
The immune system consists of a complex array of cells that have developed to
recognize and eradicate a wide variety of microorganisms while inducing tolerance
against self-antigens and obnoxious antigens. The intriguing complexity of the
immune system has been unraveled during the last two decades. Naive CD4 + T
cells differentiate into T helper 1 (Th1), T helper 2 (Th2), T helper 17 (Th17) or
regulatory T cells (Treg) depending on the microenvironment of antigenic
stimulation by antigen presenting cells (Fig. 1). Different effector T cells are
characterized by lineage-specific expression of cytokine genes. How immunity is
influenced by signaling-mediated cytokine gene regulation program? What are the
role of transcription factors, chromatin modifications and epigenetic mechanisms
in the lineage commitment? Over the past ten years, considerable advances have
been made to clarify the role of epigenetic regulation of gene expression patterns
during the development of the pluripotent naive T helper cell into different effector
subpopulations. In this article, we briefly discussed the mechanisms for CD4 + T
helper cell development and lineage decisions. In addition, mechanisms of the
epigenetic regulation of key cytokine genes in CD4 + T cell lineage commitment
are also discussed.

T lymphocytes play an important role in the adaptive immune response to foreign
pathogens and potentially to cancer cells. Naive T lymphocytes develop in the
thymus and become activated in the periphery when they encounter foreign
peptide antigens presented and processed by antigen presenting cells with the
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appropriate co-stimulatory signals. The proper differen-
tiation and development into effector T cells (Th1, Th2, Th17
or Treg) in turn regulate immune responses to diverse
antigens (including self- and non-self, pathogenic and non-
pathogenic antigens) by producing lineage-specific effector
cytokines. The lineage commitment of a naïve T cell into
effector T cells is dependent on a series of events such as
local cytokine environment and conditions of the TCR-MHC
II interaction during antigen recognition, which is further
directed by lineage-specific transcription factors that are
capable of programming the expression of genes.1 The
following subsections outline the general features of the T
helper cell lineage development (Fig. 1).

Th1
Development of Th1 cells occurs in the presence of IL-12
and interferon gamma (IFN-γ) secreted by dendritic cells
and macrophages in response to intracellular bacteria. IL-12
subsequently activates signal transducer and activator
transcription4 (Stat4).2-4 The T-box transcription factor T-
bet works as a “master regulator” of Th1 development,5,6

expression of which is induced by IFN-γ-stimulated Stat1
activation.7,8 Recent studies have shown the involvement of
Jak3 and Stat5 in the development of Th1 cells.9 Th1 cells
produce IL-2, IFN-γ and lymphotoxin, and promote cellular
immune responses by activating macrophages or CD8 +
cytotoxic T cells, but do not produce Th2 type cytokines
such as IL-4 or IL-13.10,11

Th2
Differentiation and development towards the Th2 phenotype
are initiated in the presence of IL-4 during T cell activation.

Production of IL-4 in an early immune response directs the
development of a Th2 response. Activated Th2 cells pro-
duce IL-4, IL-5, IL-13, and IgE, and activate mast cells and
eosinophils,11-14 which play important roles in parasite remo-
val and pathogenesis of Th2 type immune disorders such as
asthma and atopic dermatitis. IL-4 receptor engagement
leads to activation of Stat6, which in turn upregulates the
transcription factor GATA3. GATA3 is regarded as the
master regulator of Th2 development, a counterpart of T-
bet in Th1 cells.15-19 Th2 cells produce IL-4, IL-5, IL-6, IL-
10, and IL-13, and promote humoral immunity, but do not
produce Th1 type cytokines such as IL-12 and IFN-γ. This
exclusive pattern of cytokine production is mainly observed
in fully committed Th1 and Th2 cells.10,11 C-maf, the basic-
region leucine-zipper protein, is an another important trans-
cription factor for Th2 development. It promotes IL-4
expression by directly binding to IL-4 promoter locus, and
mice lacking c-maf are deficient in IL-4 production.20

Th17
Recent evidences have demonstrated that Th17 cells com-
prise a functionally distinct population and express high
amounts of IL-17A, IL-17F and tumor necrosis factor-α
(TNF-α). They can induce experimental autoimmune ence-
phalomyelitis (EAE) upon passive transfer.21 IL-17 is a
proinflammatory cytokine that mediates multiple chronic
inflammatory response including angiogenesis, recruitment
of inflammatory cells and induction of proinflammatory
mediators by endothelial and epithelial tissues.25 A novel
transcription factor, RORγ t, is the central protein aiding
Th17 development. STAT3 regulates RORγt expression.22

Both STAT3 and RORγt play a key role in IL-17 production
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Fig. 1. Diversification of naïve CD4 + T helper cells into various effector T helper cell lineages. Upon antigenic stimulation, naïve CD4 + T cells can be
differentiated into diverse T helper cell subsets like Th1, Th2, Th17 and Treg. From in vitro and in vivo studies, instructive cytokines and transcription
factors which are specific for each effector lineage were identified. In the early initiation stage, the unique signal transducer and activator of
transcription (STAT) is activated by the environmental cytokine signals which leads to induction of lineage master regulators. Transcription factors
from each distinct subset activate and control the various downstream genes and this mechanism is further enhanced and stabilizes the lineage
commitment with epigenetic modification by specific stimuli and the action of transcription factors. As a result, effector cytokines and modulators
can be released from each CD4 + T helper cell subsets and these further regulate immune responses accordingly to antigens. 



and overexpression of either of them promotes IL-17 pro-
duction.23 RORα also synergizes with RORγt to promote
differentiation and function of Th17 cells.24

Tregs 
Within the pool of different effector T cells, the regulatory
T cells (Tregs) are specialized subpopulation of T cells and
play pivotal roles in maintaining immunological homeo-
stasis. They modulate immune system through the induction
of immune tolerance to self-antigens or unharmful antigens
delivered through mucosal routes. Sakaguchi et al.26 demon-
strated that Interleukin 2 receptor alpha (CD25) could serve
as a phenotypic marker for CD4 + Tregs. Indeed, naturally
occurring thymic derived CD4 + CD25 + Tregs have
immunosuppressive function in nature, but Treg also
expresses several other activation markers.27 Recent studies
have identified the transcription factor forkhead box P3
(Foxp3) as a more exclusive intracellular marker for the
identification of Tregs. Foxp3 also plays crucial roles for
the development and functionality of CD4 + CD25 + Tregs.
Ectopic expression of Foxp3 in T cells leads to generation
of immunosuppressive regulatory T cells phenotype.28,29

Loss of Foxp3 function, both in mouse and human, results
in absence of Tregs, leading to a phenotype with severe
autoimmune disorders,30,31 known as scurfy mice, and IPEX
(immunedysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome) in human. In addition to Treg, there are
other subsets of antigen-induced or adaptive Tregs. CD4 +
regulatory T cells of type 1 (Tr1) express high levels of IL-
10 and moderate levels of IL-5, IFN-γ, and TGF-β.
However, they do not produce IL-2 and IL-4.32,33 T helper 3
(Th3) regulatory T cells express high levels of TGF-β.34 Both
types of induced Tregs equally suppress Th1- as well as
Th2- mediated immune responses.

In eukaryotic cells, production of biologically active proteins
is under sophisticated regulation at several points. Regul-
ation of transcription initiation is the primary important step
but the accessibility of transcription machinery mainly
depends on the different chromatin structure such as euch-
romatin (open and accessible chromatin) versus heterochro-
matin (closed and condensed nonpermissive chromatin),
which in turn mediates transcription levels and efficiency in
each cell types. Modifications of DNA and DNA-binding
histone molecules result in different chromatin structures.
Histones are the basic components of a chromosome, in
which the DNA helix (-147bp) is wrapped around four core
histones (H2A, H2B, H3 and H4) to form the ‘beads on a
string structure’, called nucleosomes that is then folded into
higher order of dense chromatin fibres. Permissive epigene-

tic changes make structural alterations in chromatin organi-
zation for easy access of transcription machinery and allow
active and selective gene transcription. Major epigenetic
modifications such as DNA methylation and histone modi-
fications, in concert with chromatin remodeling complexes,
nuclear architecture and microRNAs, define the chromatin
structure of a gene and its transcriptional activity. Although
epigenetic marks are established early during development
and differentiation, adaptations occur throughout life in res-
ponse to intrinsic and environmental stimuli, which also
mediate different cancers. The following subsections discuss
the general principles of these epigenetic modifications
(Fig. 2).

DNA itself can be modified via covalent addition of methyl
groups on cytosines at CpG dinucleotides, catalyzed by
enzymes known as DNA methyl transferases. About 40%
of genes contain CpG-rich islands upstream from these
transcriptional start sites, and up to 70% to 80% of all CpG
dinucleotides in the genome are methylated.35 DNA methy-
lation is involved in X-chromosome inactivation in females
and DNA imprinting events, which result in monoallelic
gene expression.36,37 DNA methylation is considered as a
stable epigenetic mark and is maintatained in somatic cells
by DNA methyltransferase I (DNMT I) with some cooper-
ation of DNMT3a and DNMT3b.37,38 DNA methylation is
usually involved in gene silencing and can repress gene
expression by directly blocking the access of transcription
regulatory factors to the target DNA.39 It can also recruit
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EPIGENETIC MECHANISMS DNA METHYLATION

Fig. 2. Epigenetic modifications in T helper cells. Histone modifications and DNA
methylation are two major epigenetic mechanisms which governs gene
expression in mammalian cells. First, DNA methylation is detected from the 5-
cytosine of CpG dinucleotides or CpG islands which is generally associated with
the mechanism of gene silencing. Posttranslational modification of histone
molecules occurs mainly at H4 or H4 tails. Histone tails are easily modified by the
external stimuli and consist of various types of modifications such as acetylation,
methylation, phosphorylation, and sumoylation. Among these, acetylation and
methylation on lysine residues are well known representative modifications
during T helper cell differentiation. Level of acetylation and lysine 4 methylation of
Histone H3 and H4 are generally linked with active and accessible state of gene
regulation while methylation of lysine 9 and 27 are well known marks of silent or
inactive gene regulation.
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methyl-CpG-binding proteins (MECPs) in complex with
histone deacetylases (HDACs) and co-repressor proteins
like Sin3a and the multisubunit Nurd complex, repressing
transcription in a methylation-dependent manner.40-44 Along
with DNA methylation, the phenomenon of active DNA
demethylation also exists as in the case of the IL-2 promoter
which becomes demethylated within 20 minutes of stimu-
lation.45,46 DNA methylation patterns in most cell types
result from the balance of methylating (methyltransferases)
and demethylating (demethylases) activities, and being
targeted to specific genes by transcription factors acting
downstream of signaling pathways which are yet to be
unraveled.38

Various types of posttranslational histone modifications
include acetylation, methylation, ubiquitylation, phospho-
rylation and sumoylation.47 Most posttranslational modifi-
cations of histones are found in the N- and C- terminal tails,
and some are associated with active chromatin structure and
some act as repressive marks. The combinatorial pattern of
modifications on histones is interpreted by the cell as an
epigenetic code from the genome to the cellular machinery,
commonly termed as the histone code hypothesis.

Acetylation
The most predominant and best understood covalent modi-
fication is acetylation of histones. During specific biological
processes, selected lysines such as lysine (K) 9 and 14 are
acetylated by enzymes called histone acetyltransferases
(HATs) which catalyze the attachment of acetyl groups.
Histone deacetylases (HDACs) are enzymes which help in
removal of these acetyl groups and act in concert with the
HATs to maintain a steady state balance.48-50 The H4 tail
also has a prominent role in compaction of DNA fibers.
Acetylation of H4K16 and loss or reduction of linker his-
tones result in a decondensed chromatin fibre.38,51

Methylation
Histone methylation on the other hand is a more stable form
of modification than acetylation52 and is among the least
understood histone modifications. The most heavily meth-
ylated histone is H3 followed by H4.48 Histone methylation
occurs on lysine (K) residues 4, 9, 27 and 36 on H3 and on
position 20 on H4, and might provide an ideal epigenetic
mark for more long-term maintenance of chromatin states.53

Histone methyltransferases (HMTs) are the enzymes that
regulate the site-specific methylation of lysine residues; for
example, K9 and K4 in amino terminus of histone H3. Stan-
dard HMTs contain evolutionarily conserved 130 amino
acid SET-domain, thereby stimulating some of the biological

processes such as gene activation or repression depending
on the properties of binding proteins.54

Histone hyperacetylation along with di- or tri-methylation
of K4 of H3 (H3K4me2, K4me3) is generally associated
with chromatin decondensation, accessibility of DNA to
binding proteins and increased transcriptional activity,
wheras histone hypoacetylation and H3K9me2/3 and
H3K27me3 constitute repressive marks and contribute to
chromatin condensation and transcriptional repression.39, 55-58

Cis-acting regulatory regions in gene regulation
Control of gene transcription in developmental stage-specific
or signal-dependent manner is one of the most important
mechanisms to maintain the intrinsic functional properties
of each cell. Cis-regulatory DNA regions act as switches to
control the on/off state of genes in particular cell types.59

Transcription initiation occurs at core promoters and is fur-
ther regulated by enhancers, silencers, insulators and locus
control regions (LCRs).60 Cis-regulatory modules are com-
posed of multiple transcription factor binding sites61 and are
highly conserved in vertebrates.62 A number of these sequen-
ces has been shown to be transcriptional regulatory regions.
Enhancers contain binding sites for transcription factors
required for maximal transcriptional efficiency. Silencers
often bind to transcription factors having repressive effect
on transcription. On the other hand, insulators block the
communication between enhancers or silencers and promoter
regions and protect genes from the influence of neighboring
gene segments and chromatin.62 Locus control regions are
gene segments containing enhancers, silencers and insulators,
and they enhance the transcription of specific genes in a copy-
dependent manner. Their regulatory action is orientation-
independent over long distances. Locus control regions have
been identified in several genomic regions including the
Th2 locus, β-globin locus and the gene cluster, known as
the human growth hormone locus.63,64 Different chromatin
architecture, especially in the cis-regulatory DNA regions,
mediates the accessibility of transcriptosome complex,
which in turn regulates transcription levels and efficiency in
lineage or developmental specific gene expression patterns.

Epigenetic regulation of Th1, Th2, Th17 and Treg cell
development
Cytokines such as IL-4 and IFN-γ control T helper cell
differentiation and are critical regulator for adaptive immune
responses. Naïve CD4 + T cells upon stimulation show
basal expression levels of IL-4 and IFN-γ, implying that
regulatory elements of both cytokines are in a poised state.65

During development of naïve CD4 + T cells into cytokine-
producing effector cells in response to antigen stimulation,
T helper cells differentiate into distinct Th1 or Th2 cell linea-
ges, characterized by differential expression of cytokine
genes. Naïve T helper cells differentiate to Th1 cells in the
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presence of IL-12 and IFN-γ, while differentiate to Th2
cells in the presence of IL-4. Th1 cells produce IL-2, IFN-γ
and lymphotoxin and promote cellular immune responses
by activating macrophages or CD8 + cytotoxic T cells,
however, do not produce IL-4 and IL-13. In contrast, Th2
cells produce IL-4, IL-5, IL-6, IL-10 and IL-13 and promote
humoral immunity, but do not produce IFN-γ. These mutu-
ally exclusive patterns of cytokine production are mainly
observed in fully committed Th1 and Th2 cells in vivo and
in vitro. Recent studies on exclusive cytokine expression
profile of Th1 (IFN-γ) and Th2 (IL-4) demonstrated oppo-
sing epigenetic regulation depending on the direction of
polarization.1,66,67

Epigenetic regulation of IFN-γγ in Th1 differentiation
In naïve T cells, most of CpG dinucleotides at regulatory
elements are demethylated. Differentiation to Th1 cells
showed similar level of DNA methylation to that of naïve T
cells, but some of the regulatory elements showed increased
demethylation, while Th2 differentiation was associated
with substantial overall methylation.68 Unlike the IL-4 pro-
moter region, methylation of IFN-γ promoter in T cells has
been controversial. From the detailed quantitative analysis
of six CpGs in promoter regions, it has been confirmed that
IFN-γ promoter becomes methylated during Th2 cell devel-
opment. In contrast, the promoter region as well as trans-
cribed region becomes demethylated in naïve and differen-
tiated Th1 cells,69 demonstrating that various changes in
DNA methylation at the IFN-γ locus occur during Th1 and
Th2 cell development. In addition, there are increased levels
of H3 and H4 acetylation, H3K4 dimethylation and DNase
I hypersensitive sites at the IFN-γ locus and complete loss
of H3K27 methylation, which is the representative mark of
repression, in the IFN-γ regulatory elements in Th1 cells.68,70-72

While differentiated Th2 cells show loss of permissive
marks, repressive H3K27 trimethylation appears along with
increased level of CpG methylation throughout the IFN-γ
locus.68,73 Th1-specific changes of permissive histone modi-
fication are acquired by STAT4 and T-bet. STAT4 binds to
the promoter and other elements like CNS-22 and this leads
to increased levels of permissive histone modifications.
Moreover, BRG1, known as a core factor of chromatin remo-
deling complexes, also interacts with STAT4, and this
induces the IFN-γ mRNA by promoting permissive histone
modificaiotns.74 T-bet, a master regulator of Th1 develop-
ment, also induces Th1 development by increasing expres-
sion level of IFN-γ in STAT4-dependent or -independent
manner.75,76 T-bet alone could bind to mehtylated DNA in
promoter region, and it has recently been reported that T-bet
can interact with jumonji-domain-containing protein histone
demethylase 3 (JMJD3) and histone methyltransferase
SET7, resulting in increased levels of permissive histone
modification in Th1 cells.77,78

Epigenetic regulation of Th2-type cytokines in Th2 
differentiation
Important regulatory elements in IL-4-IL-13 locus show
highly demethylated DNA level during Th2 development
and this correlates with result from 5-azacytidine treatment
or MBD2-deficient T cells.79-81 In mouse Th2-cytokine locus,
many DNase I hypersensitive sites are correlated with the
enhanced IL-4 expression in Th2 cells as well as increased
permissive histone modification. Permissive H3 and H4
acetylation and H3K4 dimethylation are more enriched
throughout the locus, and repressive H3K27 trimethylation
is diminished at the same time.66,82-85 As naïve T cells differ-
entiate into Th2 cells, increased expression of GATA-3 is
necessary for changes in epigenetic modifications within
the IL-4 locus.17,75,82 However, the exact mechanism by which
GATA3 induces epigenetic modifications remains to be
explored. STAT6 also induces Th2 differentiation through
its binding to various regulatory elements.83 Thus, epigenetic
mechanisms in the fully committed Th1 or Th2 lineage
population from naïve T cells shows clear differences in
DNase I hypersensitivity, DNA methylation and histone
modifications.1,79,86 Much facts are still unknown as for the
detailed mechanisms by which factors play crucial role in
epigenetic regulation and the in vivo functional relevance
between the regulatory elements and the epigenetic changes
therein. 

Epigenetic regulation mechanism of IL-10 in Th cells 
Unlike IFN-γ and IL-4, IL-10 is produced in both recently
differentiated primary Th1 and Th2 cells even though Th2
cells produce much higher level (5-7 times depending on
Th2 phenotype with or without re-stimulation) than Th1
cells.87,88 This is very unique phenomenon compared to
exclusive expression profile of IFN-γ and IL-4 in Th1 and
Th2 cells, respectively. As naïve T cells differentiate to Th1
and Th2 cells, Th1 cells slowly lose their ability to express
IL-10 after 1 week of differentiation, while Th2 cells show
increased IL-10 production and maintain high IL-10 levels
(Lee et al., unpublished result). These results suggest a
dynamic chromatin remodeling on IL-10 locus during T
cell differentiation. Although the biological function of IL-
10 in immune system has extensively been studied for
decades, little information is available on the molecular
mechanism of its transcriptional regulation, especially at the
chromatin level. Attempts to identify cis-regulatory elements
have been made using DNase I HSS mapping. In our
previous work, we described the HSS and identified 6 HSS
in CD4 + T cells.89 Later, Wang et al.90 showed that the CNS
+ 6.45 region is a constitutive DNase I hypersensitive site,
and that JunB and c-Jun bind to this region specifically in
Th2 cells. Jones and Flavell87 reported that the CNS-9
region is transcriptionally active in both a Th1 clone (AE7)
and a Th2 clone (D10). However, there are no reports about
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detailed epigenetic regulation mechanism in the primary
Th1 and Th2 cell system. 

Chang et al. showed that IL-10 locus in Th1 cells displa-
yed little acetylation of histone H4 at 3 weeks of skewing in
Th1 conditions, while Th2 cells within 1 week of skewing
showed enhanced histone H4 acetylaton throughout the
locus. The level of acetylation of H4 increased more in 3
weeks of skewing to Th2 cells, therefore, they concluded
that IL-10 gene showed epigenetic imprinting in Th2 cells,
but not in Th1 cells.91 Our own work showed that Th2 cells
have elevated acetylation (on histone H3 at Lys9 and Lys14)
and methylation (on histone H3 at Lys4) at all the CNS sites
compared to Th1 cells (Lee et al., unpublished result). This
change of acetylation level could partly be mediated by
GATA-3, because Shoemaker et al.92 previously reported
that GATA-3 induces acetylation of H3 and H4 of IL-10
gene in promoter region, introns and 3’ downstream region.
There is also a possibility of involvement of Th1-specific
active silencing during Th1 development in the IL-10 locus.
Th1 cells express higher IL-10 levels than naïve CD4 + T
cells upon stimulation, although much lower than Th2 cells.
Indeed, Th1 cells showed higher binding of the active
chromatin markers than naïve T cells, but less than that of
Th2 cells. Both Th1 and Th2 cells might be programmed to
express IL-10. Unlike Th2 cells, Th1-specific recruitment
of a silencing complex to cis-regulatory elements, including
promoter or other regulatory elements could lead to lower
IL-10 expression in Th1 cells.

Epigenetic regulation of Th17 and Treg
Not much is known about the epigenetic and regulatory
mechanisms which govern the Th17-cell differentiation and
development. IL-17A and IL-17F are typically known
representative cytokines of in vivo and in vitro differentiated
Th17 cells.93 Permissive H3 acetylation is involved at the
promoter of IL17a and IL17f genes, and STAT3 is the
known regulator of this histone modification.94,95 RORγt, the
master regulator in Th17 cells, binds to regulatroy locus
CNS region rather than promoter.24 However, there are still
much unknown facts about the epigenetic regulation in
Th17 cells and the factors involved in the regulatory mecha-
nism governing IL17a and IL17f expression. 

Foxp3 is the master regulator for the function of Treg and
could be induced in the peripheral CD4 + 25- T cells.96 Like
other genes, DNA methylation has crucial role in maintai-
ning Foxp3 gene expression. Treatment of DNA demethy-
lating agent, 5-azacytidine, significantly affects Foxp3
expression during induced Treg generation.97-99 Treatment of
TGF-β‚ together with TCR stimulation induces Treg (iTreg)
generation by increasing Foxp3 production. Recently, regu-
latory elements involved in TGF-β-mediated iTreg genera-
tion  has been identified as TGF-β sensor that is responsible
for the binding of transcription factors such as NFAT and

SMAD3.100 However, little is known how those transcrip-
tional regulators are recruited into proximal promoter region
of Foxp3 under induced Treg generation conditions and
what are their exact role as activators or repressors.96 In
addition, extensive investigations are needed to elucidate the
role of epigenetic reprogramming and histone modifying
factors in generation of Treg cells.

The lineage commitment of T helper cells is crucial in con-
trolling immune homeostasis. T helper cell differentiation is
tightly regulated by transcription of crucial target genes
through epigenetic modification with combinatorial network
of transcription factors. So far, many studies have revealed
unique epigenetic marks in distinct cells, and differentiation
stages determine expression kinetics of target genes. These
include DNA methylation, histone modification and recruit-
ment of transcription factors in the genomic locus of target
genes. However, more extensive investigations are needed
to understand the detailed processes of epigenetic regulation.
First, even though the outcome of epigenetic changes leads
to different levels of transcription, there is no fine mapping
of how each epigenetic mark acts in a transcriptional process.
Second, the mechanisms of how specific epigenetic modi-
fications are modulated by specific transcription factors
should be revealed to further strengthen the relationship
between epigenetic marks and modulators such as transcrip-
tion factors, chromatin modifiers and other proteins. Third,
the mechanisms of how epigenetic marks of epigenetic
memory in lineage commitment are specifically established
in different differentiation conditions should be explored
more in detail. Finally, there are more layers of mechanisms
for proper regulation of genes during development and
differentiation such as higher order chromatin remodeling
and three dimensional conformation of chromosomal locus
in nucleus. With recent development of systemic approach
and cutting edge technologies in gene regulation study, we
are hopeful to be able to better understand the diversity of T
helper cell development and the epigenetic mechanisms
associated.
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