-
phosphorylated T-bet interacts with GATA3 and suppresses the function of GATA3 in
inducing IL-5 production (112).

In addition, T-bet induces Runx3 in Th1 cells. Runx3 is an important transcriptional
repressor that suppresses IL-4 production by directly binding to the Il4 locus (107,113,114).
Runx3 has also been reported to repress GATA3 function possibly through its interaction
with GATA3 protein (115).

GATA3 suppresses STAT4 expression in Th2 cells; GATA3-deficient CD4 T cells cultured
under Th2-inducing conditions express higher levels of STAT4 than do wild-type Th2 cells
(54,107). We have recently reported that GATA3 interacts with Runx3 and inhibits Runx3-
mediated IFNγ production (107). Both Runx3 and Eomes (109) are highly expressed in CD8
T cells. Indeed, Runx3 is responsible for Eomes upregulation and optimal IFNγ expression
(116). Enforced expression of Runx3 in Th2 cells induces T-bet-independent Eomes and
IFNγ expression (107). Deletion of the Gata3 gene from naïve CD4 or Th2 cells results in
Eomes upregulation and IFNγ production independent of IL-12 and IFNγ signaling. The
regulation of Eomes expression is complex since it is only expressed in a small subset of
Th1 cells although all Th1 cells express high levels of Runx3 (107). T-bet and Eomes are
inversely expressed in CD8 T cells over the course of a viral infection suggesting that T-bet
may suppress Eomes expression (117). However, GATA3 and T-bet double-deficient CD4 T
cells cultured under Th1-inducing condtions still fail to expess Eomes indicating that the
expression of Eomes is either suppressed by IL-12 or activated by IL-4 (107). In addition,
GATA3/Runx3/T-bet triple knockout “Th2” cells still express Eomes suggesting that Eomes
can be induced independently of Runx3 and that this expression is normally inhibited by
GATA3 in Th2 cells. Interestingly, IL-4 produced by NKT cells amplifies Eomes-
expression in memory CD8 T cells (118). Therefore, IL-4 may enhance Eomes expression
when GATA3 is present at low levels. GATA3 may also be involved in regulating Th17
responses since our unpublished data indicate that GATA3 directly binds to the Rorc locus
and that deletion of Gata3 results in upregulation of RORγt expression.

Enforced expression of a constitutively active form of STAT5 in Th1 cells induces Th2
differentiation without upregulating GATA3. However, T-bet expression is suppressed in
such cells suggesting that STAT5 signaling may affect Th1/Th2 differentiation by regulating
the relative amount of GATA3 and T-bet, although it can directly act on the Il4 locus (39).
STAT5 has also been shown to suppress Th17 cell differentiation through inhibiting RORγt
upregualtion as well as IL-17 production (30).

Gfi-1, a transcription repressor that is induced by IL-4/STAT6 signaling, is important for
Th2 cell growth (119). Interestingly, Gfi-1 suppresses Th1 (57), Th17 and iTreg
differentiation (26). Ikaros is another transcriptional repressor that is involved in Th2 cell
differentiation (120). A recent report further showed that Ikaros suppresses Th1
differentiation by inhibiting T-bet expression (121).

Whether or how RORγt suppress Th1 or Th2 differentiation has not been determined.
However, RORγt overexpression in Th17 cells can prevent STAT4 activation and T-bet
upregulation when such cells are treated with IL-12 (111). It has been recently shown that
RORγt binds to the Foxp3 promoter and suppresses Foxp3 expression (122). IL-6, through
STAT3 activation, has been shown to repress Foxp3 expression in Tregs (13,78,123-125). In

Zhu and Paul Page 7

Immunol Rev. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



addition, a dominant-negative STAT3 mutation in human result in the hyper-IgE syndrome
(Job syndrome) suggesting that STAT3 activation, in addition to its role in Th17 induction,
is also critical for suppressing Th2 responses (79,126). TGFβ has been shown to inhibit both
Th1 and Th2 differentiation, possibly through down-regulation of Th1 and Th2 master
regulators, T-bet and GATA3 (27-29). TGFβ signaling also results in down-regulation of
Gfi-1 expression (26). Since Gfi-1 suppresses both TGFβ-mediated Th17 and iTreg
differentiation, downregulation of Gfi-1 by TGFβ is a critical step for TGFβ function. How
TGFβ downregulates T-bet, GATA3 and Gfi-1 is not clear.

Foxp3 binds to both NFAT (127) and Runx1 (103), through which it suppresses IL-2
production by Treg cells. Foxp3 and RORγt co-expressing cells are found both in the gut
and in TGFβ-treated cells in vitro. Foxp3 serves as an inhibitory factor for IL-17 production
through its interaction with RORγt (123). T-bet is found to be co-expressed with Foxp3
(128) and our unpublished data suggest GATA3 is expressed by Foxp3+ cells. However, T-
bet and GATA3 are not able to induce Th1 and Th2 cytokines in these Tregs, suggesting that
Foxp3 suppresses their activity.

Transcription factor-mediated cytokine production
The main functions of Th cells are executed through production of effector cytokines.
Master transcription factors collaborate with many other transcription factors including
STAT proteins during the remodeling of cytokine loci and induction of cytokine
transcription. Restimulation of differentiated Th cells through their TCR is one of the
principal mechanims through thich these cells are induced to produce cytokines;
transcription factors that are activated by TCR-mediated signaling, including NFAT, NF-κB
and AP-1 participate in this process.

Chromatin remodeling and epigenetic modifications at cytokine loci presumably result from
the upregualtion or activation of certain lineage specific transcription factors (129-131).
Indeed, the master regulators GATA3 and T-bet have been shown to induce chromatin
remodeling and epigenetic modifications at several cytokine loci (73,132-134). Epigenetic
modifications include DNA methylation at CpG islands, methylation and acetylation at
various positions of the histones that pack DNA into nucleosomes.

Key transcription factors can affect epigenetic modifications through recruiting of or
competing with chromatin remodeling complexes that bind to key regulatory elements. For
example, T-bet recruits histone H3-K4 methyltransferase and H3-K27 demethylase
complexes to the Ifng locus through its interaction with RbBp5 and JMJD3, respectively
(135). Trimethylation of histone H3-K4 (H3K4me3) is usually associated with gene
activation whereas trimethylation of histone H3-K27 (H3K27me3) is linked to gene
repression. Genome-wide profiling of H3K4me3 and H3K27me3 by ChIPseq (chromatin
immunoprecipitation followed by high-throughput sequencing) has confirmed that
H3K4me3 modifications are present at each effector cytokine locus in cells that are capable
of expressing that cytokine, whereas H3K27me3 modifications are found at loci of many
cytokines that are not expressed in these cells (94). GATA3 has been reported to compete
with a methyl CpG-binding domain protein-2 (MBD2) for binding to a particular methyl
CpG in the Il4 locus and cells deficient in the DNA methyltrasferase Dnmt-1 or methyl-CpG
binding domain protein 2 (MBD2) produce IL-4 without need for GATA3 upregulation
(136,137).

Epigenetic modifications on DNA or histones can affect the accessibility of the DNA and
are associated with the acquisition of DNase I HS and with transcription factor binding.
NFAT family proteins are commonly expressed and activated across all the lineages;
however, their binding to the Il4 or the Ifng promoters are different in Th1 and Th2 cells
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because the accessibility of these two sites to NFAT is determined by epigenetic
modifications at these cytokine loci (138). The induction of lineage-specific cytokine
production is mediated by the binding of transcription factors to the cytokine loci at
promoter and enhancer regions, many of which elements co-localize with DNase I
hypersensitivity sites. Generally, these regions locate at CNSs containing multiple
transcription factor binding sites.

Ifng—Many transcription factors, such as T-bet, STAT4, STAT5 and CTCF have been
shown to bind to the promoter of Ifng (47,114,139-141). T-bet also collaborates with other
transcription factors such as Hlx (142) and Runx3 (114), both of which are upregulated by
T-bet, in inducing IFNγ production. Inhibition of Runx3 activity by a dominant-negative
form of the factor or by gene deletion results in reduced IFNγ production by Th1 cells
(107,113,116). Runx3 also binds to the Ifng promoter (107).

In addition to the promoter, the regulatory elements at the Ifng locus within ~140 Kb flanked
by two insulators, that bind to CTCF, have been mapped and characterized through
comprehensive epigenetic analyses and functional studies (129,143). The T-bet responsive
elements are identified at IfngCNS-22 and IfngCNS-34, CNSs located at 22 Kb and 34 Kb
upstream of the Ifng transcription start site, respectively. Runx3 and STAT4 also bind to
these CNSs (107,111). IfngCNS-22 deletion results in redued expression of IFNγ in both T
and NK cells (144). Our recent study showed that the Runx complex but not T-bet binds to
IfngCNS-6, the site that has been shown to contain enhancer activity (145,146).
Interestingly, the Ifng locus has undergone substantial STAT4- and T-bet-independent
chromatin remodeling at different CNSs even in Th17 cells, in which IFNγ is barely
detectable. However, IfngCNS-6 remains inaccessible in Th17 cells suggesting this site
plays a critical role in inducing IFNγ production (111). T-bet also synergizes with STAT4 to
induce many other Th1-specific genes such as IL-18R1 and IL-12Rβ2, although the
expression of the Th1-specific chemokine receptor, CXCR3, is T-bet-dependent but STAT4-
independent (140).

Il4/Il13—Although many transcription factors, including c-Maf, JunB, IRF4 and NFAT,
bind to the Il4 promoter (147-151), GATA3 does not bind to it consistent with the
observation that deletion of Gata3 in established Th2 cells results in only modest reduction
of IL-4 production (45). However, the expression of IL-5 and IL-13 completely depends on
GATA3, consistent with the observations that GATA3 binds to the Il5 promoter (59) and to
the CGRE region of the Il13 promoter (152) as reported earlier and confirmed by our recent
unpublished GATA3 ChIPseq data.

Besides the DNase I hypersensitivity region in the Il4 promoter, which is designated HSI,
other Il4 locus HSs have been identified in both Th1 and Th2 cells (153). HSII, located in
the intron 2 of Il4 gene, has been shown to have strong enhancer activity (154). Our
previous report showed that STAT5 binds to this enhancer in Th2 cells (39). Interestingly,
histone H3 is K4 trimethylated in Th2 cells at HSII(94); H3K4me3 is a histone modification
usually found in the promoter of an active gene. Our GATA3 ChIPseq data show that
GATA3 also strongly binds to the HSII region. Collectively, these data indicate that the
HSII region is critical for regulating IL-4 expression; however, this has not been tested
genetically.

GATA3 expression and STAT5 activation are two critical events for IL-4 production and
Th2 differentiation (155). STAT5 is activated by a variety of cytokines, among which are
IL-2, IL-7 and TSLP, which act on CD4 T cells (156). Enhanced STAT5 signaling by
enforced expression of a constitutively active form of STAT5a results in Th2 differentiation
without upregulating GATA3 expression (39), but such Th2-inducing activity of STAT5 is
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lost in GATA3 KO cells indicating that GATA3 is required even if expressed at low levels
(45). This suggests that high level of activated STAT5 may reduce the required level of
GATA3 for the induction of IL-4 transcription. On the other hand, IL-4 cannot be induced
without STAT5 activation even when GATA3 is highly expressed (38). Thus, both GATA3
and STAT5 are required for inducing Th2 cytokines. They may collaborate through directly
binding to common cytokine loci such as the HSII site in the Il4 second intron. STAT5
ChIPseq (157) and GATA3 ChIPseq reveal overlapping binding patterns of these two
molecules at Th2 cytokine loci. GATA3 and STAT5 also collaborate in inducing the Th2
specific cytokine receptor, T1/ST2, also known as IL-33R (32).

HSVa, located at 3’ end of the Il4 gene, is another enhancer whose activity is induced by
TCR stimulation, consistent with NFAT binding to this site (158). GATA3 has also been
reported to bind to HSVa; our GATA3 ChIPseq data confirm such binding. Interestingly,
HSVa is a critical element in determing stochastic expression of IL-4 (159). Deletion of
HSVa and HSV, which also contains a Notch/CSL binding site (160), results in reduced
IL-4 production. HSIV, located within the Il4 gene, is accessible both in Th1 and Th2 cells.
HSIV appears to serve as a silencer; deletion of this site results in de-repression of IL-4
production in Th1 cells (138). Suppression of IL-4 in Th1 cells is partly mediated by Runx3
binding to HSIV region (113,114).

The expression of IL-4 and IL-13 are usually co-regulated since the genes encoding these
two proteins are linked to each other. There are some regulatory elements, such as CNS1
(161), located in the intergenic region of Il4 and Il13, and the locus control region (LCR)
(162,163) in the 3’ of Rad50 gene body, that are important for both IL-4 and IL-13
expression.

Il17a/Il17f—Both RORγt and STAT3 bind to multiple sites in the Il17a/Il17f locus
including the promoters of these cytokines (80,82,164,165). Deletion of either Stat3 or Rorc
abolishes IL-17 production whereas enforced expression of RORγt and a constitutively
active STAT3 have a synergistic effect on IL-17 expression. Runx1 and NFAT also bind to
the Il17a promoters (82,164,165). RORγt requires the coexpression of Runx1 to induce
optimal IL-17 production in Th17 cells (82).

Besides the promoters, eight CNS sites have been identified within the Il17a/Il17f locus; all
are associated with acetylated histone H3 in Th17 cells (166). CNS2 (also called CNS-5),
~5kb upstream of the Il17a transcription start site, contains ROR response elements. Both
RORγt and Runx1 bind to CNS2 contributing to IL-17a induction (82). BATF, which is a
critical AP-1 factor for RORγt induction and IL-17 production, directly binds to the CNS3
site of the Il17a/Il17f locus, ~10 Kb downstream of the Il17a transcription start site (81).
Interestingly, the CNS3 site is also bound by the Gfi-1/LSD1 complex, resulting in the
suppression of IL-17 expression (26). Furthermore, STAT4 binds to CNS3 when Th17 cells
are treated with IL-12 (111). Our unpublished data also show that both GATA3 and T-bet
bind to to CNS3 in Th2 and Th1 cells, respectively. These data suggest that CNS3 may
serve as a switch for turning on or off IL-17 production. The importance of these CNS sites
within the Il17a/Il17f locus has yet to be determined by genetically.

Transcription factors regulate heterogeneity and plasticity
Th cells are more hetergenous and plastic than originally thought. Within each lineage,
heterogeneity exists; some Th cells can be reprogrammed to express master regulators of
other lineages. Such heterogeneity and plasticity may be explained by the finding that
different transcription factors are co-expressed with the lineage's master regulator and
sometimes even multiple master transcription factors are expressed in the same cell although
at different levels (Fig. 2).
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Tfh Cells—Th1, Th2 and Th17 cells are three well-recognized effector CD4 T lineages. T
follicular helper (Tfh) cells that reside in B cell follicle and are important for helping B cells
make antibodies and for germinal center formation have been proposed to be a separate Th
lineage (22-24). Alternatively, Tfh cells may be considered as a state of Th1, Th2 or Th17
cells since many recent reports have shown that Tfh cells can be generated during in vivo
Th1, Th2 or Th17 responses and they express Th1-, Th2- or Th17-related cytokines
(167-170). It is likely that some conventional Th1, Th2 or Th17 cells can develop into
different Tfh cells when they receive appropriate signals from B cells; alternatively, cells
may first adopt the Tfh phenotype and then further differentiate into distinct types of Tfh
cells capable of producing Th1, Th2 or Th17 cytokines. The fact that, in the gut, Tfh cells
can be derived from Tregs, suggests effector Th cells may also acquire Tfh function (171).

Stimulation of TCR-engaged CD4 T cells with IL-6 or IL-21 in the absence of TGFβ has
been shown to induce Tfh cells that express IL-21 and CXCR5, the chemokine receptor
responsible for cell homing to B cell follicle (23,24,172). In vivo, signals from the germinal
center or B cells may be critical for Tfh cell differentiation (169,170). The transcriptional
repressor Bcl-6 is expressed in Tfh cells (173) and recent reports have shown that Bcl-6 is
dispensable for Tfh cell differentiation (174-176). That endogenous Bcl-6 can be induced by
enforced Bcl-6 expression indicates a powerful auto-regulatory positive feedback loop
(174). Bcl-6 is responsible for the induction of Tfh-related molecules such as CXCR5 and
PD-1 but it is not required for IL-21 production. Because there are Th1-, Th2- and Th17-like
Tfh cells and the master regulators are absolutely required for effector cytokine prodution,
i.e. GATA3 for IL-4, it is conceivable that Tfh cells may express T-bet, GATA3 or RORγt
at a basal level in addition to Bcl-6 contributing to Th1, Th2 or Th17-like phenotype.

Tregs—More and more reports have shown that many transcription factors found in
effector Th cells are also expressed in Tregs. Cells co-expressing RORγt and Foxp3 have
been found in vivo both in mice and in humans (123). It has been proposed that such cells
are precusors of Th17 and iTreg cells prior to their commitment to either lineage (123);
however, it is now also clear that IL-6 can induce RORγt expression in Treg cells (124,125).
Interestingly, Foxp3+RORγt+ cells have regulatory functions (177,178). Treg-specific
deletion of Stat3 results in lose of the capacity of these Tregs to suppress Th17-related
autoimmune diseases (179); however, whether STAT3 is responsible for upregulating
RORγt and whether deletion of RORγt from Tregs will also induce Th17-mediated diseases
is not certain. Some Treg cells express T-bet and these Treg cells may be critical for
controlling Th1-related autoimmune diseases (128). Our unplished data suggest GATA3 is
also expressed by Treg cells and that it plays an important role in maintaining Treg
phenotype in an inflammatory environment. Therefore, Foxp3 can be co-expressed with T-
bet, GATA3 and RORγt. It is likely that the ratio of Foxp3 expression to other transcription
factors is critical for maintaining Treg function. Foxp3 may form transcription factor
complexes with T-bet, GATA3 or RORγt so that the capacity of these factors to induce
effector cytokines are inhibited while the expression of other genes usually found in the
relevant effector cells, such as chemokine receptors, is preserved. The thresholds for master
regulators to induce effector cytokines and to induce other molecules such as chemokine
receptors may be quite different. Indeed, low levels of T-bet in Tregs are able to induce
CXCR3 expression but not IFNγ production (128). Under cetain pathological or
inflammatory situations, the expression of Th1, Th2 and Th17 master regulators may attain a
certain threshold so that Foxp3 can no longer suppress the production of effector cytokines
and such Tregs may convert into effector cells (180). Indeed, T-bet expression is
upregulated in Tregs from mice infected with a lethal innoculum of Toxoplasma gondii;
such Foxp3+ cells produce IFNγ (181). Interestingly, a Th1-like regulatory cell population
expressing both T-bet and Foxp3 can produce IFNγ without losing its suppressive activity
(182), but whether these two functions can be found in the same cell is not clear.
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Many groups have reported other CD4 T cells such as Th3 (183), Th9 (40,41), and Tr1 (184)
cells that produce TGFβ, IL-9 and IL-10, respectively. Most of the Th3 cells are probably
Foxp3-expressing Tregs. TGFβ-producing non-Tregs do exist, but the transcription factor(s)
that regulates TGFβ expression has not be defined.

Th9 Cells—Addition of TGFβ and IL-4 during T cell activation induces Th9 cells (40,41).
A recent report showed that PU.1, a transcription factor selectively expressed in IL-4-non-
producing Th2 cells (185), plays an important role in regulating IL-9 production although
other factors also seem to be involved. Our unpublished data suggest that deletion of Gfi-1
from Th2 cells results in IL-9 production. Since PU.1 and Gfi-1 have been shown to
antagonize each other in the determination of macrophage versus B cell fate (186), PU.1/
Gfi-1 cross-regulation may also play an important role in regulating development of Th2
versus Th9 cells. Furthermore, our unpublished data indicate that GATA3 is required for the
induction of IL-9-producing cells although it is expressed at lower levels in Th9 cells than
that in Th2 cells. IL-9 production can also be induced in Th17 and Treg cells (187,188)
whose differentiation also involves TGFβ suggesting a transcription factor that is
responsible for IL-9 production such as PU.1 may be coexpressed with other master
regulators and this factor may be regulated by TGFβ signaling.

Tr1 cells—Most Th cells, including Th1, Th2, Th17 and Treg cells are able to produce
IL-10 under certain circumstance; therefore, Tr1 cells may be a mixture of different cell
types producing IL-10 and IL-10-inducing factors co-expressed with Th1, Th2, Th17 or
Treg master regulators determine IL-10 production in different cell types. GATA3
contributes to IL-10 production in Th2 cells (our unpublished data) and Ikaros is also
involved in IL-10 production (189). C-maf has been reported to regulate IL-10 expression in
Th17 cells (190) and c-maf is also highly expressed in Th2 cells. These data suggest that
Th2 cells may express a combination of IL-10-inducing factors and other transcription
factor(s) that are responsible for IL-10 production in non-Th2 cells may also be found in
Th2 cells.

Th Plasticity—Th cells are plastic. Both Th17 cells and Tregs cells can acquire the
capacity to produce IFNγ if they are exposed to certain stimuli (94,191). Recently, it has
been reported that Th2 cells can also be taught to produce IFNγ without losing their capacity
to produce IL-4 consistant with the co-expression of GATA-3 and T-bet in such cells,
although their expression of GATA3 is lower than in “conventional” Th2 cells (192). The
potential for “plastic” IFNγ-production may be imprinted in Th2, Th17 and Treg cells by
bivalent histone H3 K4 and K27 trimethylation at the Tbx21 locus in these cells (94).

Thus, heterogeneity among Th cells of a given lienage is determined by expression of
additional transcription factors besides the master regulators. Bivalent epigenetic
modifications at the master regulator loci, such as Tbx21 and Gata3, may make it possible to
induce these transcription factors in opposite lineages resulting in co-expression of multiple
master regulators and change of their phenotypes. The relative amounts of these factors are
important in determining the diversity and stability (or lack thereof) of the Th cell subsets.

Conclusions and perspectives
Naïve CD4 T cells have multiple fates that they may acquire when stimulated; the fate
decision is regulated by the network of cytokines and transcription factors epressed in the
activated cells. We are beginning to define the complexity of the cytokine and transcription
factor networks as well as the diversity among Th cell subsets. There is still incertainty as to
whether more Th cell subsets exist in vivo and, if so, how many. Reliable tools are needed to
identify all the CD4 T cell subsets in vivo. Generation of multi-color indicator mice, in
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which the expression of all known lineage-specific master regulators are reported by
different fluoresent proteins, would greatly benefit research on CD4 T cells.

The combination of cytokine signaling at different stages of T cell activation and the
combination of transcription factors governing the differentiation processes are complex. A
particular cytokine may have different function when it is combined with other cytokines.
Since there are many cytokines being made at different levels during each immune response,
fully understanding the differentiation process in vivo is difficult. Therefore, reconstitution
of an in vivo differentiation in an in vitro culture remains a useful way to learn about
cytokine networks. As our knowledge of the players grows, the conditions for in vitro
differentiation cultures can be modified in such a way that it better represents an in vivo
situation. Nonetheless, it must be recognized that many of the in vitro “networks” may be
used rarely in vivo so that in vivo tests will be essential for a true understanding of the
physiology and pathophysiology of CD4 T cell differentiation.

Due to the complexity of CD4 T cell population and their differentiation, the classical
methods of studying individual factors one at a time, may be inefficient and sometimes
misleading. This is because the function of any particular factor is always influenced by
additional factors whose activation may vary under different conditions, and many
biological responses are determined by quantitative changes in the expression of key factors.
Therefore, a comparative analysis of different immune responses at a systemic level, in a
quantitative way, is essential to yield a better understanding of the immune system.

Rapid advances in technology and genome informatics allow the performance of genome-
wide studies. ChIPseq provide genome-wide maps of DNA binding sites of key transcription
factors and transcription factor complexes. Profiling gene expression and mapping
epigenetic modifications including DNA methylation, different histone modifications and
appearance of DNase I hypersensitivity sites at a global level are essential to efficiently
identify large numbers of cirtical cis-regulatory elements.

Quantitative measurements are also necessary to gain a complete picture of the
transcriptional regulatory network and to understand how this network affects gene
expression. The functions of many transcription factors depend on the amount of their
expression relative to expression of other factors. Perturbation experiments, either knocking-
down or enforced-expression in a titrated way, will yield valuable quantitative information
on gene regulation.

Finally, mathematical models may be built to simulate the immune responses when the
central pieces of the network including key transcription factors and crucial cis-regulatory
elements of the target genes have been identified through genome-wide studies, and
quantitative data sets are obtained through titrated pertubation of the key components.

Our ultimate goal of studying immune responses in mice is to help understand and treat
human diseases. Indeed, some immune-related human diseases have been attributed to
genetic mutations in key transcription factors, such as mutantions in FOXP3 that result in
IPEX syndrome (87,88) and STAT3 mutations that result in hyper-IgE syndrome associated
with failure in Th17 responses to extracellular bacterial and fungal infections (79,126).
Many other immune-related diseases could also result from the mutations in particular cis-
regulatory elements that are critical for the expression of key factors. Thus, understanding
the molecular mechanisms, through which the network of transcription factors precisely
control Th cell differentiation and Th cell heterogeneity, plasticity and stability, has great
implications for understanding and treating a broad range of immune-related human
diseases, including chronic viral, fungal, bacterial and parasitic infections, autoimmune
diseases, allergic diseases and tumors.
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Fig. 1. The Network of transcription factors in CD4 T cells
Together with transcription factors such as NF-AT, NF-κB and AP-1 activated and/or
induced by TCR-mediated signaling, the activation of STAT proteins by different cytokines
plays a critical role in inducing the expression of the lineage-specific master regulators T-bet
(Th1), GATA3 (Th2), RORγt (Th17) and Foxp3 (Treg). The STAT proteins also collaborate
with the master regulators, the transcription factors activated/induced by TCR and some
secondary transcription factors, whose expression is controlled by the master regulators, for
the induction of cytokine genes. Positive or negative regulation among these transcription
factors occurs at the gene expression level and/or at the protein level through protein-protein
interaction, forming a sophisticated transcriptional regulatory network during Th cell
differentiation. The transcription factor complexes regulate chromatin remodeling and
expression of the lineage-specific cytokines; one of the lineage-specific cytokines re-
enforces further differention of such cells through a positive feedback loop (note: regulation
of TGFβ expression may not be at transcriptional level).
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Fig. 2. Combinatorial expression of different transcription factors determines Th cell
heterogeneity and plasticity
Th cells are more heterogenous and plastic than originally thought. The heterogeneity and
plasticity of these Th cells may be explained by the different combinations of expression of
transcription factors in a single cell. Since many Tfh and Treg cells can exhibit Th1, Th2 or
Th17-like phenotype, these cells may differentiate in parallel to conventional effector T
(Teff) cells. For example, Th1-like Treg cells co-express Foxp3 and T-bet although the
expression level of T-bet in such cells is lower than that in Th1 Teff cells. It has been
reported that Tfh cells do not express T-bet, GATA3 or RORγt; however, “do not express”
may actually be “express at lower level”. Alternatively, some Tfh cells may represent a
different state of another unknown Teff cells whose master regulator is yet to be defined.
Similarly, Tr1 (IL-10-producing cells) and Th9 (IL-9-producing cells) may represent certain
subsets of Th1, Th2, Th17 or Treg cells, in which a transcription factor that is involved in
IL-10 production (i.e. c-Maf) or in IL-9 production (i.e. PU.1) is co-expressed with other
lineage-specific factors. Under certain circumstances, two cytokines of different lineages
may be co-expressed in the same cells; this may be explained by the combinatorial
expression of two master regulators (i.e. T-bet and GATA3 expression was found in IFNγ/
IL-4 co-expressors).
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