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Abstract CD4+ T cells play a central role in controlling the adaptive immune
response by secreting cytokines to activate target cells. Naïve CD4+ T cells dif-
ferentiate into at least four subsets, Th1, Th2, Th17, and inducible regulatory T
cells, each with unique functions for pathogen elimination. The differentiation of
these subsets is induced in response to cytokine stimulation, which is translated
into Stat activation, followed by induction of master regulator transcription factors.
In addition to these factors, multiple other transcription factors, both subset
specific and shared, are also involved in promoting subset differentiation. This
review will focus on the network of transcription factors that control CD4+ T cell
differentiation.
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1 Introduction

An effective immune response is vital in the protection against invading foreign
pathogens. CD4+ T cells play a pivotal role in host defense by secreting cytokines
to drive appropriate immune responses. Classified by cytokine secretion profile,
CD4+ T cells are subdivided into four major subsets. Th1 cells secret IFNc to clear
intracellular pathogens while Th2 cells secret IL-4, IL-5, and IL-13 to clear hel-
minthes and extracellular pathogens (Zhou et al. 2009). Th17 cells, originally
identified as the causative cell type in the experimental autoimmune encephalitis
(EAE, a mouse model of multiple sclerosis), are characterized by the secretion of
IL-17 and are involved in the clearance of extracellular bacteria and fungi (Korn
et al. 2009). Regulatory T cells (Tregs), including thymus derived Tregs (tTregs)
and peripherally induced Tregs (pTregs), secrete anti-inflammatory cytokines
including TGFb and IL-10 and act to suppress immune responses to prevent
damage to the host (Josefowicz et al. 2012). At steady state, Tregs are indis-
pensable for maintaining self-tolerance thus preventing autoimmunity through
multiple mechanisms. Besides Th1, Th2, Th17, and iTreg cells, some CD4+ T cells
reside within the B cell follicle and are thus named T follicular cells (Tfh); these
cells express the chemokine receptor CXCR5 and produce large amounts of IL-21
(Crotty 2011). Tfh cells function by providing help to B cells. However, the
relationship between Tfh cells and classical Th1, Th2, and Th17 effector cells is
not certain since some Tfh cells are capable of producing either IFNc or IL-4 (Lee
et al. 2012a; Yusuf et al. 2010). In addition, regulatory T cells expressing the key
transcription factor Foxp3 have been also found in B cell follicles (Chung et al.
2011; Linterman et al. 2011) and Th17 cells have been shown to convert to Tfh
cells in Peyer’s patches and provide help to B cells, thus increasing IgA production
(Hirota et al. 2013). Thus, it remains unclear whether Tfh cells represent a separate
subset or whether they differentiate from other CD4+ T cell subsets. Furthermore,
it has been shown that IL-21-expressing Tfh cells may give rise to memory cells
that can further differentiate into conventional effector cells during recall responses
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(Luthje et al. 2012). Finally, Th9 and Th22 cells have also been characterized as
separate subsets recently, based on the expression of IL-9 and IL-22, respectively
(Jabeen and Kaplan 2012; Duhen et al. 2009), but their relationship to Th2 and
Th17 cells, respectively, requires further investigation. Together, these subsets
orchestrate the clearance of pathogens while preventing damage to the host.

The induction and maintenance of each CD4+ subset is controlled by the
cytokine environment, which activates signal transducers and activators of tran-
scription (Stat) pathways to induce the expression of the master regulator tran-
scription factors. The Stat and master regulator controlling each subset have been
defined as follows, Stat4/Tbet (Th1), Stat6/Gata3 (Th2), Stat3/RORct (Th17),
Stat5/FoxP3 (Treg), and Stat3/Bcl6 (Tfh), and have been widely studied (Zhu et al.
2010). Although these factors are essential for the differentiation of a particular
subset, the master regulators do not act alone but are instead a component of a
larger transcriptional network. Multiple transcription factors can interact directly
or indirectly to control gene expression programs. Direct interaction of tran-
scription factors can increase transcriptional activity by increasing recruitment of
additional transcription factors or transcriptional machinery to target genes.
Conversely, direct interaction may inhibit gene expression by blocking the binding
of transcription factors to target genes. Many transcription factors also recruit
chromatin and histone modifying enzymes to increase or decrease accessibility of
binding sites for other transcription factors. Finally, multiple binding sites within a
gene may allow for cooperation between multiple transcription factors or, con-
versely, allow competitive inhibition between factors, where the binding of one
transcription factor may block the binding of another. In this case, the balance of
transcription factors will determine the pattern of gene expression. These types of
interactions allow cells to alter gene expression in response to changes in the
balance of transcription factors, allowing a level of plasticity within CD4+ T cell
subsets. In order to fully understand the regulation of CD4+ T cell differentiation
and the plasticity potential within each, a thorough understanding of the entire
network of transcription factors is required.

2 Signals for Differentiation

The initial steps in CD4+ T cell differentiation, after activation through T cell
receptors, relies upon binding of cytokines to their cognate receptors, resulting in
the activation of receptor associated Janus kinases (Jaks), which phosphorylate the
intracellular domain of cytokine receptors to provide specific docking sites for Stat
binding (Leonard and O’Shea 1998; O’Shea and Plenge 2012). Upon recruitment
to the receptor, activated Jaks phosphorylate and activate Stats, which in turn
induce the expression of genes involved in the initial differentiation of each subset,
including the induction of the master regulators. The master regulators activate
expression of the polarizing cytokine, which induces a positive feedback loop to
strengthen the differentiation toward a given subset.
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2.1 Th1: Stat4, Stat1

Th1 differentiation is generally induced by IL-12 secreted from antigen presenting
cells (Fig. 1). IL-12 signals through Stat4 and the importance of this pathway in
Th1 differentiation is demonstrated by Stat4 deficient mice, which show impaired
Th1 responses with decreased IFNc production (Kaplan et al. 1996b; Cai et al.
2000; Thierfelder et al. 1996). Stat4 activates the expression of many Th1-specific
genes, including Ifng (Lund et al. 2004; Hoey et al. 2003), Il12rb2, and Tbx21
encoding Tbet (Hoey et al. 2003). In addition to directly inducing Tbet expression,
Stat4 also indirectly upregulates Tbet by inducing IFNc expression, which signals
through Stat1 to activate Tbet expression (Lighvani et al. 2001; Afkarian et al.
2002). In turn, Tbet binds to and activates IFNc expression (Matsuda et al. 2007;
Lovett-Racke et al. 2004; Jenner et al. 2009) and the loss of Tbet expression
correlates with decreased IFNc expression (Szabo et al. 2002; Long et al. 2006).
As such, during Th1 differentiation, a positive feedback loop is generated between
IFNc and Tbet, reinforcing the Th1 gene expression program. Indeed, while Stat4
deficient mice have defects in Th1 differentiation, treatment with IFNc resulted in
increased Tbet expression (Lighvani et al. 2001) and treatment of wild type cells
with either IL-12 or IFNc-induced Tbet expression (Zhu et al. 2012), indicating
Th1 differentiation can occur in the absence of IL-12. However, a study of the
contributions of IL-12 and IFNc to Th1 differentiation demonstrated that while
IFNc stimulation induced Th1 differentiation, recall responses of Th1 cells
required IL-12 stimulation, indicating the essential role of IL-12/Stat4 for main-
taining Th1 cells (Schulz et al. 2009). Both Stat4 and Tbet are required for
maximal IFNc production and while loss of either one resulted in decreased IFNc
production, loss of both Tbet and Stat4 resulted in a complete block of IFNc
production, indicating cooperation between these factors (Zhu et al. 2012).
However, the targets of Stat4 and Tbet are not completely overlapping, pointing to
a wider role for Stat4-induced gene expression programs in Th1 differentiation,
beyond the induction of IFNc and Tbet expression (Thieu et al. 2008). Surpris-
ingly, Stat4-/-Stat6-/- double deficient mice cultured under nonpolarizing con-
ditions were capable of secreting IFNc, indicating that in the absence of Th2
differentiation, cells can activate expression of Th1 specific genes without sig-
naling through Stat4 (Kaplan et al. 1998). However, whether such IFNc production
is Tbet dependent has not been determined.

2.2 Th2: Stat6, Stat5

Differentiation of Th2 cells requires stimulation with IL-4 (Le Gros et al. 1990;
Swain et al. 1990; Hsieh et al. 1992; Seder et al. 1992), particularly in vitro, and in
the absence of IL-4, cells stimulated through the T cell receptor are driven pre-
dominately toward Th1 differentiation (Seki et al. 2004). IL-4 signals through
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Stat6 and mice deficient in Stat6 show limited Th2 cell differentiation (Kaplan
et al. 1996a) and Th2 cytokine production, both in response to Th2 polarizing
conditions in vitro (Shimoda et al. 1996) and in response to Th2-inducing
pathogens (Takeda et al. 1996). Furthermore, expression of a constitutively active
form of Stat6 drives cells toward Th2 differentiation, even under conditions that
strongly favor Th1 polarization (Kurata et al. 1999; Zhu et al. 2001). Th1 cells
expressing constitutively active Stat6 have altered chromatin structure at both
Gata3 regulatory regions (Onodera et al. 2010) and the Th2 cytokine locus (Lee
and Rao 2004) resembling that found in Th2 cells, indicating that Stat6 can induce
chromatin modifications to increase expression of Th2 specific genes. Similar to
Th1 cells, Th2 commitment is also driven by a positive feedback loop, in which
IL-4 induces further IL-4 production (Le Gros et al. 1990; Swain et al. 1990; Hsieh
et al. 1992; Seder et al. 1992). IL-4 signaling through Stat6 induces Gata3
expression (Kurata et al. 1999; Zhu et al. 2001) and Gata3 in turn, drives the
expression of IL-4. Gata3 deficient cells fail to produce IL-4 at early time points
after T cell stimulation and show no Th2 differentiation (Yamane et al. 2005).
Although Stat6 has a clearly demonstrated role in Th2 differentiation, further study
of these mice revealed that while Th2 recall responses were severely impaired
(Finkelman et al. 2000), initial Th2 differentiation did occur normally (Finkelman
et al. 2000; Jankovic et al. 2000). Indeed, IL-2 in combination with low peptide
stimulation was shown to drive early Th2 differentiation in the absence of IL-4
signals (Yamane et al. 2005). IL-2 signals through Stat5 and Stat5 deficient mice
were found to have fewer Th2 cells, demonstrating the importance of this pathway
in Th2 differentiation (Kagami et al. 2001). Stat5 has been shown to bind to the

IL-12 Stat4 IFN

Stat1

Tbet

Th1

IL-2 Stat5 IL-4

Stat6

Gata3

Th2

Fig. 1 Positive feedback
regulation of CD4+ T cell
differentiation. Cytokine
induced Stat activation
initiates CD4+ T cell
differentiation by activating
expression of master
regulators. A positive
feedback loop is generated by
increased expression of
activating cytokines in
response to master regulation
expression, thus reinforcing
expression of the master
regulator and the subset
specific gene expression
program
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IL-4 gene (Hural et al. 2000) and to induce IL-4Ra expression (Liao et al. 2008).
Furthermore, blocking IL-2 during Th2 polarization blocked Th2 differentiation
(Cote-Sierra et al. 2004) while constitutively active Stat5 increased IL-4 produc-
tion in the absence of IL-2 (Zhu et al. 2003). However, IL-2 and Stat5 do not
upregulate Gata3 expression during initial differentiation (Yamane et al. 2005;
Cote-Sierra et al. 2004; Zhu et al. 2003). Instead, IL-2 induces initial IL-4 pro-
duction by naïve T cells, which in turn stimulates Gata3 expression via Stat6, thus
activating the positive feedback between Gata3 and IL-4 to strengthen the com-
mitment to the Th2 subset (Fig. 1). In fully committed Th2 cells, however, Stat5
activation is important for maintaining Gata3 expression (Guo et al. 2009).

2.3 Th17: Stat3

Th17 differentiation is induced by stimulation with IL-6 and TGFb (Yang et al.
2007) and mice with deletions of either cytokine or associated receptors have a
block in Th17 differentiation (Nishihara et al. 2007; Li et al. 2007b; Ivanov et al.
2006; Korn et al. 2007), indicating the requirement for both cytokines in Th17
differentiation. Since TGFb also induces Treg differentiation, IL-6 is required to
divert cells from becoming T regulatory cells. IL-6 signals through Stat3 and
constitutively active Stat3 is capable of inducing Th17 differentiation and
increasing RORct expression, although this requires costimulation with TGFb
(Zhou et al. 2007). In contrast, Stat3 deficient mice resemble IL-6 deficient mice,
showing an inability to generate Th17 cells (Yang et al. 2007; Mathur et al. 2007;
Durant et al. 2010) and increased resistance to EAE induction (Harris et al. 2007).
Furthermore, human patients with mutations in Stat3 also show diminished Th17
populations and RORct production (Milner et al. 2008; Ma et al. 2008). The loss of
IL-6 (Korn et al. 2007), IL-21 (Nurieva et al. 2007) or Stat3 (Yang et al. 2007)
results not only in decreased Th17 populations but also increased Treg popula-
tions, demonstrating the reciprocal regulation of Th17 and Treg differentiation.
Stat3 binds to and activates multiple Th17 genes, including cytokines IL-17 and
IL-21 as well as transcription factors RORct, Batf, IRF4, Ahr, and Maf (Durant
et al. 2010). Although IL-17 is the hallmark cytokine produced by Th17 cells, it is
not capable of driving Th17 differentiation (Korn et al. 2009). Instead, IL-21 may
play this role as it is capable of replacing IL-6 in the differentiation of Th17 cells
and blocking IL-21 under Th17 conditions reduces Th17 differentiation (Wei et al.
2007; Korn et al. 2007). Furthermore, while IL-6 induces initial IL-21 expression,
subsequent IL-21 expression is under autoregulation as IL-6 deficient cells were
induced to express IL-21 by treatment with IL-21 (Zhou et al. 2007). The
importance of IL-21 in Th17 differentiation is demonstrated by IL-21R deficient
mice, which had decreased Th17 differentiation (Zhou et al. 2007). Interestingly,
although initial induction of IL-21 expression by IL-6 required only Stat3, the
maintenance of Th17 differentiation by IL-21 required both Stat3 and RORct
(Nurieva et al. 2007). Furthermore, the induction of Th17 differentiation by
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constitutively active Stat3 was diminished in the absence of RORct (Zhou et al.
2007), indicating cooperation between Stat3 and RORct in Th17 differentiation,
either at overlapping targets or by activation of unique targets required for Th17
differentiation. Together, these studies indicate that, similar to Th2 cells, Th17
differentiation also proceeds through an initiation stage of Th17 differentiation
followed by the maintenance of the Th17 expression program. Initial IL-6 stim-
ulation activates Stat3, resulting in the increased expression of Th17 cytokines,
including IL-21 as well as Th17 transcription factors. In turn, IL-21, signaling
through Stat3, is required for the maintenance of Th17 differentiation.

IL-23 is also involved in Th17 differentiation as treatment of cells with IL-23
induces IL-17 production (Aggarwal et al. 2003) while IL-23 receptor deficient
mice produce less IL-17 and show decreased susceptibility to EAE induction
(McGeachy et al. 2009). Although naïve CD4+ T cells do not express IL-23
receptor, IL-6 induces IL-23R expression, which is further augmented by treat-
ment with both IL-6 and IL-23 (Ghoreschi et al. 2010). Both of these cytokines
signal through Stat3 and stimulation with IL-6 and IL-23 resulted in increased
binding of Stat3 to the Il23r locus. IL-23 treatment in combination with IL-6 and
IL-1b can also drive Th17 differentiation in the absence of TGFb stimulation
(Ghoreschi et al. 2010). Th17 cells induced by IL-23 have a unique phenotype
compared to TGFb-induced Th17 cells as IL-23-induced Th17 cells express both
RORct and Tbet and are more pathogenic when transferred into Rag2-/- mice.
Th17 cells generated with TGFb produce IL-10, which may be the reason for low
pathogenicity of such cells (Lee et al. 2012b). Furthermore, addition of TGFb to
IL-23 driven Th17 differentiation resulted in decreased expression of the IL-23
receptor. Thus TGFb may also limit Th17 pathogenicity by downregulating IL-23
responsiveness. Interestingly, it has been recently reported that Th17 cells produce
TGFb3, which is IL-23 dependent, and TGFb3 induces pathogenic Th17 cells (Lee
et al. 2012b).

2.4 Treg: Stat5

Differentiation of iTregs is induced by stimulation with IL-2 and TGFb (Jose-
fowicz et al. 2012). Both IL-2Ra deficient mice and Stat5 deficient mice had
decreased Treg populations while constitutively active Stat5 rescued Treg popu-
lations in IL-2Ra deficient mice (Burchill et al. 2007). Stat5 binds directly to the
FoxP3 promoter to induce the Treg differentiation program (Burchill et al. 2007;
Yao et al. 2007). Stat5 requires histone deacetylase activity to induce Treg dif-
ferentiation (Burchill et al. 2008), indicating that in addition to directly activating
transcription, Stat5 also acts to remodel chromatin structure to change accessibility
of additional factors. IL-2 signaling through Stat5 also blocks Th17 differentiation
and the loss of IL-2 signaling resulted in decreased Treg populations while Th17
populations were increased (Laurence et al. 2007). Stat5 binds directly to the Il17
promoter in the same region where Stat3 binds, resulting not only in decreased
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Stat3 binding but also in loss of permissive histone modifications within the Il17
gene (Yang et al. 2011). Interestingly, Stat3 can also bind to the Foxp3 promoter to
inhibit expression (Xu et al. 2010), indicating that the balance between Stat3 and
Stat5 levels not only induces the differentiation program of one subset but also
actively inhibits the other.

2.5 Tfh: Stat3

Tfh cells are defined by their localization within germinal centers and the surface
expression of the chemokine receptor CXCR5 (Crotty 2011). IL-6 signaling
through Stat3 has been reported to induce Tfh differentiation (Eddahri et al. 2009;
Nurieva et al. 2008). Although IL-6 is involved in both Th17 and Tfh differenti-
ation, Th17 requires both IL-6 and TGFb while Tfh requires only IL-6 (Nurieva
et al. 2008). IL-6-induced Tfh differentiation results in upregulation of IL-21
expression (Dienz et al. 2009; Nurieva et al. 2008), which plays an important role
in B cell maturation within germinal centers (Zotos et al. 2010). Indeed, the
importance of IL-21 production by Tfh cells has been demonstrated by a decrease
in antibody production in mice with T cell-specific deletions of IL-21 (Dienz et al.
2009; Zotos et al. 2010). However, the effect of IL-21 deficiency on the Tfh
population size is unclear as some groups have shown decreased Tfh populations
in IL-21 and IL-21 receptor deficient mice (Vogelzang et al. 2008; Nurieva et al.
2008) while others have shown normal induction of Tfh differentiation (Zotos
et al. 2010), with an accelerated contraction of Tfh cells after stimulation
(Linterman et al. 2010). As such, it is possible that similar to Th17 differentiation,
IL-6 is required for the initiation of Tfh differentiation while IL-21 is involved in
the maintenance of this subset. However, there may be other factors involved
in Tfh differentiation, as both IL-6 deficient mice and Stat3 deficient mice showed
decreased Tfh populations early in differentiation that equalized at later time
points (Choi et al. 2013). Deletion of both Stat3 and Stat1 prevented Tfh differ-
entiation at all time points, indicating the importance of multiple signaling path-
ways in Tfh differentiation. In addition to upregulation of IL-21 in early Tfh
differentiation, IL-6 treatment is also required for downregulation of IL-2Ra
expression (Choi et al. 2013). Treatment with either IL-2 or constitutively active
Stat5 blocked Tfh differentiation (Ballesteros-Tato et al. 2012; Nurieva et al. 2012)
while deletion of either Stat5 or IL-2Ra increased Tfh differentiation (Johnston
et al. 2012). Stat5 acts to block Tfh differentiation by binding directly to the Bcl6
promoter to block Stat3 binding and activation of Bcl6 expression (Oestreich et al.
2012).
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3 Master Regulators of CD4 T Cell Differentiation

The induction of CD4+ T cell differentiation is generally thought of as a two-step
process. As discussed above, cytokine signaling through the Stat transcription
factors is an essential first step in the differentiation process, as evidenced by the
loss of specific CD4+ subsets in various Stat knockout mice. However, a major
role of Stat activity during CD4+ T cell differentiation is to induce the expression
of the so-called ‘‘master regulators’’ of CD4+ T cell differentiation. In general, a
master regulator is identified when the enforced expression of this factor alone can
induce differentiation into a given subset while deletion of the factor prevents
differentiation into this subset from naïve CD4+ cells.

3.1 Tbet

The Tbox family member Tbet controls Th1 differentiation (Szabo et al. 2000), as
evidenced by increased IFNc production in response to Tbet overexpression, under
both neutral and Th2 priming conditions (Szabo et al. 2000). In addition, Tbet
deficient cells express very low levels of IFNc and are unable to suppress IL-4 and
IL-5 expression under neutral priming conditions (Szabo et al. 2002).

3.1.1 Autoactivation of Tbet

Tbet has been shown to bind to its own promoter (Kanhere et al. 2012), indicating
a possible requirement for Tbet autoactivation under certain circumstances
(Mullen et al. 2001). However, a study overexpressing Tbet in Stat1 deficient cells
failed to show upregulation of endogenous Tbet expression in response to retro-
viral-induced Tbet expression (Afkarian et al. 2002). Tbet binding to its own
promoter may cooperate with Stat1 but cannot induce expression in the absence of
Stat1, as the loss of Stat1 leads to the loss of Tbet (Lovett-Racke et al. 2004).
Likewise, a reporter mouse expressing ZsGreen under the control of the Tbet
promoter showed similar levels of ZsGreen expression in both control and Tbet
deficient cells in response to IL-12 and IFNc stimulation, indicating a minimal role
for autoactivation in Tbet expression (Zhu et al. 2012). However, the ZsGreen
Tbet reporter on a Tbet-/-Stat4-/- double deficient background showed sub-
stantial loss of reporter expression during T. gondii infection, indicating that Tbet
may autoactivate expression under certain conditions (Zhu et al. 2012). These
results indicate that while Tbet may bind its own promoter, autoregulation of
Tbet expression occurs only during specific conditions possible at later stage of
differentiation or at memory stage when extrinsic stimulating cytokines become
limiting.
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3.1.2 Mechanism of Action

Large-scale ChIP-sequencing studies have identified binding sites of Tbet
throughout the genome, including many immune regulatory genes, as well as
cytokine and cytokine receptor genes (Zhu et al. 2012; Kanhere et al. 2012).
However, although Tbet is generally considered a transcriptional activator, Tbet has
also been reported to target genes for repression, including Socs1, Socs3, and Tcf7,
which all show increased expression in response to Tbet deficiency (Oestreich et al.
2011). Tbet overexpression alone did not inhibit these genes, indicating that Tbet
does not function to directly repress these genes. Instead, Tbet interacts with Bcl6
(Oestreich et al. 2012) and recruits this repressor to target genes to decrease gene
expression.

In addition to directly binding target genes to induce expression, Tbet also
induces changes in chromatin structure to increase or decrease gene accessibility.
Although expression of a dominant negative mutant of Tbet blocked IFNc
expression when expressed in cells during early stages of Th1 differentiation,
expression of this mutant in Th1-committed cells failed to have an effect on IFNc
expression (Mullen et al. 2002). This was shown to correlate with the loss of
DNase hypersensitivity site I in the early Th1 cells, whereas the Th1-committed
cells maintained this site even in the presence of the mutant Tbet, indicating the
importance of gene accessibility for maintenance of gene expression. Subsequent
work has demonstrated multiple interactions between Tbet and various chromatin-
remodeling enzymes. In naïve T cells, the histone deacetylase Sin3A was asso-
ciated with the 5’ CNS of Ifng, although as Th1 differentiation proceeded, Sin3A
levels at the 5’ CNS decreased and overexpression of Tbet correlated with removal
of Sin3A from Ifng (Chang et al. 2008). Tbet has also been shown to interact with
the demethylases Jmjd3 and UTX as well as the SWI/SNF remodeling complex
(Miller et al. 2010). Tbet recruits the RbBp5 component of the H3K4 methyl-
transferase complex to induce permissive H3K4me2 marks at the promoters of
Cxcr3 and Ifng, as well as the Jmjd3 H3K27-demethyltransferase to remove the
repressive H3K27me3 marks (Miller et al. 2008). Furthermore, loss of Tbet cor-
related with loss of permissive H3K4me1 marks at the control regions of Ifng,
Il12rb2, and Cxcr3 while the Th17 gene Ccr6 had less repressive H3K27me3
marks (Zhu et al. 2012). By altering the chromatin landscape, Tbet increases
accessibility of Th1 target genes to allow other factors to bind and strengthen gene
expression while also decreasing accessibility of non-Th1 genes.

3.1.3 Inhibition of Other Subsets

Tbet also play an essential role in the inhibition of other subsets during Th1
differentiation. While Tbet downregulates IL-4 and Gata3 expression (Zhu et al.
2012) in Th1 cells, Gata3 is both expressed and bound to target genes in Th1 cells
(Jenner et al. 2009; Kanhere et al. 2012; Wei et al. 2011). Genome-wide analyses
indicate that a number of genes are bound by Gata3 in both Th1 and Th2 cells, and
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include both Th1 and Th2-specific genes. In Th1 cells, many of these sites are also
bound by Tbet, which acts to control gene expression as expression of co-occupied
genes normally expressed in Th1 cells were increased in response to Tbet over-
expression in Ifng-/-Tbet-/- double deficient cells while genes that are normally
expressed in Th2 cells showed decreased expression (Jenner et al. 2009). Although
some targets are shared in both Th1 and Th2 cells, the overall pattern of Gata3
distribution in Th1 cells is different from Th2 cells, where Gata3 shows decreased
binding to Th2-specific genes and increased binding to Th1-specific genes
(Kanhere et al. 2012). However, many of the Th1-specific genes bound by Gata3 in
Th1 cells do not have a Gata motif at the binding sites but contain binding motifs
for either Tbet or Runx family proteins, indicating that Tbet and Runx3 contribute
to the localization of Gata3 in Th1 cells. Indeed, Runx3 is able to interact with
Gata3 (Yagi et al. 2010), as does phosphorylated Tbet, and this interaction inhibits
Th2 differentiation by blocking the binding of Gata3 to target genes (Hwang et al.
2005b). Increased levels of phosphorylated Tbet correlated with increased IFNc
expression while inhibition of Tbet phosphorylation resulted in increased Th2
differentiation (Chen et al. 2011a). Tbet also binds directly to the Gata3 gene and
increases restrictive histone modifications to repress Gata3 expression (Zhu et al.
2012). Thus, inhibition of Th2 differentiation by Tbet involves both inhibition of
Gata3 expression and sequestering Gata3 from many, but not all, Th2-specific
genes. In addition, since Tbet also recruits Gata3 to many genes, including those
expressed in Th1 cells, perhaps Tbet commandeers the activating functions of
Gata3 to drive part of the Th1 gene program.

Tbet also interacts with many transcription factors to inhibit differentiation of the
other CD4+ subsets. Tbet deficient cells express elevated levels of IL-17, indicating
a role for Tbet in the inhibition of Th17 differentiation (Mathur et al. 2006). This has
been proposed to occur via the binding of Tbet to Runx1 and Runx3, which prevents
the binding of these transcription factors to their targets, including the Rorc gene
(encoding RORct) (Lazarevic et al. 2011). Furthermore, Runx1 also forms a com-
plex with RORct, which is required for full activity of RORct (Zhang et al. 2008). In
this way, binding of Runx1 to Tbet blocks the formation of active RORct complexes
required for Th17 differentiation. Indeed, coexpression of Tbet with RORct resulted
in decreased RORc activity (Villarino et al. 2010), likely by sequestering Runx1
away from an interaction with RORct. Finally, as described above, Tbet also binds
to Bcl6, which blocks Bcl6-mediated repression of genes required for Tfh differ-
entiation (Oestreich et al. 2011). Taken together, Tbet blocks the differentiation of
other subsets by binding to and inhibiting multiple transcription factors.

3.2 Gata3

Th2 differentiation requires the transcription factor Gata3, which, in addition to
expression during T cell development, is also expressed at substantial higher levels
in Th2 cells (Zhang et al. 1997; Zheng and Flavell 1997). Gata3 deficiency leads to
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loss of Th2 cytokine expression (Pai et al. 2004; Zhu et al. 2004) and humans
heterozygous for GATA3 have decreased frequencies of Th2 cells (Skapenko et al.
2004). In contrast, Gata3 overexpression drives Th2 differentiation (Ouyang et al.
2000; Lee et al. 2000), characterized by increased Th2 cytokine expression and
increased endogenous Gata3 expression (Lee et al. 2000). Furthermore, Gata3
overexpression also inhibits Th1 differentiation, as cells cultured under Th1
polarizing conditions continue to express Th2 cytokines (Zheng and Flavell 1997)
while Gata3 transgenic mice show decreased responses to delayed type hyper-
sensitivity, a Th1 immune response (Nawijn et al. 2001).

3.2.1 Mechanism of Action

Gata3 binds directly to the Il4 enhancer to drive IL-4 production (Agarwal et al.
2000) and also to its own promoter to autoactivate expression (Ouyang et al.
2000). In this way, the positive feedback loop within Th2 differentiation is driven
by both Gata3-induced expression of IL-4, which signals through Stat6 to activate
Gata3 expression and by autoactivation of Gata3. Although Gata3 autoactivation
plays a minimal role when a sufficient amount of IL-4 stimulation is present, as
demonstrated by comparable expression levels of Gata3 in both wild type cells and
cells expressing mutant Gata3 lacking the exon 4 encoded zinc fingers (Wei et al.
2011), autoactivation may be important for maintaining Gata3 expression when
IL-4 signaling ceases.

Gata3 is required continuously for maintenance of Th2 differentiation as loss of
Gata3 even after Th2 differentiation leads to decreased Th2 cytokine production
and cell proliferation as well as increased IFNc expression (Zhu et al. 2004). In
addition to Th2 cytokines, Gata3 also binds to control regions of many tran-
scription factors and many genes involved in T cell signaling to promote Th2
differentiation (Wei et al. 2011). Surprisingly, ChIP-Seq analysis identified Gata3
binding sites within multiple CD4+ T cell subsets, indicating a role for Gata3
beyond Th2 differentiation. These Gata3 binding sites were shown to be in close
proximity to a number of other transcription factor binding sites, including Runx,
Ets and AP-1, indicating cooperation of Gata3 with other transcription factors. In
Th2 cells, Gata3 binding colocalizes with the binding of Ets family member Fli1 to
the DNA and the loss of Gata3 resulted in loss of Fli1 binding at 75 % of the
shared binding sites. These results indicate that while Gata3 targets many genes in
Th2 cells, it may also play a role in regulation of other subsets by acting within
larger transcription factors complexes. Indeed, Tregs lacking Gata3 expression
have reduced suppressive activity during inflammation (Wohlfert et al. 2011) and
Gata3 has also been shown to be involved in CD8 T cell memory (Wang et al.
2013).

Similar to Tbet, Gata3 also exerts control over transcription programs by
modifying chromatin structure. Indeed, overexpression of Gata3 correlated with
increased DNase hypersensitivity sites at the Il4 promoter (Ouyang et al. 2000;
Lee et al. 2000), indicating increased accessibility for transcriptional activation.
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Furthermore, deletion of Gata3 resulted in decreased histone acetylation at the Il5
promoter, increased methylation of the Il4 gene and increased histone acetylation
at the Ifng promoter (Yamashita et al. 2004). Both Gata3 and Stat6 associate with
the Ifng promoter in Th2 cells to alter chromatin structure as the loss of Stat6
correlated with the loss of repressive H2K27me2 histone modifications at Ifng
while overexpression of Gata3 increased H3K27me2 marks and decreased per-
missive H3K9me marks (Chang and Aune 2007). The loss of Gata3 also resulted
in decreased permissive H3K4me2 marks and increased restrictive H3K27me3
marks at Th2-specific genes and decreased repressive H3K27me3 marks at both
Tbet and Ifng control regions under Th2 conditions (Wei et al. 2011). At the
genome level, although only *10 % of Gata3-bound genes have altered expres-
sion upon Gata3 deletion,*50 % of all Gata3-bound genes have epigenetic
changes around the Gata3 binding sites indicating a direct role of Gata3 in
chromatin remodeling.

The control of the Th2 cytokine cluster requires a three-dimensional confor-
mation of chromatin to bring the promoters for Il-4, Il-5 and Il-13 into close
proximity with the locus control region (Spilianakis and Flavell 2004). Gata3
binds to a region within the LCR to induce long-range intrachromosomal inter-
actions of the Th2 locus, as overexpression of Gata3 in nonlymphoid cells-induced
permissive chromatin conformation at the Th2 locus, with the LCR in close
proximity to the IL-4 cytokine cluster, resembling the structure found in Th2 cells
(Spilianakis and Flavell 2004). Thus, by modulating repressive and permissive
marks on histones and DNA as well as inducing permissive chromatin interactions,
Gata3 controls transcriptional activation and repression of genes in Th2 cells.

3.2.2 Regulation of Other Subsets

Gata3 also plays a role in inhibiting Th1 differentiation, as Gata3 overexpressing
cells show decreased Th1 polarization (Zheng and Flavell 1997). Gata3 acts to
block Th1 differentiation by decreasing Stat4 expression, as Gata3 expression
during Th2 differentiation correlated with decreased expression of Stat4 (Usui
et al. 2003). In addition to Tbet and Stat4, Runx3 also plays a role in inducing
IFNc expression (Djuretic et al. 2007; Kohu et al. 2009; Yagi et al. 2010) and
Gata3 binds directly to Runx3 (Yagi et al. 2010; Kohu et al. 2009) to inhibit
Runx3-mediated IFNc expression (Yagi et al. 2010). Furthermore, deletion of
Gata3 resulted in increased expression of Th17-related genes (Wei et al. 2011).
Both the downregulation of gene expression and the direct inhibition of other
transcription factors are important functions of Gata3 in inhibiting the differenti-
ation of other subsets while inducing the differentiation of Th2 cells.
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3.2.3 Plasticity of Th2 Cells

Although Gata3, when expressed at higher levels, suppress Th1 and Th17-related
transcription factors, it has been reported that Gata3 expressed at intermediated
levels may tolerate the expression of Tbet. There is evidence that committed Th2
cells are capable of upregulating Tbet and producing IFNc without losing their
capacity to produce IL-4 (Hegazy et al. 2010). After 3 weeks of in vitro Th2
differentiation, LCMV-specific CD4+ T cells were transferred into naïve C57BL/6,
followed by LCMV infection 30 days post-transfer. Upon LCMV infection, these
in vitro differentiated Th2 cells gained the capacity to produce IFNc in addition to
IL-4 to become IFNc+IL-4+ double producing cells. These cells also upregulated
Tbet expression to similar levels found in Th1 cells and Th2 cells differentiated
from Tbet deficient mice failed to produce IFNc in this model, indicating the
importance of activating the Th1 transcriptional program. Indeed, although these
Th2 cells initially produced high levels of Gata3, upon transfer and LCMV
infection, Gata3 levels decreased while Tbet levels increased and this pattern was
maintained up to 60 days post-infection.

A subset of cells has also been identified that produce both Th2 cytokines IL-4,
IL-5, and IL-13 as well as IL-17 and express high levels of both Gata3 and RORct
(Wang et al. 2010). Th2 cells stimulated with IL-1b, IL-6, and IL-21 resulted in
the induction of IL-17 expression. This plasticity between Th2 and Th17 plays a
role in disease settings as patients with asthma had higher expression of IL-17 and
IL-22 from sorted Th2 cells upon restimulation. In addition, intranasal exposure to
allergens-induced IL-17 producing Th2 cells specifically in the lung and these cells
persisted in the lung after exposure.

3.3 RORct/RORa

Th17 differentiation is controlled by the orphan nuclear receptor RORct. Mice
deficient in RORct have limited Th17 differentiation (Ivanov et al. 2006; Volpe
et al. 2008) while overexpression of RORct induced IL-17 expression in the
absence of Th17 polarizing cytokines (Ivanov et al. 2006). As Th17 cells are the
causative agents of EAE, the loss of RORct and subsequent loss of Th17 cells was
also protective against EAE induction. RORct binds directly to the Il17a/Il17f
gene to induce expression (Ichiyama et al. 2008). In addition to RORct, another
family member, RORa, is also expressed in Th17 cells and overexpression of
RORa also increased IL-17 production (Yang et al. 2008). RORa binds to the
CNS2 of Il17 and overexpression of both RORa and RORct acted synergistically
to increase IL-17 expression, while deletion of both RORct and RORa resulted in a
complete block in Th17 differentiation. Although RORct is clearly required for
Th17 differentiation, it functions within a larger complex of transcription factors
(Ciofani et al. 2012). Genome-wide ChIP analysis demonstrated that RORct
functions in cooperation with Batf, IRF4, and Stat3; RORct appears to regulate
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gene expression driven by these factors, both by reinforcing Th17-specific genes
such as Il17a and Il17f and by attenuating expression of a number of genes induced
by Batf, IRF4, and Stat3. However, genes attenuated by RORct remain expressed
in Th17 cells, indicating that RORct plays a role in fine-tuning the expression of
many target genes during Th17 differentiation. RORct is also involved in the
inhibition of both Th1 and Treg differentiation as overexpression of RORct
resulted in decreased IFNc production (Ivanov et al. 2006) while the loss of RORct
resulted in increased FoxP3 expression (Burgler et al. 2010).

3.3.1 Plasticity of Th17 Cells

Although Th17 cells are considered a unique CD4+ T cell subset, Th17 cells have
been shown to produce IFNc (Mathur et al. 2006; Shi et al. 2008; Lee et al. 2009;
Bending et al. 2009). After in vitro differentiation, both Th1 and Th17 cells were
transferred into NOD/Scid mice and diabetes development was monitored
(Bending et al. 2009). Although Th17 cell transfer showed a slight lag in the
induction of diabetes, Th17 transfer resulted in the development of diabetes and
analysis of cells isolated from peripheral lymph nodes showed increased IFNc
production and loss of IL-17 production compared to original transplanted Th17
cells. Although these transplanted cells were cultured under Th17 inducing con-
ditions, the possibility remained that a small population of undifferentiated cells
could be responsible for diabetes induction. To demonstrate that Th17 cells can
convert to IFNc producers, a subsequent in vitro study used an IL-17f reporter
mouse to sort IL-17 expressing Th17 cells and demonstrated that treatment of
these cells with IL-12 increased IFNc production (Lee et al. 2009). These cells also
lost RORct expression while gaining Tbet expression and Th17 cells deficient in
either Stat4 or Tbet failed to upregulate IFNc in response to Th1 polarizing
conditions, indicating a requirement for the activation of the Th1 transcriptional
program (Lee et al. 2009).

The switch from IL-17 to IFNc production appears to be important during EAE
as suppression of Tbet expression by siRNA after EAE induction resulted in
decreased disease severity (Gocke et al. 2007). The use of the IL-17 fate reporter
mouse has shown that the majority of the CNS infiltrating IFNc-producing cells in
MOG-induced EAE arises from IL-17 producing cells, and cells that have produced
IL-17 produce the highest levels of cytokines upon restimulation (Hirota et al.
2011). Th17 cells have also been shown to become IFNc+IL17+ double producers
(Ivanov et al. 2006; Lee et al. 2009; Lexberg et al. 2010; Villarino et al. 2010),
which express both Tbet and RORct (Lexberg et al. 2010). Interestingly, cells
isolated from spinal cords of EAE mice show a larger population of IFNc+IL-17+

compared to IL-17 single positive. Potentially, this double positive population is
composed of those Th17 cells in the process of converting to Th1 cells. This switch
of Th17 cells to Th1 cells in the CNS appears to drive the pathogenesis of EAE and
demonstrates the importance of CD4+ T cell subset balance in the maintenance of a
healthy individual.
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3.4 FoxP3

Mutations in the FOXP3/Foxp3 gene were identified in X-linked neonatal diabetes
mellitus, entropathy and endocrinopathy syndrome (IPEX) patients (Wildin et al.
2001) and in the scurfy mouse, respectively (Brunkow et al. 2001), representing a
human condition and a mouse model characterized by severe autoimmunity.
FoxP3 is expressed in CD4+CD25+ T cells and cells overexpressing FoxP3 show
poor proliferation and very little cytokine production in response to T cell receptor
stimulation (Hori et al. 2003). In addition, FoxP3 overexpressing cells are capable
of suppressing the activation of CD4+CD25- T cells and preventing the devel-
opment of inflammatory bowel disease (IBD) induced by transferring naive
CD4+CD25- T cells into lymphopenic hosts (Hori et al. 2003; Fontenot et al.
2003). In contrast, CD4+CD25+ cells deficient in FoxP3 expression failed to
suppress CD4+CD25- T cells (Fontenot et al. 2003; Gavin et al. 2007; Williams
and Rudensky 2007) and a mixed bone marrow chimera experiment demonstrated
that development of suppressive T regulatory cells required FoxP3 expression
(Fontenot et al. 2003).

3.4.1 Mechanism of Action

Genome-wide analysis has identified a large number of FoxP3 target genes,
including genes involved in regulating transcription as well as genes involved in
epigenetic modification (Zheng et al. 2007). Furthermore, analysis of FoxP3
binding partners identified interactions with a large number of transcription fac-
tors, as well as candidates involved in chromatin organization and modification
(Rudra et al. 2012). Not only does FoxP3 bind to these factors at the protein level,
but ChIP-Seq analysis of FoxP3 binding sites showed that FoxP3 also binds to the
regulatory regions of these factors, thus controlling the expression of many of its
binding partners. In agreement with these genome-wide studies showing interac-
tions of FoxP3 with chromatin modifying enzymes, many FoxP3 target genes were
found to have permissive histone modifications. Furthermore, FoxP3 interacts with
the histone acetyltransferase TIP60 as well as histone deacetylase 7 (Li et al.
2007a) and disruption of this interaction leads to increased acetylation at the Il2
promoter, which is normally repressed in T regulatory cells (Bettini et al. 2012).
However, a study comparing chromatin modifications in naïve T cells with those
in FoxP3 expressing cells found no major changes in chromatin modifications
before and after FoxP3 expression, indicating that other factors, such as FoxO
proteins, are likely required to modify the chromatin landscape in T regulatory
cells prior to FoxP3 binding (Samstein et al. 2012).

FoxP3 also exploits direct interaction with NFAT to target specific genes during
Treg differentiation (Wu et al. 2006). Expression from an IL-2 reporter construct
containing NFAT:AP-1 binding sites was inhibited in the presence of FoxP3. This
inhibition required NFAT, as FoxP3 bound to the Il2 promoter sequence only in
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the presence of the NFAT DNA binding domain. Furthermore, mutation of FoxP3
residues to disrupt NFAT binding resulted in increased IL-2 expression in response
to T cell stimulation. The importance of this interaction between NFAT and FoxP3
was demonstrated by a failure of FoxP3 mutant cells to protect against diabetes
when transferred into NOD mice.

3.4.2 Regulation of Other Subsets

FoxP3 also plays an active role in inhibiting both Th2 and Th17 differentiation by
inhibiting Gata3 and RORct to block IL-4 and IL-17 expression (Zeng et al. 2009).
FoxP3 also binds to phosphorylated Stat3, resulting in the recruitment of FoxP3 to
Il6 regulatory regions (Chaudhry et al. 2009). This results in the repression of IL-6
expression, which further blocks Th17 differentiation. In addition, FoxP3 binds to
RORct (Zhou et al. 2008; Lochner et al. 2008; Ichiyama et al. 2008) to inhibit IL-17
expression (Ichiyama et al. 2008; Zhou et al. 2008) by decreasing RORct binding to
the Il17 promoter, which correlates with decreased permissive histone modifica-
tions (Ichiyama et al. 2008). FoxP3 also binds to the RORct: Runx1 complex to
inhibit IL-17 expression, as mutation of the RORct or Runx1 binding site within
FoxP3 blocks IL-17 inhibition (Zhang et al. 2008). RORct in turn has been shown to
inhibit Treg differentiation by binding directly to the Foxp3 promoter to inhibit
FoxP3 expression (Burgler et al. 2010).

3.4.3 Plasticity of Treg Cells

Stimulation of Treg cells with IL-6 resulted in increased IL-17 expression and the
development of both IL-17+FoxP3+ double positive cells and IL-17 single positive
cells, indicating that the conversion of Treg cells to Th17 cells includes a double
positive population (Xu et al. 2007). Furthermore, two populations of FoxP3
expressing cells have been reported based on the expression level of FoxP3 (Tartar
et al. 2010). Those cells expressing high levels of FoxP3 had no detectable RORct
while cells expressing intermediate levels of FoxP3 also expressed high levels of
RORct. These FoxP3 intermediate cells upreguated IL-17 production in response
to Th17 polarizing conditions while FoxP3 high expressing cells did not. Fur-
thermore, polarization of the FoxP3 intermediate population under Th17 condi-
tions led to increased RORct expression while Treg polarization led to increased
FoxP3 expression, indicating that FoxP3+RORct+ have the capacity to become
either Th17 or Treg cells, depending on the cytokine environment.

An analysis of proteins interacting with FoxP3 identified Gata3, which both
interacts with and is upreguated by FoxP3 (Rudra et al. 2012). Gata3 and FoxP3
are coexpressed in Treg cells in the lamina propria and T cell receptor stimulation
of Treg cells resulted in upregulation of Gata3 expression (Wohlfert et al. 2011).
Gata3 promotes Treg differentiation by binding directly to the Foxp3 enhancer to
increase FoxP3 expression (Wohlfert et al. 2011; Wang et al. 2011). Competitive
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transfer experiments of wild type and Gata3-deficient bone marrow cells in
Rag1-/- mice resulted in much fewer FoxP3 expressing cells arising from Gata3
deficient cells, indicating the importance of Gata3 in Treg differentiation. These
Gata3 deficient Treg cells showed decreased suppressive activity and failed to
protect against a transfer model of inflammatory bowel disease (Wohlfert et al.
2011; Wang et al. 2011). Gata3 deficient cells also expressed lower levels of both
FoxP3 and FoxP3 target genes, including Cd25, Ctla4, and Gitr (Wang et al. 2011)
and had decreased FoxP3+CD25+ populations under conditions of inflammation
(Wohlfert et al. 2011). Gata3 also binds to the Tbet and Rorc control regions
in Treg cells to repress these genes, inhibiting Th1 and Th17 differentiation
(Wohlfert et al. 2011). Finally, FoxP3 and Gata3 cooperate to control gene
expression as both factors target a number of shared genes in Treg cells and the
specific deletion of either factor resulted in altered expression of the shared target
genes (Rudra et al. 2012). Thus, Gata3 controls expression of transcription factors
within Treg cells to maintain Treg phenotype while also preventing Th1 and Th17
differentiation from Tregs.

3.5 Bcl6

The debate concerning the validity of characterizing follicular T cells as a unique
subset was strengthened by the identification of the master regulator Bcl6 (Chtanova
et al. 2004). A microarray analysis of Tfh cells, defined as CD57+CXCR5+CD4+ T
cells, identified Bcl6 as being preferentially expressed in Tfh cells compared to Th1
and Th2 cells (Chtanova et al. 2004). Subsequent work demonstrated that Bcl6
deficient T cells fail to differentiate into CXC5+PD-1+ Tfh cells while overexpres-
sion of Bcl6 increased Tfh differentiation (Yu et al. 2009a; Nurieva et al. 2009;
Johnston et al. 2009). Since Bcl6 is a transcriptional repressor, the mechanism of
action to induce Tfh differentiation is not likely to rely on activation of transcription.
Instead, Bcl6 has been shown to inhibit expression of various microRNAs, which are
likely responsible for suppressing Tfh differentiation (Yu et al. 2009a). Indeed,
predicted binding sites for microRNAs downregulated by Bcl6 were identified in the
3’ UTR of Cxcr5, Cxcr4, and Pd1, all genes expressed in Tfh cells.

In addition to promoting Tfh differentiation, Bcl6 overexpression also blocks
Th1, Th2, and Th17 differentiation by decreasing expression of Tbet, Gata3, and
RORct (Yu et al. 2009a; Nurieva et al. 2009). Bcl6 binds directly to Tbet and Rorc
promoters to inhibit expression of these genes. However, Bcl6 is negatively reg-
ulated by Blimp1, as Blimp1 overexpression leads to decreased Bcl6 expression
and CXCR5+ Tfh differentiation (Johnston et al. 2009). Blimp1 is expressed in
non-Tfh subsets (Crotty et al. 2010), where expression is upreguated in response to
T cell stimulation, indicating a mechanism by which other subsets inhibit Tfh
differentiation.
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3.5.1 Plasticity of Tfh Cells

Although Tfh genes are expressed during early Th1 differentiation, IL-2 produc-
tion by Th1 cells inhibits expression of Tfh genes at later time points (Oestreich
et al. 2012). While Bcl6 levels are decreased after Th1 polarization, removal of
IL-2 resulted in elevated expression of both Bcl6 and CXCR5 and decreased
Blimp1 expression. Furthermore, after culture of Th1 cells under low IL-2 levels to
induce Tfh gene expression, the addition of higher IL-2 levels resulted in
decreased Bcl6 and CXCR5 expression with increased Blimp1 expression, indi-
cating plasticity in the expression of the Tfh genes. This change in Blimp1
expression in response to IL-2 correlated with increased binding of Blimp1 to
Cxcr5 in high IL-2 conditions. In this way, there is a balance between Th1 and Tfh
cells, where they appear capable of converting in response to changes in the
cytokine environment.

4 Additional Factors Involved in CD4+ T Cell
Differentiation

As discussed above, much of the work on the transcriptional regulation of CD4+ T
cell differentiation has centered on the idea of a two-step process with the initiation
of differentiation induced by Stat activation in response to cytokine stimulation
followed by the activation of the master regulator for each subset. However, many
studies have identified roles for additional transcription factors within CD4+ T cell
differentiation programs and suggest that rather than two factors controlling dif-
ferentiation, a network of factors are likely involved in fine-tuning the expression
and repression of various genes to determine subset gene control.

4.1 Factors Induced by T Cell Stimulation

Although cytokine-induced Stat activation plays a critical role in the induction of
master regulators, signaling through T cell receptor is also essential for T cell
differentiation. Stimulation through the T cell receptor results in the activation of
the NFAT, NFjB, and AP-1 families of transcription factors. These factors
cooperate with Stat-induced expression of subset-specific cytokines and master
regulators. A summary of the interaction of transcription factor activation by T cell
signaling with cytokine-mediated Stat activation and the resulting differentiation
program is shown in Fig. 2.
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4.1.1 NFAT Proteins

There are five members of the NFAT family of transcription factors, NFAT1
(NFATp or NFATc2), NFAT2 (NFATc or NFATc1), NFAT3 (NFATc4), NFAT4
(NFATc3), and NFAT5 (Macian 2005). In response to stimulation of the T cell
receptor, phospholipase C is activated and cleaves phosphatidylinositol 4, 5 bis-
phosphate into inositol 1, 4, 5 triphosphate (InsP3) and diacylglycerol. InsP3 in
turn triggers the release of intracellular calcium stores, which activates the calcium
release activated calcium channels at the cell surface, resulting in elevated cyto-
plasmic calcium levels. Intracellular calcium binds to calmodulin, resulting in the
activation of calcineurin, which dephosphorylates NFATs, allowing nuclear
translocation of these transcription factors. Among the targets of NFAT are the
cytokines involved in driving CD4+ T cell differentiation, as the deletion of
NFATc1 and NATc2 resulted in decreased production of IL-2, IFNc, IL-4, and
IL-5 in response to T cell stimulation (Peng et al. 2001).

NAFT binding sites have been identified within the Ifng promoter and super-
shift analysis demonstrates NFAT binding at these sites (Sica et al. 1997). Fur-
thermore, overexpression of a constitutively active form of NFATc1 resulted in
increased IFNc expression and decreased IL-4 expression, thus polarizing cells to
become Th1 (Porter and Clipstone 2002). Similarly, deletion of NFAT1 on an

AntigenCytokine

StatStatStat NFAT, NFκB, AP-1

Master Regulator

Secondary
Transcription

FactorsSubset-specific
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(cytokines, cytokine receptors)

Cytokine Receptor T Cell Receptor

Fig. 2 Cooperation between cytokine signaling and T cell receptor signaling during CD4+ T cell
differentiation. NFAT, NFjB, and AP-1 activation in response to T cell stimulation activates
expression of master regulators and cytokines to drive CD4+ T cell differentiation. The strength of
antigenic stimulation results in altered patterns of transcription factor activation, which
cooperates with cytokine-induced signaling to drive subset-specific differentiation
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IL-4-deficient background also resulted in decreased IFNc production accompa-
nied by increased susceptibility to L. major infection resulting in increased lesion
size and parasite count (Kiani et al. 2001). NFAT also appears to negatively
regulate Th2 responses as mice deficient in NFAT1 (Kiani et al. 1997) or both
NFATc2 and NFATc3 (Rengarajan et al. 2002b) produce higher levels of IL-4 and
decreased levels of IFNc in response to nonpolarizing T cell stimulation, and IL-4
expression is maintained for prolonged periods of time after stimulation. Nfat
c2-/-Nfat c3-/- double deficient mice also produce higher levels of the Th2
cytokine IL-5 even on an IL-4 deficient background, indicating that NFAT regu-
lates Th2 differentiation independently of IL-4 expression. Similarly, deletion of
NFATp and NFAT4 resulted in increased IL-4, IL-5, IL-6, and IL-10 production,
while IFNc and IL-2 production was reduced (Ranger et al. 1998b). These results
indicate a role for NFAT family members in the induction of IFNc production and
suppression of Th2 cytokine expression during Th1 differentiation.

In addition to cytokine environment, the strength of T cell stimulation is
thought to contribute to Th1/Th2 differentiation pathways, where higher signal
strength induces Th1 differentiation while weaker signaling induces Th2 differ-
entiation (Constant and Bottomly 1997). The level of T cell stimulation is trans-
lated through intracellular signaling cascades into unique patterns of transcription
factor activation. Stimulation with a low affinity peptide was shown to increase the
ratio of NFATc to NFATp in differentiating T cells, which corresponded with
increased IL-4 production (Brogdon et al. 2002). In agreement with these results,
deletion of NFATc resulted in decreased IL-4 production, likely due to the loss of
NFAT binding to the Il4 promoter (Yoshida et al. 1998; Ranger et al. 1998a).

NFAT family members have also been shown to bind to the Il17 promoter (Liu
et al. 2004; Gomez-Rodriguez et al. 2009; Hermann-Kleiter et al. 2012) and
expression of a hyper-activatable NFAT1 resulted in increased IL-17 production in
response to Th17 polarizing conditions. Although these mice produced increased
levels of IL-17 in vitro, they were less susceptible to EAE induction, which may be
due to an increased Treg population, indicating a role for NFAT in Treg differ-
entiation. Indeed, NFAT has been shown to drive FoxP3 expression and Treg
differentiation by binding directly to the Foxp3 promoter and enhancer regions
(Mantel et al. 2006; Tone et al. 2008). Deletion of NFAT2, NFATc2, and NFAT1
or NFAT1 and NFAT4 resulted in decreased Treg populations, although the Treg
cells that were produced remained functional (Vaeth et al. 2012).

Together, these results demonstrate roles for the NFAT family members in
driving the expression of multiple subset-specific cytokines as well as FoxP3.
Whether NFAT proteins play an important role in regulating the expression of
other master transcription factors is understudied. In addition to signal strength
inducing specific NFAT family members, subset-specific functions of NFAT
family members may arise from cooperation with other factors expressed during
differentiation. NFAT1 has been shown to have CD4+ subset-specific target
binding, binding to either the Il4 or Ifng promoter in Th2 or Th1 cells, respectively
(Agarwal et al. 2000). This specificity in binding is likely dependent on the
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chromatin structure at these genes and the relative accessibility of binding sites,
thus relying on other factors for subset-specific transcriptional activity.

4.1.2 NFjB

The NFjB family of transcription factors is composed of 5 family members, RelA
(p65), NFjB1 (p50/p105), NFjB2 (p52/p100), c-Rel, and RelB (Hayden and
Ghosh 2012). Stimulation of the T cell receptor leads to the activation of PKCh,
which activates a signaling cascade resulting in NFjB activation [reviewed in
(Hayden and Ghosh 2012)], which in turn regulates expression of subset-specific
cytokines, cytokine receptors, and transcription factors. To test the role of NFjB
during T cell differentiation, transgenic mice were generated to express a mutant
form of IjBa, which is resistant to degradation and acts as a dominant inhibitor of
NFjB activity (Aronica et al. 1999). These mice showed decreased delayed type
hypersensitivity responses, decreased IFNc production, and increased IL-4 pro-
duction. These mice also showed decreased levels of phosphorylated Stat4 and
decreased Tbet expression (Corn et al. 2003). Similarly, deficiency in RelB also
resulted in decreased IFNc production along with loss of Tbet expression and
decreased levels of phosphorylated Stat4 (Corn et al. 2005), indicating the
importance of NFjB activation during Th1 differentiation. Indeed, p50 has been
shown to bind directly to the Ifng promoter to drive cytokine expression (Lai et al.
2011). However, in contrast to this cooperation between cytokine-induced tran-
scription factors and T cell receptor-induced factors, Tbet has been shown to
inhibit members of the NFjB family (Hwang et al. 2005a). Tbet binds to c-Rel to
block binding of c-Rel to target genes, resulting in altered gene expression pat-
terns. One target of c-Rel is Il2, which is downregulated in Th1 cells, allowing a
switch to IFNc production. In this way, Tbet acts to block expression of non-Th1
genes by activated NFjB.

Mice deficient in the p50 subunit of NFjB show decreased Th2 differentiation,
with decreased IL-4, IL-5 and IL-13 production as well as decreased Gata3
expression with no change in Tbet expression (Das et al. 2001). Similarly, defi-
ciency in the IjB family member Bcl3 also resulted in decreased IL-4 and IL-5
production along with decreased Gata3 expression. Analysis of the Gata3 promoter
demonstrated that activated T cell extracts were capable of binding to a putative
NFjB binding site and this was blocked by addition of unlabeled NFjB probe and
was shifted by an antibody against p50, thus verifying the ability of p50 to bind to
Gata3 regulatory regions. However, NFjB appears to be required only for early
induction of Gata3 expression, as inhibition of nuclear translocation of NFjB after
4 days of Th2 polarization showed no effect on Gata3 expression (Das et al. 2001).

NFjB family members also play a role in Th17 differentiation as deletion of c-
Rel resulted in decreased expression of IL-17 along with decreased susceptibility
to EAE induction (Chen et al. 2011b). These mice also had decreased RORct
expression. Two NFjB binding sites were identified upstream of the Rorc tran-
scription start site and a reporter assay using the Rorc promoter demonstrated
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cooperation between c-Rel and RoRct in driving expression from the Rorc pro-
moter. Similarly, deletion of the NFjB adapter Carma1 resulted in decreased
expression of IL-17a, IL-17f, IL-21, IL-22, IL-23R accompanied by decreased
susceptibility to EAE induction (Molinero et al. 2012). The IjB family member
IjBf was shown to be expressed at the highest levels in Th17 cells and deletion of
this gene resulted in decreased expression of IL-17f, IL-21, IL-22, and IL-23R
while overexpression resulted in increased IL-17f, IL-21, and IL-23R expression
(Okamoto et al. 2010). While there was no change in the expression of RORct or
RORa in these mice, RORct cooperates with IjBf in driving cytokine expression
as there was decreased binding of IjBf to CNS2 of the Il17 promoter in the
absence of RORct. Together, these results demonstrate a requirement for NFjB
activation to drive optimal expression of Th17 cytokines, cytokine receptors, and
transcription factors.

In addition to decreased Th17 differentiation in Carma1 deficient mice, there
was also an increase in Treg populations, indicating a role for NFjB in Treg
differentiation. Indeed, c-Rel deficient mice show decreased Treg populations in the
thymus, spleen, and lymph nodes (Isomura et al. 2009; Ruan et al. 2009). NFjB
drives FoxP3 expression as both c-Rel and p65 increased expression of a reporter
construct containing the Foxp3 promoter, although neither p50 nor RelB increased
expression of the reporter (Ruan et al. 2009). Deletion of the putative Rel-NFAT
binding sites in the FoxP3 reporter construct inhibited the c-Rel driven expression.
Thus, NFjB induces FoxP3 expression to promote Treg differentiation.

Taken together, these results demonstrate roles for NFjB family members in
driving expression of subset-specific transcription factors, cytokines, and cytokine
receptors. While some genes are controlled by specific family members, such as
p65 and c-Rel driving FoxP3 expression while neither p50 nor RelB can, NFjB
family members do not necessarily show subset specificity as p50 has been shown
to play a role in both Th1 and Th2 differentiation. In this case, it is likely that the
NFjB family members activated by the T cell receptor cooperate with those
factors induced by the cytokine environment, either through gene accessibility
induced by Stats and master regulators or by regulating expression of genes also
targeted by Stats and master regulators.

4.1.3 AP-1

The AP-1 transcription factor is a heterodimeric protein composed of members of
the Jun (cJun, JunB, JunD), Fos, Maf, and ATF (including Batf) families (Shaulian
and Karin 2002). These factors are activated in response to the induction of the
MAP kinase cascade upon T cell stimulation. The pattern of AP-1 formation
appears to play a role in CD4+ T cell differentiation as strong T cell stimulation
resulted in the formation of Fos-Jun dimers while partial ERK inhibition resulted in
formation of Jun-Jun dimers and increased IL-4 production (Jorritsma et al. 2003).
JunB in particular has been shown to drive IL-4 expression in cooperation with
c-Maf (Li et al. 1999).
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Batf is a member of the AP-1 family of transcription factors and is expressed in
Th1, Th2, and Th17 cells (Schraml et al. 2009). However, generation of Batf
deficient mice resulted in a specific defect in Th17 differentiation, while Th1 and
Th2 differentiation proceeded normally. These mice showed increased resistance
to EAE and microarray analysis demonstrated decreased expression of multiple
Th17 associated genes, including Rorc, Rora, Ahr, Il21, and Il17. Surprisingly,
overexpression of RORct in Batf deficient cells failed to rescue IL-17 expression
under Th17 polarizing conditions, indicating a specific requirement for Batf during
Th17 differentiation, independent of RORct expression.

Batf has been shown to activate transcription as part of a larger complex,
including interferon regulatory factor 4 (IRF4) and JunB (Li et al. 2012; Glasm-
acher et al. 2012). As IRF4 binds weakly to DNA on its own, IRF4 ChIP-Seq
analysis was performed in T cells to identify transcription factor binding sites
associated with IRF4 binding. This analysis identified AP-1 binding sites as the
motif most highly associated with IRF4 binding. EMSA analysis of DNA
sequences containing tandem IRF4 and AP-1 binding sites demonstrated binding
by Th17 extracts while supershift analysis identified binding of IRF4, JunB, and
Batf. These three factors bind in a cooperative manner to target many genes during
Th17 differentiation, including Il17a, Il21, IL23r, and IL12rb1 (Li et al. 2012;
Glasmacher et al. 2012) and the loss of any one of these factors inhibits Th17
differentiation. Similar to Batf deficient mice, IRF4 deficient mice also show a
block in Th17 differentiation, with decreased IL-17 production and RORct
expression (Brustle et al. 2007). The loss of either Batf or IRF4 resulted in
decreased DNA binding of the partner factor, indicating the requirement for both
factors for efficient DNA binding and target gene expression (Li et al. 2012;
Glasmacher et al. 2012). Furthermore, overexpression of IRF4, Batf, or JunD alone
showed limited binding to target DNA while coexpression of all three showed
strong binding (Li et al. 2012). Thus, Th17 differentiation requires cooperation
among these factors, as the loss of any one prevents the binding of the others,
resulting in decreased gene expression.

Batf is negatively regulated by early growth response factor-2 (Egr-2), a
member of the Egr zinc finger transcription factor family (Miao et al. 2013). Cells
deficient in Egr-2 showed a specific increase in IL-17 production, while IFNc and
IL-2 production remained unchanged in response to nonpolarizing T cell stimu-
lation. This function of Egr-2 was specific to Th17 differentiation, as loss of Egr-2
did not increase IL-17 production under either Th1 or Th2 polarizing conditions.
Although nuclear extracts from Egr-2 deficient cells had an elevated level of Batf
capable of binding to the Il17 promoter, there was no significant increase in total
Batf expression in these cells. Instead, Egr-2 was shown to physically interact with
Batf and this interaction is proposed to block Batf binding to the Il17 promoter,
thus decreasing IL-17 production. Egr-2 expression is upreguated in response to
IL-6 and TGFb-induced Th17 differentiation and acts to negatively regulate the
Th17 differentiation. This plays an important role in vivo, as Egr-2 deficient mice
had an increased susceptibility to EAE induction and MS patient CD4+ T cells
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showed both decreased Egr-2 expression and increased IL-17 and Batf expression,
indicating the importance of Egr-2 expression for regulating proper Th17
responses.

4.2 Interferon Regulatory Factor 4

IRF4 is expressed in both B cells and T cells and expression of IRF4 is upreguated
in response to T cell stimulation (Biswas et al. 2010). Cells deficient in IRF4
produce lower levels of IL-4 under conditions of nonpolarizing T cell stimulation
and when polarized toward Th2 (Rengarajan et al. 2002a; Lohoff et al. 2002).
These cells also show limited Gata3 upregulation in response to IL-4 stimulation,
although Stat6 was activated, indicating normal IL-4 signaling. However, over-
expression of Gata3 rescued IL-4 production in IRF4 deficient cells. In a study of
the ability of IRF4 to drive expression from the Il4 promoter, it was shown that
overexpression of IRF4 only induced expression of a reporter when coexpressed
with NFATc2, while coexpression of IRF4, NFATc2, and c-Maf drove the greatest
activation of reporter expression. As such, IRF4 acts as a component of a larger
transcription factor complex to support IL-4 production and the importance of
IRF4 in this complex demonstrated by the greatly diminished IL-4 production in
IRF4-deficient cells (Rengarajan et al. 2002a; Lohoff et al. 2002). IRF4 also
interacts with PU.1 and this interaction acts to block binding of IRF4 to target
genes, including Il4 and Il10, to decrease IRF4-driven expression of these genes
(Ahyi et al. 2009). While PU.1 is expressed in Th2 cells, there is heterogeneity in
the expression of PU.1 across the Th2 population, allowing for differential regu-
lation of IL-4 and IL-10 within the subset (Chang et al. 2005).

An additional CD4+ T cell subset has recently been defined as Th9, charac-
terized by the production of IL-9, induced by stimulation with IL-4 and TGFb
(Chen et al. 2011b). Both IRF4 and PU.1 have been shown to play a role in Th9
differentiation. Stimulation under Th9 promoting conditions leads to the upregu-
lation of IRF4 expression, which correlates with increased IL-9 production, likely
facilitated by the direct binding of IRF4 to the Il9 promoter (Staudt et al. 2010).
IRF4 deficient cells fail to produce IL-9 but produce elevated IFNc after treatment
with IL-4 and TGFb. Similarly, PU.1 also binds directly to the Il9 promoter and
PU.1 deficient cells show greatly decreased IL-9 production in response to IL-4
and TGFb treatment, with no effect on Th17 or iTreg induction (Chang et al.
2010). Furthermore, overexpression of PU.1 resulted in increased IL-9 production
in the absence of polarizing cytokines. Although both PU.1 and IRF4 are involved
in Th9 differentiation, these two factors are activated independently, as IRF4
expression requires functional Stat6, indicating a reliance on IL-4 signaling for
expression, while PU.1 is expressed independent of IL-4 signaling (Goswami et al.
2012). In the absence of functional Stat6, PU.1 bound the Il9 promoter normally,
indicating no requirement for IRF4 in PU.1 binding, however, the decreased IL-9
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expression in the absence of IRF4 demonstrates cooperation between these two
factors in IL-9 expression and Th9 differentiation.

IRF4 is also involved in both Th17, as discussed above, and Treg differentia-
tion. IRF4 deficient cells show limited differentiation into IL-17 producing cells
under Th17 polarizing conditions with decreased RORct expression. IRF4 defi-
cient mice are resistant to EAE induction (Brustle et al. 2007). Furthermore, IRF4
deficient cells fail to suppress FoxP3 expression under Th17 polarizing conditions,
indicating a role for IRF4 in the inhibition of Treg differentiation. However,
generation of a Treg-specific deletion of IRF4 resulted in lymphoproliferative
disease, with increased CD4+ T cell populations in lymph nodes with lymphocyte
infiltration in pancreas, stomach, and lung (Zheng et al. 2009). Although these
results point to a loss of Treg function, IRF4 deficient mice did not fail to generate
FoxP3 expressing cells and actually had elevated Treg populations in lymph
nodes. However, the CD4+ T cells in the lymph nodes were more activated and
showed a specific increase in IL-4 production, indicating a loss of Th2 regulation
with the loss of IRF4 in Treg cells. FoxP3 and IRF4 interact with each other and
may bind together to regulate target genes. In the absence of IRF4, expression of
20 % of Treg-specific genes was decreased while 7 % was increased. In particular,
Icos, Maf, Ccr8, and Il1rl1, all involved in Th2 differentiation, were decreased in
IRF4 deficient Treg cells. However, it is unclear how the interaction between IRF4
and FoxP3 and the induction of Th2-specific genes in Treg cells acts to suppress
Th2 responses.

IRF4 also plays a role in Tfh differentiation, as IRF4 deficient mice fail to form
germinal centers and have significantly decreased GC B cell and Tfh cell popu-
lations 202. The transfer of wild type CD4+ T cells into IRF4 deficient mice rescued
germinal center formation, indicating the requirement of IRF4 in T cells for proper
Tfh differentiation and germinal center formation. During Tfh differentiation, IRF4
cooperates with Stat3 to regulate gene expression (Kwon et al. 2009). Examination
of the binding sites of IRF4 and Stat3 showed a high degree of overlap between
these two factors, where 76 % of Stat3 binding sites in Tfh cells were also bound
by IRF4 and in the absence of IRF4, there was decreased or complete loss of Stat3
binding to these sites. Thus, although Stat3 plays an important role in Tfh dif-
ferentiation, there remains a requirement for IRF4 for proper target binding.

4.3 Runx

The Runx family of transcription factors has also been shown to play a role in CD4+

T cell differentiation. Runx3 binds to the Ifng promoter to induce expression
(Djuretic et al. 2007; Yagi et al. 2010) and overexpression of Runx3 increased IFNc
production (Djuretic et al. 2007; Kohu et al. 2009; Yagi et al. 2010) while Runx3
deficiency resulted in decreased IFNc production (Djuretic et al. 2007). In addition,
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both Runx1 (Naoe et al. 2007; Kitoh et al. 2009) and Runx3 (Djuretic et al. 2007)
bind to the Il4 silencer to inhibit IL-4 expression, as demonstrated by decreased
IL-4 expression in response to Runx3 overexpression (Yagi et al. 2010). Runx1 is
expressed predominately in naïve T cells while Runx3 is expressed in Th1 cells
(Naoe et al. 2007) and these factors have been proposed to play a role in limiting
IL-4 production in these subsets. In addition to the interaction with the Il4 silencer,
Runx3 also binds to Gata3 (Yagi et al. 2010; Kohu et al. 2009) to inhibit Gata3-
mediated gene expression (Kohu et al. 2009). While expression of excess Gata3 can
prevent the Runx3-mediated induction of IFNc expression, it does not prevent IL-4
silencing, indicating the importance of Runx3 in the inhibition of Th2 differenti-
ation (Yagi et al. 2010).

The Il17 promoter contains two binding sites for Runx1 upstream of a RORct
binding site and mutation of either site decreased expression driven by the Il17
promoter (Zhang et al. 2008). Indeed, both RORct and Runx1 bind directly to the
Il17 promoter and Runx1 and RORct also coprecipitate with each other, indicating
a physical interaction in addition to closely spaced binding sites. While overex-
pression of Runx1 increased the activity of the Il17 promoter, this was inhibited by
mutation of the RORct site, indicating that RORct is required for full Runx1
activity. Similarly, while overexpression of both Runx1 and RORct induced very
strong Th17 differentiation under both neutral and Th17 polarizing conditions,
overexpression of a dominant negative mutant of Runx1 with RORct decreased
IL-17 differentiation below that induced by RORct overexpression alone, indi-
cating a requirement for cooperation between these factors during Th17 differ-
entiation. Furthermore, Runx1 expression levels correlate with RORct expression
levels, as overexpression of Runx1 resulted in increased RORct expression while
siRNA knockdown of Runx1 resulted in decreased RORct. This indicates a pos-
sible role for Runx in the regulation of RORct expression.

The Runx family also plays a role in FoxP3 expression as Runx1, Runx3, and
the co-factor Cbfb bind to the Foxp3 promoter. Deletion of either Runx1 or Cbfb
resulted in decreased FoxP3 expression (Kitoh et al. 2009; Bruno et al. 2009;
Rudra et al. 2009; Klunker et al. 2009) while Runx3 overexpression increased
FoxP3 expression (Bruno et al. 2009). Furthermore, Runx deficient mice showed
signs of lymphoproliferation (Rudra et al. 2009) and these cells failed to prevent
colitis when transferred into Scid mice (Kitoh et al. 2009), indicative of a loss of
functional Treg cells. The effect of Runx deficiency on Treg populations appears to
primarily depend on the loss of FoxP3 expression in the absence of Runx, as
cotransfer of FoxP3-expressing cells from Cbfb-deficient mice or control mice
resulted in accelerated loss of FoxP3 expressing cells from Cbfb-deficient cells
compared to control cells, while the remaining Cbfb-/- FoxP3 cells retained
suppressive function (Rudra et al. 2009).

Runx1 also associates with the nuclear orphan receptor Nr4a2 in Treg cells and
the expression of both factors act synergistically in FoxP3 reporter assays (Sekiya
et al. 2011). Nr4a2 binds directly to the Foxp3 promoter and enhancer in Treg cells
and is capable of driving Foxp3 promoter and enhancer reporter constructs. Fur-
thermore, loss of Nr4a2 resulted in increased susceptibility to inflammatory bowel
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disease and failed to be protective in a transfer model of colitis. Both Runx and
Nr4a2 are involved in modifying the chromatin landscape of the Foxp3 gene. The
deletion of Cbfb in T regulatory cells resulted in the loss of H3K4me3 and
H3K9me3 permissive chromatin modifications (Rudra et al. 2009), while over-
expression of Nr4a2 resulted in increased histone 4 acetylation and increased
levels of H3K4me3. While FoxP3 has also been shown to bind to its own promoter
in a Runx-dependent manner, this binding is dependent on DNA demethylation
(Zheng et al. 2010). However, neither Runx nor Nr4a2 removes DNA methylation
at the Foxp3 gene, indicating that additional factor(s) are required for the initial
demethylation to allow DNA binding at the Foxp3 promoter.

FoxP3 binds to Runx to alter the binding of Runx factors to target genes (Ono
et al. 2007). In effector cells, Runx1 binds to and activates expression of Il2, which
is suppressed in Treg cells. FoxP3 inhibits Runx1 activity as coexpression of
Runx1 and Foxp3 decreased the Runx1-mediated expression of an Il2 promoter-
driven reporter construct. Furthermore, the deletion of the region of FoxP3
required for Runx1 binding also resulted in Treg cells that failed to suppress
effector cells, indicating the importance of the Runx1-FoxP3 interaction in regu-
lating Treg function. Similarly, the coexpression of FoxP3 with Runx1 decreased
the induction of IL-17 expression under Th17 polarizing conditions (Zhang et al.
2008). Thus, by binding to Runx1, FoxP3 inhibits the expression of a number of
Runx1 target genes. The mechanism of repression may occur by blocking Runx1
binding to target genes, or conversely, by utilizing Runx1-depending binding to
target FoxP3 to genes, resulting in direct repression.

4.4 Ets

Ets1 deficient mice have decreased cytokine production under Th1 polarizing
conditions, along with decreased Stat4 levels (Grenningloh et al. 2005). Although
the expression of Tbet during Th1 differentiation remained unchanged in Ets1
deficient cells, Tbet was upreguated to a lesser extent during Th1 recalls responses
resulting in decreased IFNc production. To determine if elevated Tbet expression
could rescue the defect in recall IFNc production, these cells were transduced to
express Tbet. However, this failed to rescue IFNc production, indicating a
requirement for both Tbet and Ets1 for optimal IFNc expression. Both Tbet and
Ets1 bind to the Ifng promoter and coexpression of both factors acted synergis-
tically to upregulate expression of IFNc. In this way, Ets1 cooperation with Tbet is
important to drive IFNc production for proper Th1 differentiation and recall
responses.

Ets1 also plays a role as a negative regulator of Th17 differentiation, as Ets1
deficient cells produce more IL-17, IL-22, IL-23R, and RORct in response to Th17
polarizing conditions (Moisan et al. 2007). This effect was reversed by introduc-
tion of Ets1 after Th17 differentiation. The proposed mechanism of Th17 inhibi-
tion by Ets1 involves the IL-2-dependent downregulation of Th17 differentiation.
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While addition of IL-2 to wild type cells resulted in approximately 5-fold
reduction in Il7 producing cells, Ets1-deficient cells treated with IL-2 resulted in
only a 2-fold reduction in IL-17 producing cells. As these cells do not show any
deficiency in Stat5 signaling, Ets1 was proposed to act downstream of Stat5 to
inhibit Th17 differentiation in response to IL-2 treatment.

Ets-1 also binds to the Foxp3 promoter to drive FoxP3 expression (Polansky
et al. 2010). In addition, Ets-1 has also shown a broader role in Treg differentiation
by binding to many FoxP3 targets (Samstein et al. 2012). To identify accessible
promoters in T regulatory cells, FoxP3- and FoxP3+ cells were subjected to DNase
digest followed by high throughput sequencing to identify areas of accessible
DNA. More than 99 % of DNase hypersensitivity sites identified were accessible
in both subsets. Likewise, 98 % of FoxP3 binding sites were accessible in FoxP3-

cells, indicating FoxP3-independent opening of chromatin. To look for other
factors that might play a role in FoxP3 mediated transcription, FoxP3 binding sites
were examined for other transcription factor binding sites and an enrichment of Ets
and Runx binding sites was found, with an enrichment score higher than the FoxP3
binding site, indicating a possible role in the recruitment of FoxP3 to target genes.
Indeed, binding of these factors to target genes preceded FoxP3 binding as Ets and
Runx were bound to target regions in both FoxP3+ and FoxP3- cells. Since the
DNase hypersensitivity of these sites was similar before and after FoxP3 expres-
sion, it was hypothesized that another factor may bind in place of FoxP3, thus
protecting DNA from digest. In FoxP3- cells, Foxo1 was shown to bind to FoxP3
binding sites, with a subsequent loss of Foxo1 binding in FoxP3+ cells. The dis-
placement of Foxo1 by FoxP3 corresponded to genes that were downregulated in
FoxP3 cells. Those few regions of FoxP3 binding that were not accessible in
FoxP3- cells were found to have increased accessibility after T cell stimulation
and expression from these regions was decreased in calcineurin deficient cells,
indicating that FoxP3 relies on other transcription factors to regulate chromatin
accessibility and binds to regions already accessible. Interestingly, in addition to
binding to FoxP3 target genes, Foxo proteins also play a role in the regulation of
FoxP3 expression as both Foxo1 and Foxo3 were shown to bind directly to the
Foxp3 promoter to regulate FoxP3 expression, with loss of either resulting in
decreased Treg populations (Harada et al. 2010; Ouyang et al. 2010).

4.5 Ikaros

The Ikaros family of zinc finger DNA binding proteins is involved in Th2, Th17,
and Treg differentiation. Ikaros appears to play a role in the inhibition of Th1
responses during Th2 differentiation as Ikaros deficient cells cultured under Th2
conditions produced increased levels of IFNc (Thomas et al. 2010; Umetsu and
Winandy 2009). Ikaros binds directly to the Tbet and Ifng promoters (Thomas et al.
2010; Quirion et al. 2009) to repress the expression of these genes, as expression of
a dominant negative mutant of Ikaros resulted in increased expression of both Tbet
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and IFNc (Thomas et al. 2010). Furthermore, Ikaros also binds directly to the Il4
promoter, potentially activating IL-4 expression, as Ikaros deficient cells produced
less IL-4 under both nonpolarizing T cell stimulation (Thomas et al. 2010; Umetsu
and Winandy 2009) and during Th2 differentiation (Quirion et al. 2009), although
with time IL-4 expression returned to normal levels (Thomas et al. 2010). Ikaros
deficient cells show decreased histone acetylation at the Th2 locus both in naïve
cells and under Th2 polarizing conditions, indicating that Ikaros may function by
altering chromatin accessibility of the Th2 locus during Th2 differentiation
(Quirion et al. 2009). Finally, Ikaros deficient cells primed under Th2 inducing
conditions also show altered expression patterns of multiple transcription factors
involved in Th differentiation, including decreased Gata3 and c-Maf expression,
both involved in Th2 differentiation, while Tbet and Stat1, both involved in Th1
differentiation, were upreguated. This suggests a broad role for Ikaros in con-
trolling the expression of multiple genes to strengthen Th2 commitment while
inhibiting Th1 differentiation, likely by interacting with unique factors to either
activate or repress expression of target genes.

A second member of the Ikaros family, Aiolos, is specifically expressed in Th17
cells (Quintana et al. 2012). In Aiolos deficient cells, there was decreased
expression of the Th17 cytokines IL-17a, IL-17f, and IL-21 along with decreased
expression of the transcription factors Maf and Ahr. However, Aiolos overex-
pression was not sufficient to induce Th17 differentiation under non-Th17 polar-
izing conditions. Ahr and Stat3, both of which bind to the Aiolos promoter, induce
Aiolos expression in Th17 cells as overexpression of Ahr or a constitutively active
Stat3 increased expression of an Aiolos expression construct. Similar to Ikaros
deficient cells, Aiolos deficient cells also show an altered pattern of chromatin
modifications, with fewer restrictive histone modifications and more permissive
modifications at the IL-2 promoter, indicating a role for Aiolos in modifying the
chromatin landscape of target genes. The importance of Aiolos in the regulation of
CD4+ T cell differentiation is demonstrated in a transfer model of colitis where
mice receiving Aiolos deficient cells developed a more severe wasting disease
compared to control mice, due to increased IFNc+, IL-2+ and IFNc+IL17+ cells.

The Ikaros family members, Helios and Eos, are expressed selectively in T
regulatory cells. Helios is highly expressed by tTregs and thus may be a marker for
these cells (Thornton et al. 2010). However, since Helios expression is detected in
inducible Tregs under certain conditions (Gottschalk et al. 2012), Helios expres-
sion may be associated with the maturity of Tregs. Eos interacts with FoxP3 and
knockdown of Eos in cells overexpressing FoxP3 resulted in loss of FoxP3-
mediated IL-2 suppression, indicating a requirement of Eos in FoxP3-mediated
gene repression (Pan et al. 2009). Eos carries out this suppressive function by
interacting with the transcriptional corepressor C-terminal binding protein-1
(CtBP1), which is found in a complex with FoxP3 and Eos, where depletion of Eos
prevented association of CtBP1 with FoxP3. The loss of Eos also resulted in
changes in histone acetylation and methylation, as well as DNA methylation at the
Il2 promoter, resulting in a pattern that more closely resembled that found in
effector cells. A similar result was found with the knockdown of CtBP1, indicating
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the importance of the recruitment of CtBP1 by Eos to the FoxP3 containing
complex. The role of Eos was not limited to the Il2 promoter, as analysis of
genome-wide expression changes in Eos deficient cells showed that many genes
normally suppressed by FoxP3 were not suppressed in Eos deficient cells while
genes normally upreguated by FoxP3 were unchanged in the absence of Eos. Thus,
this interaction of Eos and FoxP3 is specifically required for repression of gene
expression.

5 Transcription Factor Networks

Given the large number of transcription factors involved in the differentiation of
CD4+ T cell subsets, studies have started to look at transcription factor networks in
the regulation of differentiation. To examine the interaction of transcription factors
during Th17 differentiation, ChIP-Seq was performed with antibodies against
Stat3, IRF4, Batf, c-Maf, RORct, and p300 in cells undergoing Th17 differentia-
tion (Ciofani et al. 2012). There was a high degree of co-localization of these
factors at genes expressed in Th17 cells, indicating cooperation during Th17
differentiation. By grouping transcription factor binding sites that clustered in
close proximity with each other, it was found that regions where all five of these
factors bound showed the highest fold change in expression during Th17 differ-
entiation. Of these factors, IRF4 and Batf were also bound to these regions in
nonpolarized cells, leading to speculation that they may be required for the for-
mation of the larger five factor containing complex. Indeed, IRF4 and Batf are
codependent, where loss of one prevents binding of the other and this correlates
with decreased chromatin accessibility at regions where all five factors bind.

To understand the unique function of each transcription factor during Th17
differentiation, RNA-Seq was performed on control and transcription factor
knockout mice to look at genome-wide expression changes. By comparing these
results, a network was created to map the interactions of these factors with each
other and with target genes during Th17 differentiation. This analysis demon-
strated that IRF4, Batf, and Stat3 form a positive feedback loop to strengthen their
expression during Th17 differentiation while c-Maf forms a negative feedback
loop, being activated by Batf, Stat3, and IRF4, but acting to repress Batf. By
comparing the targets identified by ChIP-Seq analysis with the changes in
expression profile in knockout mice, it is also possible to identify novel factors
involved in subset differentiation. In this study, Etv6, Ncoa2, Skil, Trib3, and the
AP-1 family member Fosl2, are each predicted to be involved in Th17 differen-
tiation, although further study is needed to understand how they fit into the defined
network of transcription factors.

A second genome-wide analysis of Th17 cells made use of microarray analysis
performed at three time points during Th17 differentiation, which allowed for the
grouping of genes based on the timing of upregulation after Th17 differentiation as
well as the length of upregulation (Yosef et al. 2013). Genes upreguated at the
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early time point included the transcription factors Batf, IRF4, Stat3, Stat1, and
IRF1, which showed sustained expression during Th17 differentiation, while
RORct and Ahr were induced at the intermediate time point. These results cor-
respond well with the positive feedback loop between Batf, IRF4, and Stat3 and
the requirement for Batf and IRF4 for the binding of the other transcription factors.
Together, these results demonstrate the major transcriptional regulators during
Th17 differentiation and allow identification of additional regulators.

Many transcription factors besides the ones described above have been iden-
tified for the differentiation of each CD4+ T cell subset including Hlx (Mullen et al.
2002; Martins et al. 2005; Mikhalkevich et al. 2006), Gfi-1 (Zhu et al. 2002, 2006,
2009), Dec2 (Yang et al. 2009), Hif1a (Dang et al. 2011), Ahr (Veldhoen et al.
2008; Quintana et al. 2008; Kimura et al. 2008), Tcf7 (Yu et al. 2009b, 2011; van
Loosdregt et al. 2013) and Notch (Shin et al. 2006; Bailis et al. 2013; Minter et al.
2005; Fang et al. 2007; Amsen et al. 2007; Mukherjee et al. 2009; Samon et al.
2008; Auderset et al. 2013; Elyaman et al. 2012). However, their contributions to T
cell differentiation in the context of the transcriptional network are poorly
understood. Figure 3 shows a schematic outline of the transcription factor net-
works as currently known for Th1, Th2, and Th17 cells. In order to gain a more
thorough understanding of the transcriptional networks controlling the differenti-
ation of all CD4+ T subsets, similar large-scale ChIP-Seq analyses of known
transcription factors coupled with knockout studies should be performed for each
subset. Based on the studies of the Th17 differentiation pathway, it is likely that
these results will also show widespread cooperation between a number of tran-
scription factors to induce subset-specific transcription programs.

6 Long Intergenic Noncoding RNA

The role of long intergenic noncoding RNA (lincRNA) in T cell differentiation has
become a subject of interest recently as lincRNA have been shown to play a role in
many cellular functions, including chromatin remodeling, as well as both tran-
scriptional repression and activation (Pagani et al. 2013). Mice overexpressing the
NeST lincRNA show increased IFNc expression and while they show increased
resistance to Salmonella, they have increased susceptibility to Theiler virus (Gomez
et al. 2013). NeST was found predominately in the nucleus of these overexpressing
cells and was shown to interact with WDR5, a core subunit of the MLL1-4 and
SET1A/1B complexes, which act to methylate H3K4 residues. Indeed, NeST
overexpressing mice show increased H3K4me3 marks at the Ifng gene. Thus, by
increasing permissive histone methylation, NeST increases IFNc expression. The
expression of lincRNA may be subset specific as NeST showed higher expression in
Th1 cells compared to Th2 cells (Collier et al. 2012). This subset-specific expression
was driven by the Th1 transcription factors Stat4 and Tbet, as mice deficient in either
factor showed decreased NeST expression. A large-scale study of lincRNA
expression during T cell development and differentiation recently identified over
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1500 lincRNA clusters and found that almost 50 % of those expressed in CD4+ T
cells showed subset-specific expression (Hu et al. 2013). A number of these lin-
cRNA were bound by subset-specific transcription factors Stat4, Tbet, Stat6, and
Gata3, indicating that these factors control the expression not only of protein coding
genes but also noncoding regions to regulate T cell differentiation. Stat4 showed
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Fig. 3 Schematic summary of transcription factor networks involved in CD4+ T cell
differentiation. The differentiation of each CD4+ T cell subset is controlled not only by Stats
and master regulators but also by secondary transcription factors that activate subset-specific gene
expression, including both cytokines and master regulators. There are many cooperative
interactions between the transcription factors expressed within a given subset to strengthen gene
expression and inhibition between factors to either regulate gene expression within a subset or to
inhibit the differentiation of other subsets
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stronger binding at lincRNA genes preferentially expressed in Th1 cells and these
targets were downregulated in Stat4 deficient cells. Similarly, Stat6 also showed
higher binding at lincRNA genes preferentially expressed in Th2 cells and these
targets were downregulated in Stat6 deficient cells. Both Tbet and Gata3 bind to
subset-specific lincRNA clusters, but the loss of either transcription factor resulted
in both upregulation and downregulation of target lincRNA genes, indicating that
Tbet and Gata3 both activate and repress lincRNA expression during Th1 or Th2
differentiation, respectively. These results demonstrate that subset-specific tran-
scription factors drive the expression of noncoding genes. More work is required to
understand the function lincRNA in the regulation of T cell differentiation.

7 Conclusion

Early work on transcriptional regulation of T cells has focused on the two-factor
model of differentiation, in which cytokine stimulation activates the Stat family of
transcription factors, which in turn activate the master regulators of CD4+ T cell
differentiation. However, it has become clear that these factors do not act alone to
induce differentiation but instead interact with a number of other transcription
factors for optimal CD4+ T cell differentiation and function. The use of large-scale,
genome-wide studies is beginning to shed light on when and how transcription
factors are up- or downregulated during development as well as providing infor-
mation on the interactions between transcription factors at multiple target genes
during differentiation. In this way, a picture of the network of transcription factors
is beginning to emerge, although more work is needed to generate and validate
transcriptional networks for all CD4+ T cell subsets during differentiation. The
essential role of transcriptional regulation in maintaining proper CD4+ T cell
function is demonstrated by mutations of various transcription factors and the
resulting diseases. Mutations of Foxp3 results in the development IPEX autoim-
munity, while mutation of STAT3 leads to hyper IgE syndrome, characterized by
recurrent staphylococcal skin abscesses, eczema, and pulmonary infections (Yong
et al. 2012) and MS patients have been reported to express decreased levels of Egr2,
resulting in increased Th17 responses (Miao et al. 2013). These disorders illustrate
the importance of transcriptional regulation during CD4+ T cell differentiation and
highlight the need for a more thorough understanding of these transcriptional
networks to provide insight into the balance of protective immunity versus auto-
immunity in humans.
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