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It has recently become clear that cytokine expression by T cells
involves epigenetic changes in chromatin structure, locus
accessibility and DNA methylation that occur during
differentiation of naive T cells into mature effector T cells.
These changes require the coordinate actions of antigen- and
cytokine-induced transcription factors, chromatin remodeling
complexes, histone-modifying enzymes and subset-specific
transcription factors.
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Introduction
When naive T helper cells encounter antigen for the first
time in the periphery, they begin a process of peripheral
differentiation that includes commitment to a specific pat-
tern of cytokine production. Th1 cell populations produce
INF-γ but not IL-4 whereas Th2 cell populations tran-
scribe the IL-4, IL-5 and IL-13 genes but not the INF-γ
gene (individual T cells may show varied cytokine expres-
sion). These patterns of gene expression are strongly
influenced by the local cytokine milieu: IL-12 and IL-4
strongly potentiate Th1 and Th2 differentiation, respec-
tively, via the transcription factors STAT4 and STAT6.
Clinically, INF-γ production is associated with inflamma-
tory responses to bacterial antigens and with autoimmune
disease whereas IL-4, IL-5 and IL-13 mediate allergic
reactions and immune responses against helminthic para-
sites. These basic aspects of T cell differentiation have
been thoroughly covered in many excellent reviews [1–7].

When first stimulated with antigen, naive T cells produce
IL-2 but are incapable of producing large quantities of cer-
tain other cytokines, including IL-4 and IFN-γ.
Stimulation initiates a differentiative phase in which those
genetic loci that are destined to be transcriptionally active
in the differentiated cells become ‘competent’ for future
transcription, a process associated with changes in chro-
matin structure of cytokine genes ([8–10]; reviewed in
[4,11]). Three stages of cytokine expression may be distin-
guished: an initiation phase that is highly dependent on
antigen, cytokines and cytokine-induced STAT factors [5];

a commitment phase — mediated by subset-specific tran-
scription factors such as GATA3 and cMaf (Maf) in Th2
cells and by T-bet and ERM in Th1 cells [6,7] — in which
the differentiated phenotype is stabilised and maintained
in the absence of further stimulation; and a phase of acute
gene transcription, elicited by secondary contact of differ-
entiated T cells with antigen, that requires the
antigen-induced transcription factor NFAT [12,13••]. Here
we review recent data on these phases of T cell differenti-
ation, focusing on the IL-4/IL-5/IL-13 genes, which are
particularly important for allergy. 

Structural changes in chromatin during
lymphocyte differentiation and activation
Early chromatin decondensation
As pointed out by Zhao et al. [14•], antigen-induced acti-
vation leads to rapid and visible decondensation of the
highly heterochromatic nucleus of naive T cells. These
workers have suggested that chromatin decondensation
might be mediated by the BAF (BRG1-associated factors)
family of chromatin-remodeling complexes (for a recent
review of chromatin-remodelling complexes, see [15,16]).
TCR stimulation caused tight, rapid (i.e. after 10–15 min-
utes) and selective association of BAF complexes with the
nuclear matrix of primary murine T cells, an effect appar-
ently mediated by phosphatidylinositol (4,5) bisphosphate
(PIP2) via actin and an actin-like protein (BAF53) that is
present in the complex. The effect may not be limited to
naive T cells but may constitute a general T cell activation
response. BAF complexes may exert global effects in the
nucleus or may be selective for certain target genes, for
instance when gene expression is polarised by combined
antigen/cytokine stimulation. 

Changes in DNase I hypersensitivity
In the IL-4/IL-13 locus, naive T cells exhibit only two
DNase I hypersensitive sites (DH sites) in an interval of
~43 kilobases (kb) spanning the IL-4 and IL-13 genes;
within 48 hours of primary stimulation in the presence of
IL-4, 10 additional clusters of Th2-specific DH sites are
observed ([8,9]; S Agarwal, D Lee, A Rao, unpublished
data; Figure 1a). At this time, IL-4 mRNA is barely
detectable, indicating that chromatin remodelling is an
early differentiative event. Two intergenic DH sites and the
3′ DH site V are contained within conserved noncoding
sequences (CNS-1 and -2) that were identified by sequence
comparison of syntenic regions of mouse chromosome 11
and human 5q31 regions [17••] (Figure 1a). All 10 DH sites
are stable markers of differentiated Th2 cells. Stimulation
of differentiated cells leads to appearance of a novel hyper-
sensitive site (VA) 3′ of the IL-4 gene (Figure 1a); this site
corresponds to an inducible IL-4 enhancer, which binds the
antigen-induced transcription factor NFAT and the
Th2-specific nuclear factor GATA3 [13••].
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In the IFN-γ locus, naive murine CD4+ T cells show only
one weak DH site over an ~11 kb region spanning the
IFN-γ gene; their differentiation into Th1 cells is accom-
panied by the appearance of at least two additional
constitutive DH sites (Figure 1b). Stimulation of differen-
tiated T cells attenuates the intensity of one of the DH
sites in the murine IFN-γ gene [13••]. Inducible DH sites
have been observed 5′ of the human IFN-γ promoter [18]. 

The proteins that form the constitutive DH sites in the
IL-4/IL-13 and IFN-γ loci have not yet been identified.
DH sites mark nucleosome-free regions or other perturba-
tions of canonical nucleosome structure, generally as a result
of protein binding to adjacent DNA elements [19,20].
Appearance of DH sites in the IL-4 gene is far less efficient
in T cells lacking STAT6 [8]. STAT6 synergises with anti-
gen to induce the Th2-specific nuclear factors GATA3 and
Maf [21••]. Ectopic expression of GATA3 suffices for
appearance of all the Th2-specific DH sites in the IL-4
gene [22••,23], consistent with the possibility that GATA3
binds directly to at least some of these DH sites. GATA3
also binds directly (with NFAT) to the region of the
inducible DH site VA, which marks an IL-4 enhancer [13••].

Maf-deficient T cells do not show detectable changes in the
pattern of either the constitutive or inducible DH sites in
the IL-4 gene [13••] but in vivo footprinting indicates that
the Maf-binding site in the IL-4 promoter is constitutively
occupied in resting Th2 cells [24].

Histone modifications
Typically, acquisition of transcriptional competence is
marked not only by an altered pattern of DH sites but also
by overall increases in histone acetylation and general sen-
sitivity to DNase I [25]. Other histone modifications,
including phosphorylation and methylation, have been
described [26]. Together, these modifications may induce
an ‘open’ DNA conformation that permits greater access of
transcription factors to their nucleosomal binding sites;
moreover, the modified histone tails may serve as docking
sites for nuclear proteins that positively influence tran-
scription [26]. Like other transcription factors, NFAT and
STAT6 bind the histone acetyltransferases p300 and
CBP [27–29], and may recruit these coactivators to the
IL-4/IL-5/IL-13 locus during Th2 differentiation. Conversely
BCL-6, a zinc finger transcriptional repressor — which
binds sites recognized by STAT factors and interacts with
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Diagram showing changes in DNase I hypersensitivity over (a) ~43 kb of
the IL-4/IL-13 locus and (b) ~11 kb of the IFN-γ locus during
differentiation of murine CD4+ T cells and following activation of
differentiated CD4+ T cells. Together with antigen, IL-4/STAT6 and
IL-12/STAT4 play important roles in the initiation of Th2 and Th1
differentiation. Transcription factors that are preferentially expressed in the
Th2 and Th1 lineages — GATA3, T-bet and others — are especially

important in the commitment phase; NFAT is especially important in acute
gene transcription. At the bottom of the figure, NFAT, GATA3 and Maf are
shown binding to the IL-4 promoter; for a discussion of other transcription
factors implicated in IL-4 and IFN-γ gene transcription, see [7]. Numbered
arrows indicate DH sites. In the middle and lower panels of (a), 3,2 and 1
above the lines refer to DH sites HSS3, HSS2 and HSS1, respectively.
KIF3 is a brain-specific protein whose gene is near the IL-13/IL-4 locus.
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a histone deacetylase (HDAC)-containing corepressor
complex [30] — represses Th2 differentiation as judged by
the pronounced Th2 bias of BCL-6-deficient mice [31]. A
similar Th2 bias is observed in T cells lacking both STAT6
and BCL-6 [32], suggesting either that BCL-6 inhibits a
pathway of Th2 differentiation that does not involve
STAT6 or that, in the absence of BCL-6, STAT6 is not as
crucial for promoting chromatin accessibility. 

DNA demethylation
It has been known for many years that silent genes are pre-
sent in regions of hypermethylated DNA whereas active
genes are marked by hypomethylation. DNA methylation
recruits methyl-CpG-binding proteins such as MeCP2,
which in turn recruits corepressors such as the SIN3–HDAC
complex [33]. Consistent with this paradigm, Th1 and Th2
differentiation are associated with selective demethylation
of the IFN-γ and IL-4/IL-5/IL-13 genes, respectively
[10,34]; however demethylation may be more relevant to
commitment than to the initiation phase of T cell differ-
entiation ([34]; S Agarwal, D Lee, A Rao, unpublished data). 

The bulk of DNA methylation occurs symmetrically on
CpG dinucleotides. Newly replicated DNA strands contain
cytosine in place of methylcytosine; following replication,
DNA methyltransferases recognise the hemi-methylated
CpG and recreate the fully methylated state. As a result,
the methylation status of DNA is stably maintained even
in dividing cells. The mechanism by which cytokine genes
become demethylated during T cell differentiation is not
understood: demethylation could occur through action of a
demethylase or through local inhibition of the methyl-
transferase [35]. 

Probabilistic aspects
Cytokine expression during T cell differentiation is varie-
gated, showing evidence of probabilistic, ‘on/off’ regulation
in individual cells (reviewed in [3,4]). Even after optimal
stimulation with antigen and cytokine, the fraction of
naive T cells that actually commits to cytokine expression
is surprisingly low. This behaviour is also apparent as a
propensity to monoallelic expression of cytokine genes
([36,37] and references therein). The situation is reminis-
cent of position effect variegation, a phenomenon in which
gene expression is determined in a stochastic fashion by
chromatin accessibility [38]. Indeed, stimulation of naive
T cells in the presence of butyrate (a general inhibitor of
histone deacetylases) or azacytidine (an inhibitor of cyto-
sine methylation) markedly increases cytokine expression;
together the drugs strongly synergise to enhance IL-4
expression even in STAT6-deficient T cells [10]. 

The conserved CNS-1 region, containing the Th2-specific
DH sites HSS1 and HSS2, also influences the probability
rather than the level of Th2 cytokine expression [17••].
Transgenic mice carrying yeast artificial chromosomes con-
taining the human IL-4/IL-13/IL-5 locus showed
appropriate expression of the human cytokines in Th1,

Th2 and NK T cells; however, when CNS-1 was deleted
from the transgene by Cre-mediated recombination, there
was a 50–75% decrease in the number of Th2 cells express-
ing human IL-4 and IL-13, without a significant effect on
the level of cytokine expression per cell. CNS-1 also affect-
ed expression of the human IL-5 gene, located 120 kb
away; but it did not affect expression of the nearby RAD50
and KIF3 genes (these show ubiquitous and brain-specific
expression, respectively). Thus CNS-1 acts selectively over
long distances to increase the probability of IL-4/IL-5/IL-13
gene expression in a chromatin context, in a manner remi-
niscent of locus control regions (LCRs) and certain
enhancers that can induce uniform expression and sup-
press silencing of transgenes that have been integrated
into repressive locations such as centromeres [25,38,39].

Sequential actions of transcription factors
during lymphocyte differentiation and activation
Initiation
Cell cycle dependence
In response to a single antigenic stimulation of naive
T cells, cytokine expression showed a striking hierarchy of
dependence on cell division: IL-2 was expressed prior to
cell division, IFN-γ production required S phase entry, and
IL-4 expression required a threshold number of three to
four cell divisions [10,40]. In contrast, if naive T cells were
first stimulated with antigen and then their ability to pro-
duce IL-4 was assessed in response to a second, short
stimulation with PMA (phorbol myristate acetate) and ion-
omycin, cells that had not divided at all were capable of
making IL-4 [41]; however, optimal IL-4 production still
required multiple cell divisions and the use of cell-cycle
inhibitors indicated that passage through S phase was nec-
essary. Nucleosome disassembly occurring during the S
phase might be needed for binding of nuclear factors to
cytokine genes (or genes encoding other inducible pro-
teins, such as T-bet or GATA3, that are needed for
cytokine expression). DNA replication is also required for
passive demethylation of DNA, necessary to displace the
repressive chromatin structure induced by
MeCP2–SIN3–HDAC complexes [35]. 

The role of antigen- and cytokine-induced transcription factors
TCR stimulation is essential to initiate Th1/Th2 differen-
tiation. Riviere et al. [37] generated mice in which one IL-4
allele was replaced with DNA encoding a cell surface
marker, human CD2. This allowed them to monitor inde-
pendently the expression of each allele, by combining cell
surface staining for the ‘knocked-in’ human CD2 marker
and intracellular staining for endogenous IL-4. As the
strength of initial antigenic stimulation was increased, a
greater fraction of T cells expressed either or both alleles
[37], implying that antigen-induced processes or transcrip-
tion factors are limiting at early stages of differentiation. 

IL-4/STAT6 and IL-12/STAT4 increase the probability of
T helper cell differentiation and impose efficiency and
selectivity [22••,42,43]. STAT6 synergises with antigen to



upregulate GATA3 [21••], a powerful inducer of Th2
differentiation [44,45]. Forced retroviral expression of
STAT6 or GATA3 skews differentiation towards the Th2
phenotype, suppressing IFN-γ expression and increasing
the frequency of cells expressing Th2 cytokines
[21••,22••,23,46]. Forced expression of T-bet has the oppo-
site effect [47••]. A small number of STAT6-deficient
T cells are capable of IL-4 expression; strikingly, these are
exactly those that detectably express GATA3 [22••], again
indicating that STAT6 acts through GATA3 to increase the
probability of Th2 cytokine expression. 

The transient activation of NFAT and STAT proteins
leads us to postulate that they use a ‘hit-and-run’ mecha-
nism to initiate cytokine gene expression, such as that
utilised during mating type switching in yeast [48]. In
this system, a very transient binding of the SWI5 tran-
scription factor to the HO endonuclease gene suffices to
recruit the SWI–SNF chromatin remodelling complex
and the SAGA histone acetyltransferase complex, and the
resulting chromatin structural changes facilitate the sta-
ble binding of a cell-type-specific transcription factor,
SBF. Consistent with this hypothesis, NFAT is known to
bind directly to promoter/enhancer regions of cytokine
genes [12,13••] and may cooperate at some of these
regions with cytokine-induced STAT factors. Binding
sites for NFAT and STAT proteins have been identified
in the IL-4 promoter, the IL-4 3′ enhancer and an intron-
ic region of the IFN-γ gene [13••,49,50]. As mentioned
above, both NFAT and STAT6 are capable of recruiting
the coactivators p300 and CBP, which possess histone
acetyltransferase activity [27–29].

Commitment
Commitment is mediated by subset-specific transcription
factors such as GATA3, Maf and T-bet (reviewed in [6,7]).
GATA3 and T-bet act globally on Th1 and Th2 differenti-
ation, exerting both positive and negative effects on
multiple cytokine genes, whereas Maf has a strong nega-
tive effect on Th1 differentiation but its positive effects
are restricted to IL-4 [7,51,52]. The positive effects of
these transcription factors must reflect their ability to
maintain an accessible chromatin configuration of cytokine
genes, most probably by direct recruitment of chromatin-
remodelling complexes and histone acetyltransferases to
the regulatory regions of cytokine genes. The repressive
effects could be mediated either directly (if the proteins
bound and recruited repressive complexes to opposing
cytokine genes) or indirectly (if they induced secondary
factors that actually mediated repression). The basis for
selective activation and repression remain to be under-
stood: potentially, a single transcription factor might
interact with distinct coactivator and corepressor proteins
at different genetic loci in the same cell. 

T cell commitment requires a mechanism for maintaining
constitutive expression of subset-specific nuclear factors in
resting cells. So far, this requirement has been met by

GATA3, which autoregulates its own expression [22••].
Potentially, subset-specific factors could regulate — posi-
tively or negatively — not only their own expression but also
that of other subset-specific factors, thus forming dynamic
regulatory networks that maintain phenotypic homeostasis. 

Notably, cytokines and subset-specific transcription factors
exert their skewing effects most efficiently when
expressed at early stages of Th1/Th2 differentiation
[21••,22••,23,46,53] although overexpressed GATA3 and
T-bet do show a limited ability to reverse the phenotype of
committed Th1 and Th2 clones, respectively [23,47••].
Cytokine loci may be particularly prone to irreversible
silencing, perhaps by dense DNA methylation or reposi-
tioning to heterochromatin. The Ikaros family of
haemopoietic-cell-specific transcription factors may be
involved in maintaining epigenetic gene repression in
replicating lymphocytes. Ikaros proteins are found in
Mi-2–HDAC complexes with chromatin remodeling and
histone deacetylase activity [54]; they colocalize with tran-
scriptionally silent genes in heterochromatin [55,56]. 

Acute gene transcription
Gene transcription by differentiated Th1 and Th2 cells in
response to TCR stimulation is mediated by inducible
transcription factors such as NFAT [12]. Arrays of NFAT-
binding sites are found not only in proximal promoters but
also in distal enhancers such as those identified in the
IL-3, IL-4 and GM-CSF genes [13••,57,58]. Although
NFAT is expressed at equivalent levels in T cell subsets,
it binds cytokine regulatory regions in a cell-type-specific
manner in vivo, associating with the IFN-γ promoter only
in stimulated Th1 cells and with the IL-4 promoter and
enhancer only in Th2 cells [13••]. The mechanism of
selective association is unknown: it may reflect selective
alterations in chromatin structure that occur during
T helper cell differentiation or a need for cooperation with
subset-specific transcription factors such as GATA3.

Conclusions
The model of T cell differentiation discussed here has
parallels in many other systems, including the β-globin
locus, the chicken lysozyme locus and the human CD2
locus (reviewed in [25,38,39,59]). In each case, differenti-
ating loci are characterised by changes in DNase I
hypersensitivity and transcriptional competence; acquisi-
tion of transcriptional competence precedes overt gene
transcription; differentiation and transcription are subject
to binary, probabilistic regulation by enhancers and locus
control regions; and full commitment to a specific lineage
is established gradually, is effectively irreversible and cor-
relates with DNA methylation, histone deacetylation and
repositioning of genes to inactive regions of chromatin.
With the advent of transgenic mice, the T cell system
offers several advantages: large numbers of primary, anti-
gen-specific naive T cells are available from TCR
transgenic mice; differentiation and acute transcription are
induced with the same antigenic stimulus but are cleanly
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separated in time; significant progress has been made in
identifying transcription factors that influence differentia-
tion, commitment and acute transcription; and a variety of
transgenic and gene-targeted animal models have been
develped in which to study the effects of transcription
factors on allergy and asthma (e.g. [44]).
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