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ABSTRACT

Duy Pham

TWIST1 AND ETV5 ARE PART OF A TRANSCRIPTION FACTOR NETWORK

DEFINING T HELPER CELL IDENTITY

CDA4 T helper cells control immunity to pathogens and the development of
inflammatory disease by acquiring the ability to secrete effector cytokines.
Cytokine responsiveness is a critical component of the ability of cells to respond
to the extracellular milieu by activating Signal Transducer and Activator of
Transcription factors that induce the expression of other transcription factors
important for cytokine production. STAT4 is a critical regulator of Thl
differentiation and inflammatory disease that attenuates the gene-repressing
activity of Dnmt3a. In the absence of STAT4, genetic loss of Dnmt3a results in
de-repression of a subset of Thl genes, and a partial increase in expression that
is sufficient to observe a modest recovery of STAT4-dependent inflammatory
disease. STAT4 also induces expression of the transcription factors Twistl and
Etv5. We demonstrate that Twistl negatively regulates Thl cell differentiation
through several mechanisms including physical interaction with Runx3 and
impairing STAT4 activation. Following induction by STAT3-activating cytokines
including IL-6, Twistl represses Th17 and Tfh differentiation by directly binding
to, and suppressing expression of, the ll6ra locus, subsequently reducing STAT3

activation. In contrast, Etv5 contributes only modestly to Th1l development but



promotes Th differentiation by directly activating cytokine production in Th9 and
Th17 cells, and Bcl6 expression in Tfh cells. Thus, the transcription factors
Twistl and Etv5 provide unique regulation of T helper cell identity, ultimately

impacting the development of cell-mediated and humoral immunity.

Mark H. Kaplan, Ph.D.-Chair
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INTRODUCTION
Innate and adaptive immunity
Immune responses that include innate and adaptive immunity are vital biological
functions protecting the host from pathogens and toxic substances. Innate
immunity including macrophages, neutrophils, dendritic cells, natural killer cells,
mast cells, eosinophils, and basophils, acts as the first line of defense against
microorganisms and infections. Adaptive immunity, requiring lymphocytes
provides a more versatile and long-term protection. Both innate and adaptive
immunity works in concert to provide effective and sufficient protective

mechanisms against harmful agents in the environment.

The host body is constantly exposed to microorganisms present in the
environment. The common routes of entry are through mucosal surfaces (airway,
gastrointestinal tract, and reproductive tract) and external epithelia (skin, wound,
and abrasions). The host body utilizes different methods to protect against the
pathogens. Epithelial surfaces act as the first line of defense providing
mechanical (structure), chemical (pH and enzymes), or microbiological (normal
flora) barriers against infection. When pathogens cross epithelial barriers, they
are recognized and ingested by dendritic cells or ingested and killed by other
innate cells such as macrophages and neutrophils. Dendritic cells and
macrophages reside in the submucosal tissues. They are helped in pathogen
clearance by the recruitment of neutrophils to the site of infection. These cells

express receptors that recognize repeating patterns on the surface of the



pathogens, thus being able to pathogen-specific molecular patterns. These
receptors, known as pattern-recognition receptors, include mannose-binding
lectin (MBL), macrophage mannose receptor, and scavenger receptors that
trigger phagocytosis, and Toll-like receptors (TLRs) that activate innate immune
function and cytokine production. Upon ingestion of the pathogens, macrophages
and neutrophils utilize several mechanisms for killing such as vesicular
containing acidification, toxic oxygen-derived products, toxic nitrogen oxides,
antimicrobial peptides, and enzymes. In addition, recognition of the pathogens by
macrophages results in the initiation of an inflammatory response that helps the
clearance of microorganisms, prevents the spread of the infection in the
bloodstream, and promotes tissue repair. TLR activation in macrophages and
other innate cells results in the production of pro-inflammatory cytokines (IL-1, IL-
6, IL-12, and TNFa), chemokines (CXCL8), and co-stimulatory molecules (CD80
and CD86) that amplify innate and adaptive immune responses. Another
component of the innate immune response is the complement system that is
made up of many distinct plasma proteins. The complement system works by a
series of proteolytic reactions mediated by proteases that result in recruitment of

inflammatory cells, opsonization of pathogens, and killing of pathogens.

Other innate immune cells such as natural killer (NK) cells, NKT cells, yo T cells,
B-1 cells, mast cells, basophils, and eosinophils are also important in innate
immune responses. NK cells are activated by interferons (IFNs) and

macrophage-derived cytokines to protect against intracellular infections. NK cell



activation results in the release of cytotoxic granules that induce apoptosis of
target cell. NK cells express receptors for self antigens that prevent their
activation by uninfected cells. Natural killer T (NKT) cells, yd T cells, and B-1 cells
belong to the group of innate-like lymphocytes. NKT cells are characterized by
the expression of invariant T-cell receptor o chain that recognizes glycolipid
antigens presented by CD1 molecules. NKT cells exist in the thymus and in
peripheral lymphoid organs that secrete IL-4, IL-10, and IFNy and have
regulatory function. y5 T cells are a subset of the T cells with antigen receptors
composed of y and 6 chains. yo T cells are found in the lymphoid and epithelial
tissues, respond to antigens through mechanism that are still not entirely defined.
B-1 cells are subset of B cells that express CD5 receptor. B-1 cells produce
antibodies in response to carbohydrate antigens in a T-cell independent
mechanism. Mast cells, basophils, and eosinophils arise from myeloid
progenitors and have various distinct roles in innate immune responses. While
mast cells and basophils defend against pathogens and wound healing by
releasing granules containing histamine and active agents, eosinophils release
toxic proteins, and free radicals to kill antibody-coated parasites. In addition,

these cell types play important roles in mediating allergic reactions.

Although innate immunity is often sufficient to protect against foreign pathogens,
it fails to provide a specific and long-term protection against recurrent invaders.
Thus, adaptive immunity, requiring T and B lymphocytes primed by antigen

presenting cells (B cells, dendritic cells, and macrophages) play a crucial role in



eliminating pathogens when the innate immune system is insufficient to limit
infection. The main functions of the adaptive immunity are to discriminate
between self- and non-self- antigens, to regulate inflammatory responses and
eliminate specific pathogens, and to develop immunological memory. T and B
cells express T- and B-cell receptors (TCR and BCR, respectively) to recognize
antigen. B-cell receptors are composed of membrane-bound and secreted
immunoglobulin (1g). While membrane-bound immunoglobulin acts as receptor
for antigen, the secreted Ig binds antigens and elicits humoral effector functions.
One unique function of TCR and immunoglobulins is their ability to recognize
variable molecules with high specificity and affinity through the variable (V)
region that binds to antigens. However, TCR (composed of TCRa and TCRf
chains) on T cells differs from BCR on B cells in that it recognizes peptide
fragments of foreign proteins bound to the major histocompatibility complex
(MHC) molecules class | and class Il. The two classes of MHC molecule are
expressed differentially on cells that present antigens to CD4 (MHC class Il) and
CD8 (MHC class I) T cells. CD8 T cell function is to eliminate intracellular
pathogens such as viruses through T cell-mediated cytotoxicity of infected cells.
CD8 T cells induce infected cells to undergo programmed cell death, secrete
proteins (perforin, granzymes, and granulysin) to trigger apoptosis, and express
Fas ligand to activate apoptosis. In contrast, CD4 T cells provide helps to other
cells to carry out effector functions, and are known as T helper (Th) cells (Figure
1). For example, Thl cells activate macrophages to become more efficiently in

clearing intracellular microorganisms. Th2 cells play a role in controlling defense



against extracellular parasites. Th9 cell function is to provide protection against
helminth infection, although IL-9 can be involved in autoimmune diseases and
allergic inflammation. Th17 cells produce IL-17 cytokine that plays important role
in inflammation and anti-microbial immunity. Regulatory T (Treg) cells are
important in maintaining tolerance to self-antigens and play a crucial role in
autoimmune diseases. A recently described subset of T helper cells, known as T
follicular helper (Tfh) cells, specializes in helping B cells to differentiate into
plasma cells that secrete high affinity and specificity antibodies to mediate
humoral immune responses against extracellular pathogens. The role of other T

helper cell subsets will be discussed in the subsequent sections.

Altogether, the innate and the adaptive immune responses create an effective

barrier to pathogens and environmental toxins.
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JAK-STAT pathway

Responsiveness to the extracellular milieu is a core component of the
adaptability of the immune system. Cytokines mediate intracellular
communication and can promote the differentiation and proliferation of
responsive cells. One of the signaling pathways activated by cytokines is the
Janus kinase (JAK)/signal transducer and activator of transcription (STAT)
pathway that was discovered during studies of gene induction by interferons
(IFNs) (Darnell et al., 1994). There are four members of the JAK family including
JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2) with conserved kinase domain
(Stark et al., 1998). There are seven members of the STAT family including
STATL, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 (Darnell, 1997).
The role of STAT proteins in T helper cell development will be discussed in the

subsequent sections.

The structure of STAT proteins includes a DNA-binding domain, a transactivation
domain, and a SRC homology 2 (SH2) domain. In the JAK/STAT signaling
pathway, receptor dimerization and subsequent activation of JAK tyrosine
kinases occurs upon the binding of a cytokine to the cell surface receptor.
Activated JAKs phosphorylate specific residues on the receptor to create a
docking site for STAT binding. STATSs are phosphorylated by JAKs, then
dimerize, leave the receptor, translocate to the nucleus, and activate gene
transcription (Figure 2) (Shuai and Liu, 2003). Because of the important role of

the JAK/STAT pathway in controlling immune responses, it is tightly regulated at



several levels. JAKs are regulated at the post-translational level by suppressor of
cytokine signaling (SOCS) proteins, protein tyrosine phosphotases (PTP), and by
ubiquitylation and ISGylation (Shuai and Liu, 2003). SOCS regulates JAK by
inhibiting JAK kinase activity or by binding directly to the activated receptor
(Croker et al., 2008). PTPs dephosphorylate JAKs thus inhibiting signaling (Xu
and Qu, 2008). Ubiquitylation of JAKs results in degradation (Ungureanu et al.,
2002), but it is not known how JAKs are regulated by ISGylation. STATs are
regulated at the post-translational level by modifications including
phosphorylation, methylation, acetylation, ubiquitylation, ISGylation, and
sumoylation that each alter STAT function in dimerization, nuclear translocation,
DNA binding, and transactivation (Shuai and Liu, 2003). In addition, STATSs are
regulated by the Protein Inhibitor of Activated STAT (PIAS) family that has been
shown to inhibit STAT-mediated gene activation (Chung et al., 1997; Liu et al.,

1998).



Gene expression

Figure 2. Activation of the JAK-STAT pathway following cytokine
stimulation

Dysregulation of JAK/STAT signaling pathway results in defects in immune
responses. For example, STAT1 mutations have been documented in patients
with susceptibility to viral and mycobacterial infections (O'Shea et al., 2011).
Patients with hypermorphic mutations in STAT1 are susceptible to autoimmunity,
cerebral aneurysms, and squamous-cell carcinoma (O'Shea et al., 2013).
Dominant-negative mutations of STAT3 are linked to hyper-IgE syndrome (HIES)
(O'Shea et al., 2011). Constitutively tyrosine phosphorylated STAT3 in intestinal
T cells is correlated with Crohn’s disease (Lovato et al., 2003). Stat4-deficient
mice have been linked with increased nephritis and mortality in a model of lupus
(Watford et al., 2004). Because Stat4-deficient mice lack Thl responses, they

are more susceptible to infectious pathogens such as L. monocytogenes,

9



Mycobacterium tuberculosis, Babesia, Leishmania major, L. mexicana, T. gondii,
and Trypanosoma cruzi (Watford et al., 2004). STAT4 mutation with a defect in
nuclear translocation is associated with recurrent M. avium infection in patients
(Toyoda et al., 2004). In addition, polymorphisms of STAT4 have been described
in multiple studies and are associated with diseases such as systemic lupus
erythematosus (SLE), rheumatoid arthritis, Sjogren’s syndrome, and Crohn’s
disease (O'Shea et al., 2011). Given that STAT5B plays important roles in
regulating IL-2 and growth-hormone signaling and Treg cell differentiation,
dysregulation of STAT5B has been linked with immunodeficiency and
autoimmune diseases (Cohen et al., 2006; Imada et al., 1998; Udy et al., 1997,
Yao et al., 2007). Patients that lack STAT5B have severe opportunistic infections
and elevated levels immunoglobulins (O'Shea et al., 2013). STAT6 is required for
the development of allergic inflammation and immunity to helminth parasites. As
the result, Stat6-mutant mice have decreased pulmonary inflammation and
increased inflammatory immunity. In addition, polymorphisms of STAT6 are

associated with allergic disease (Goenka and Kaplan, 2011).

In summary, JAK/STAT pathway plays a crucial role in controlling the immune

responses and is highly regulated to prevent immune disorders.
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Transcriptional regulation of Thl cells

Th1 cells are critical regulators of inflammation and play obligate roles in
immunity to intracellular pathogens and in the development of autoimmune
inflammation (Kaplan, 2005; Watford et al., 2004). Th1 development initiates
when a T cell, activated by antigen in the context of MHC class Il molecules, is
stimulated by IL-12 and IFNy (Afkarian et al., 2002; Hsieh et al., 1993; Wenner et
al., 1996). IL-12 and IFNy stimulation result in the phosphorylation of STAT4 and
STATL1 respectively, both transcription factors that are required for optimal Thl
differentiation (Afkarian et al., 2002; Kaplan et al., 1996a; Thierfelder et al.,
1996). The Tbx21 gene, encoding the T-box transcription factor T-bet, is a critical
target for both factors, with STAT1 binding early in differentiation, and STAT4
binding later (Lighvani et al., 2001; Schulz et al., 2009; Yang et al., 2007). STAT4
and T-bet are required for the expression of many genes expressed in Thl cells,
although both factors activate the expression of a subset of Thl genes in the
absence of the other factor (Thieu et al., 2008). IFNy production is the hallmark of
Th1l cells, and both STAT4 and T-bet, in cooperation with other transcription
factors including HIx1 and Runx3, activate expression from the Ifng locus (Figure

3) (Djuretic et al., 2007; Mullen et al., 2002).
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Figure 3. The transcriptional network in Thl cells

STAT4 binds a multitude of DNA sequences throughout the genome, and
genome-wide studies have begun to define targets in Thl cells. Using a
chromatin immunoprecipitation (ChlP)-on-chip approach, STAT4 was found to
bind at least 1500 sites in the 10 kb span around murine promoters in response
to acute IL-12 stimulation in differentiating T cells (Good et al., 2009). Using a
ChlIP-seq approach in differentiated Thl cells, STAT4 bound almost 4500 sites,
with slightly over one-third located in the promoter regions, providing a good
concordance of the two studies (Good et al., 2009; Wei et al., 2010). Both studies
found the STAT consensus sequence TTCN3GAA in the majority of bound sites.
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Despite this, numerous genes that bound STAT4 were not induced by IL-12
stimulation, and for genes that were induced, there was no correlation between
the peak intensity of STAT4 binding to a site and the fold induction of the
associated gene (Good et al., 2009; Wei et al., 2010). Thus, although we now
have a detailed appreciation for STAT4 target genes in Thl cells, it is still not

clear how STAT4 activates long-lasting changes in Th1l gene expression.

Epigenetic events that include DNA methylation and histone modification play a
key role in T cell differentiation. DNA methyltransferase (DNMT) enzymes
catalyze DNA methylation at CpG dinucleotides, resulting in gene repressionin T
helper cells (Allis et al., 2007; Kouzarides, 2007b; Pekowska et al., 2011; Yu et
al., 2007; Yu et al., 2012). Histone modifications that occur at the tails of the core
histones include methylation, acetylation, phosphorylation, sumoylation, and
ubiquitination. The addition and removal of histone marks alter chromatin into
either an active or repressed state correlating with the amount of transcription at
the locus. Tri-methylation of histone H3 lysine 4 (H3K4) correlates with active
gene transcription (Kouzarides, 2007a). Acetylation of histones at specific lysine
residues (H3K9, K18, K27 and K36) result in decreased association with DNA
and greater access for trans-acting factors (Kouzarides, 2007a; Shahbazian and
Grunstein, 2007). In contrast, tri-methylation of histone H3 lysine 27 (H3K27) is
associated with gene repression (Kouzarides, 2007a; Shahbazian and Grunstein,
2007). Histone modifying enzymes are recruited to DNA by transcription factors

and are able to recognize histone marks thus allowing the extension of histone
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modification across adjacent regions of the target locus (Kouzarides, 2007a). For
example, Jumoniji C domain protein (Jmjd3) is a histone demethylase that
specifically removes the methyl group of H3K27 methylation. The result is gene
activation involving in developmental processes and the inflammatory responses

(Swigut and Wysocka, 2007).

Once STAT4 is bound to a locus, it can recruit other transcription factors and
chromatin modifying enzymes. At the 112ra locus, STAT4 is responsible for the
recruitment of c-Jun-containing complexes and the histone acetyltransferase
CBP (O'Sullivan et al., 2004). In the absence of STAT4, IL-12 does not induce
histone acetylation at the 112ra locus (O'Sullivan et al., 2004). At the 1118r1 locus,
STAT4 is required for global histone acetylation, H3K9 acetylation, H3K4 di- and
tri-methylation, and for limiting H3K27 tri-methylation (Yu et al., 2008; Yu et al.,
2007). Genome wide analysis of STAT4 binding sites also found a requirement
for STAT4 in H3K4me3 (Wei et al., 2010). At the Ifng and IL12RB2 loci, STAT4
recruits BAF-containing SWI/SNF complexes that are required for nucleosome
remodeling (Letimier et al., 2007; Zhang and Boothby, 2006). The Ifng locus
contains multiple regulatory elements and conserved non-coding sequence
(CNS) within 60-70 kb upstream and downstream of its promoter. STAT4 and
other STATSs (including STAT1 and STAT5) have been shown to facilitate histone
acetylation and to recruit chromatin-remodeling complexes to the Ifng locus
resulting to the induction of permissive epigenetic modification and the activation

of Ifng gene expression (Wilson et al., 2009a).
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STAT4 also limits DNA methylation of the 1118r1 locus by reducing the
association of Dnmt3a, one of the two de novo DNA methyltransferases, with the
1118r1 promoter, and the promoters of several additional Th1l genes (Yu et al.,
2007). T cells deficient in Dnmt3a, but not Dnmt3b, the other de novo DNA
methyltransferase, have increased IFNy production and increased flexibility in
their ability to switch from Th2, Th17 or Treg cultures to an IFNy-secreting
phenotype. Dnmt3a also represses alternative lineage gene expression in Thl
cells. The 1113 locus is particularly sensitive to Dnmt3a-deficiency, and GATA3
can more effectively induce 1113 expression in Dnmt3a-deficient Th1l cells than in
wild type Th1l cells (Yu et al., 2012). Thus, Dnmt3a is required for appropriate
gene repression in T helper subsets. Collectively, epigenetic modification

mediated by multiple factors is essential for Th1 cell differentiation (Figure 4).

T
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Figure 4. Schematic diagram of the Ifng gene
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Transcriptional regulation of Th2 cells

T helper type 2 (Th2) cells are important for host immunity to extracellular
parasites. Th2 cells mediate function through the production of IL-4, IL-5, IL-13,
and IL-25. Defects in Th2 cell development result in asthma and other allergic
inflammatory diseases. Th2 cell differentiation occurs under the presence of IL-4
and anti-IFNy. IL-4 activates STAT6 that directly binds to gene encoding
transcription factors including GATA3, Gfi-1, BATF, and Runxl. While GATAS3 is
a Th2 master transcription factor and Gfi-1 and BATF are required for its optimal
cell expansion, Runxl represses GATA3 expression thus inhibiting Th2 cell
differentiation (O'Shea et al., 2011; Zhu et al., 2002). Other signaling pathways
such as pB-catenin and T cell factor 1 (TCF1) have been reported to contribute to
Th2 cell differentiation through the induction of GATA3 expression in an IL-4-
independent manner (Paul and Zhu, 2010). Other STAT proteins also promote
the differentiation of Th2 cells. IL-2-STATS5 signaling pathway has been shown to
be important in regulating Th2 cell differentiation, and that both GATA3 and
STATS5 bind to regulatory elements in the Th2 cytokine loci (Zhu et al., 2003). In
addition, STAT3 activation has been detected in Th2 cell development, and that
STAT3 is required for STAT6 bound to target genes in Th2 cells (Stritesky et al.,
2011). Mice with Stat3-deficient T cells display reduced inflammation in a mouse
model of allergic airway inflammation (Stritesky et al., 2011). Thus, the
integration of multiple STAT proteins and transcription factors is required for

optimal Th2 cell development (Figure 5).
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Figure 5. The transcriptional network in Th2 cells

Originally, IL-4 was viewed as a central cytokine that acts on STAT6 in Th2 cell
differentiation. However, other cytokines such as thymic stromal lymphopoietin
(TSLP), IL-25, and IL-33 have been demonstrated to be important for Th2 cell
development. TSLP produced from epithelial cells, mast cells, and basophils
signals through TSLPR expressed on CD4" T cells and activates STAT5 (Al-
Shami et al., 2005; Yao et al., 2013). In contrast, IL-25 is produced by Th2 cells,
and it is suggested to be required for the balance between Thl and Th2 cells
during T.muris infection model (Owyang et al., 2006). IL-33 together with TSLP

could induce the production of IL-13 without TCR signaling (Guo et al., 2009)
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Epigenetic modifications also play an important part in regulating Th2 cell
differentiation. The 114, 115, and 1113 loci contain DNase | hypersensitive sites
located in CNS regions that are accessible by regulatory transcription factors. For
example, STAT6 and GATA3 have been shown to bind to hypersensitive site V
(HSV) of the 114 and 1113 loci (Wilson et al., 2009a). GATA3 not only induces Th2
gene transcription but also recruits histone acetyltransferases (HATs) and
histone H3K4 methyltransferases, displacing MBD2 and associated HDCA-
containing complexes, diminishing DNMT1 association and inhibiting DNA
methylation, and recruiting chromatin-remodeling complexes to the Th2 cytokine
loci (Wilson et al., 2009a). Similarly, STAT3 and STATG6 are required for some
histone modifications, accessibility of chromatin (STAT3), and recruiting HATs
and other chromatin modifying enzymes to Th2 gene loci (Stritesky et al., 2011;
Wilson et al., 2009a). The regulation of Th2 cytokine gene expression is

represented below (Figure 6).
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Figure 6. Schematic diagram of the Th2 genes
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Transcriptional regulation of Th9 cells

T helper type 9 (Th9) cells have emerged as a new T helper cells in recent years.
IL-9 is the hallmark cytokine of Th9 cells that is required for allergic inflammation
and immunity to intestinal parasites. IL-9 has effects on various cell types such
as smooth muscle cells, stem cells, lymphocytes, mast cells, and epithelial cells
that are important for the development of immunity and inflammation (Goswami

and Kaplan, 2011).

Th9 cell differentiation requires both IL-4 and TGF-f signaling (Dardalhon et al.,
2008; Veldhoen et al., 2008b). IL-4 activates STAT6 that induces the expression
of transcription factors that are important for Th9 differentiation such as GATA3,
IRF4, and BATF (Goswami et al., 2012; Jabeen and Kaplan, 2012). STAT6 can
promote II9 expression, though it binds the 19 gene poorly compared to other
genes (Jabeen and Kaplan, 2012). In addition, STAT6 represses T-bet
expression that together with Runx3 negatively regulates IL-9 production in Thl
cells (Goswami et al., 2012). While IRF4 promotes [19 expression by directly
binding to its locus (Staudt et al., 2010), one potential GATAS function in Th9
cells is to repress the expression Foxp3 (Mantel et al., 2007). Th9 cell
differentiation also requires TGF-f signaling pathway that induces PU.1
expression (Goswami et al., 2012). PU.1 has been shown to repress Th2 cell
development and promotes 119 expression by directly binding to its locus
suggesting that PU.1 is the master transcription factor that drives Th9 cell

differentiation (Chang et al., 2010). Other cytokines and STAT protein have been
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shown to regulate Th9 cells. TSLP activates STATS5 that directly binds and
promotes 119 gene expression in Th9 cells (Yao et al., 2013). Infants with atopic
dermatitis have increased IL-9 and TLSP in the serum compared to non-atopic
infants (Yao et al., 2013). IL-2, IL-25, and IL-1 cytokines can enhance IL-9
production from CD4" T cells by activating transcription factors including NF-xB
that bind to the 119 promoter (Jabeen and Kaplan, 2012). A transcription factor

network of Th9 cells is summarized in Figure 7.

v

Figure 7. The transcriptional network in Th9 cells
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Epigenetic programming also plays an important role in regulating 1L-9
production in CD4" T cells. The 119 gene contains at least three CNS 6 kb
upstream and downstream of the 119 promoter that contains binding sites for
PU.1, IRF4, GATA3, NFAT, and STAT4 proteins (Perumal and Kaplan, 2011)
suggesting a complex regulation of 119 that requires multiple cis-regulatory
elements and specific trans-activating factors. In addition, PU.1 recruits and
forms a complex with Gen5 (a histone acetyltransferase (HAT)) resulting in an
increased histone acetylation at the 119 locus (Goswami and Kaplan, 2012).
There are decreased association of p300/CBP associated factor (PCAF) and
increased association of histone deacetylases at the 119 locus in Th9 cells
suggesting histone modification plays an important role in the regulation of 119 in

Th9 cells (Figure 8) (Goswami and Kaplan, 2012).
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Figure 8. Schematic diagram of the 119 gene
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Transcriptional regulation of Th17 cells

T helper type 17 (Th17) cells secrete IL-17A, IL-17F, IL-21, and IL-22, and are
primary mediators in controlling infection and promoting autoimmune diseases
(Korn et al., 2009). Naive CD4" T cells differentiate into Th17 cells in the
presence of IL-18, TGF-f, and IL-6 while IL-23 is required for the maintenance of
IL-17-producing cells (Harrington et al., 2005; Mangan et al., 2006; Stritesky et
al., 2008). Cytokine stimulation results in the induction of a network of
transcription factors including RORyt, BATF, IRF4, and other factors (Figure
9)(Ciofani et al., 2012; Wu et al., 2013; Yosef et al., 2013). Some of the factors in
this network are required for the development of additional Th subsets, and

cooperate with specialized factors to promote acquisition of distinct phenotypes.
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Figure 9. The transcriptional network in Th17 cells

IL-6 and IL-23 activate STATS3 that directly binds to genes encoding transcription
factors including Rorc, Maf, Batf, Irf4, and Ahr that promote [117 expression and
Th17 development (Brustle et al., 2007; Durant et al., 2010; Ivanov et al., 2006;
Manel et al., 2008; Schraml et al., 2009; Veldhoen et al., 2008a; Xu et al., 2009).
Bcl-6 is another STAT3 target gene that has been shown to indirectly control
Th17 cell differentiation by suppressing Th2 cell differentiation (Durant et al.,
2010; Mondal et al., 2010). STAT3 promotes 1123r expression that is required for
the development of inflammatory Th17 cells (Zhou et al., 2007). Conversely,

decreased receptor expression interferes with the ability of a cell to respond to
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the cytokine environment. STATS inhibits expression of Il6ra and 116st, limiting
Th17 differentiation (Liao et al., 2011). STAT3 is also required for multiple T
helper cell lineages including Th2, Th17, and Tfh (Ma et al., 2012a; Mathur et al.,
2007; Nurieva et al., 2008; Stritesky et al., 2011; Yang et al., 2008b). As part of
its function STATS3 activates genes that are common among these lineages (Maf,
Batf, and Irf4) and genes that are lineage-specific, such as Rorc for Th17 and
Bcl6 for Tfh (Bauquet et al., 2009; Brustle et al., 2007; Durant et al., 2010; Ivanov
et al., 2006; Schraml et al., 2009; Yu et al., 2009). However, a balance between
positive and negative regulatory factors controls the differentiation of each of
these subsets. The IL-2-STATS5 signaling pathway limits IL-17 production, and
the balance between STAT3 and STATS activation determines the ability of cells

to produce inflammatory cytokines (Durant et al., 2010; Yang et al., 2011).

[117 gene regulation is controlled by epigenetic events at multiple CNS regions
(Figure 10). Upon Th17 cell differentiation, eight CNS in the 1117a-1117f locus
becomes more accessible because of the increased histone H3 acetylation and
K4 tri-methylation at the locus (Akimzhanov et al., 2007). CNS2 has been
reported to interact with both 1117a-1117f promoters and is required for their
transcription in Th17 cells (Wang et al., 2012). Moreover, Wang et al. showed
that CNS2 is required for the recruitment of histone-modifying enzymes p300 and

Jmjd3 to the 1l17a-1117f locus.
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Transcriptional regulation of T regulatory cells

Regulatory T (Treg) cells are unique in the ability to maintain immunological self-
tolerance and homeostasis by suppressing various effector lymphocytes. There
are two types of Treg cells: natural Treg (nTreg) cells that arise in the thymus
early in the development and inducible Treg (iTreg) cells that develop in the
peripheral lymphoid organs upon TCR engagement or antigen presented in an
inappropriate mileu. Treg cells are characterized by the expression of Ctla4, l12ra
and transcription factor Foxp3, a master regulator of its functions (Hori et al.,
2003; Ohkura et al., 2013). Mutation or deletion of Foxp3 results in
immunodysregulation polyendocrinopathy enteropathy X-linked syndrome with
autoimmune diseases in human and fatal systemic autoimmunity in mice (Ohkura

et al., 2013).

In addition to Foxp3 that controls Treg cell development, Bcl-6 has been shown
to indirectly regulate Treg cell function by potently repressing Gata3
transcriptional transactivation (Sawant et al., 2012). Although the suppression
function of Bcl6™ Treg cells are normal compared to wild type cells in the Th1-
type colitogenic T cell responses in vivo, Bcl6” Treg cells fail to control Th2
responses in a model of allergic airway disease resulting in increased lung
inflammation (Sawant et al., 2012). Runx1 belongs to the Runx family and
controls IL-2 production in Treg cells through the association with Foxp3 (Ono et
al., 2007). In addition, Runxl is required for Foxp3 expression and suppressive

function of Treg cells (Kitoh et al., 2009; Rudra et al., 2009). Eos is a member of
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Ikaros family and has been shown to play an important role in iTreg function by
controlling the repressive activity of Foxp3 (Pan et al., 2009b). Another member
of Ikaros family, Helios, is important for nTreg cell development, but how Helios
functions is unknown (Wei et al., 2009). DNA-binding inhibitor 1d3 controls Treg
cell differentiation by diminishing GATAS3 binding at the Foxp3 promoter

(Maruyama et al., 2011).

Furthermore, STAT proteins have an indispensible role in Treg cell
differentiation. IL-2 activates STAT5 that binds to the Foxp3 promoter and the
first intron of Foxp3 and initiates gene transcription (O'Shea et al., 2011). In
addition, STATS5 induces lI2ra expression, which is upregulated during Treg cell
development (O'Shea et al., 2011). In contrast, STAT4 has been shown to limit
the development of iTreg by increasing the repressive chromatin modifications at
the Foxp3 locus thus impairing STAT5S binding to Foxp3 (O'Malley et al., 2009) .
A transcription factor network of Treg cells and the regulation of the Foxp3 gene

expression are summarized in Figure 11 and 12.
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Figure 11. The transcriptional network in Treg cells

Epigenetic modifications such as histone modifications and DNA methylation play
an essential role in Treg cell development. DNAs of Treg-associated genes such
as Foxp3, Ctla4, and Eos have been shown to be hypomethylated that
associates with an open chromatin structure leading to gene transcription
(Ohkura et al., 2012) . Moreover, Ets-1, a member of the ETS family of
transcription factors, binds and demethylates Foxp3 CNS2 region resulting to

enhanced gene expression at the Foxp3 locus (Polansky et al., 2010).
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Transcriptional regulation of T follicular helper cells

One crucial function of T helper cells is to help B cells. T follicular helper (Tth)
cells are specialized to provide help to B cells. These Tfh cells help germinal
center B cells to differentiate into plasma cells and memory B cells that produce
high affinity antibodies for long-lasting protection through somatic hypermutation
and affinity maturation. A unique feature of Tth cells is their location. Tth cells
express high levels of chemokine receptor CXCRS5 that facilitates the relocation
of Tth cells from the T cell zone of the lymphoid tissue into the B cell follicle
(Deenick and Ma, 2011; Ma et al., 2012b). The resultis a T cell-B cell interaction
that provides B cell help. In addition to CXCR5 expression, Tfh cells also express
programmed death-1 (PD-1) and inducible co-stimulator (ICOS) that provide an
inhibitory signal to the T cells, (Deenick and Ma, 2011). Furthermore, Tth cells
coexpress other surface markers such as CD40 ligand, OX40, CXCR5, CD200,
B and T lymphocyte attenuator (BTLA), members of the SLAM family, and
SLAM-associated protein (SAP) (Deenick and Ma, 2011). Tfth cells produce IL-4
and IL-21 that are required for optimal B cell help and plasma cell differentiation,

respectively (Crotty, 2011).

Tth cell differentiation is controlled by the master regulator transcriptional
repressor Bcl-6 (Johnston et al., 2009; Nurieva et al., 2009; Yu et al., 2009). Bcl-
6 controls Tfh cell differentiation by antagonizing transcription factors important
for Thl (T-bet), Th2 (GATAS3), or Th17 (Roryt) differentiation (Crotty, 2011). Bcl-6

also represses Blimp-1 expression, an antagonist of Bcl-6 (Martins and Calame,
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2008). Bcl-6 negatively regulates miRNA cluster miR-17-92 that inhibits CXCR5
in Tth cells (Yu et al., 2009). In addition to Bcl-6, other transcription factors such
as MAF, BATF, and IRF4 are also involved in Tth differentiation (Crotty, 2011).
Transcription factor MAF together with NFAT and JunB control 114 expression
(Zhu et al., 2010), and directly binds to the 1121 promoter (Hiramatsu et al., 2010).
Batf-deficient mice have defect in Tfh cells, B cell CSR, and GC development
(Betz et al., 2010). In addition, Irf4-mutant mice have defects in Tth cell
development (Crotty, 2011). Both BATF and IRF4 control Tth cell differentiation

by regulating Bcl6 expression (Bollig et al., 2012; Ise et al., 2011).

STAT proteins have been suggested to be involved in Tth cell development. IL-6
and IL-21 activate STAT3 that is required for the development of Tth cells
(Nurieva et al., 2008). Stat3-deficient T cells failed to differentiate into Tth cells
resulting in a poor B cell responses (Nurieva et al., 2008). However, it has been
observed the redundancy in the role of IL-6 and IL-21 in Tfh cell development
(Eto et al., 2011) suggesting a complex role of STAT3 in Tth cell differentiation.
STAT4 also plays an important role in the early Tfth cell development. IL-12
activates STAT4 signaling that promotes both 1121 and Bcl6 gene expression
(Nakayamada et al., 2011). Since STAT4 induces T-bet expression that
represses Bcl6 and other markers of Tth cells, STAT4 is a positive regulator of
both Thl and Tfh cells (Nakayamada et al., 2011). In contrast, STAT5 signaling

has been reported to repress the development of Tth cells (Johnston et al., 2012;
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Nurieva et al., 2012). Therefore, multiple STAT proteins and transcription factors

play an essential role in controlling Tth cell development (Figure 13).
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Figure 13. The transcriptional network in Tfh cells

32



T helper cell plasticity and overall functions

Naive CD4" T cells can differentiate into T helper subsets with distinct effector
functions that require in specific cytokine signaling, STAT proteins, and
transcription factors. However, CD4" T cells also have the ability to redirect their
functional programs under certain conditions into other types of effectors cells.
CD4" T cells co-express transcription factors of different lineages that result in
multifunctional effector cells. In an LCMV infection model, Th2 cells can acquire a
Th1 phenotype through antigen-specific TCR stimulation and an inflammatory
environment by converting into GATA3 T-bet" cells that coproduce both IL-4 and
IFNy (Hegazy et al., 2010). Similarly, the existence of Foxp3*Roryt” (Zhou et al.,
2008) and Foxp3*T-bet" cells (Koch et al., 2009) have been described in specific
in vivo conditions. CD4" T cells also acquire the ability to switch to another T
helper cells through receptor expression. Stimulating Th2 cells with type 1
interferons that activate both STAT1 and STAT4 induces IL-12R[32 expression on
those cells (Hegazy et al., 2010). As a result, type 1 interferon stimulated Th2
cells are able to respond to IL-12. Thus, type 1 interferons together with 1L-12
and IFNy are able to promote IFNy-producing Th2 cells (Hegazy et al., 2010).
Th17 cells express receptors for both IL-12 and IL-23 thus could be converted to
Th1l cells in the presence of IL-12 (Bluestone et al., 2009). Epigenetic
modification also plays an essential role in T helper cell plasticity. While
trimethylation of histone H3 lysine 4 (H3K4me3) is associated with active gene
transcription, trimethylation of histone H3 lysine 27 (H3K4me27) indicates

inactive gene transcription. For example, H3K4me3 at the Ifng locus and
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H3K27me3 at the 114 and 1117 loci are found with Th1 cells. In contrast, H3K4me3
at the 114 locus and H3K27me3 at the Ifng and 1117 loci are found in Th2 cells.
However bivalent epigenetic status at the Tbx21 and Gata3 loci also exist in
Th17 and Treg cells suggesting a preconditioned to be converted toward Thl or

Th2 cell fates (Zhou et al., 2009).
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Transcriptional repressor Twistl

Twistl is a transcriptional repressor and a member of the basic helix-loop-helix
(bHLH) family of proteins that plays a positive role in dorso-ventral patterning in
Drosophila embryos (Barnes and Firulli, 2009). Twistl functions as either a
homo