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Abstract
Activation of T cells is an essential step in the immunological response to infection. While activation
of naïve T cells results in proliferation and slow differentiation into cytokine-producing effector cells,
antigen engagement with memory cells leads to cytokine production immediately. Even though the
cell surface signaling events are similar in both the cases, the outcome is different, suggesting that
distinct regulatory mechanisms may exist downstream of the activation signals. Recent advances in
the understanding of global epigenetic patterns in T cells have resulted in the appreciation of the role
of epigenetic mechanisms in processes such as activation and differentiation. In this review we
discuss recent data suggesting that naïve T cell activation, differentiation and lineage commitment
results in epigenetic changes and a fine balance between different histone modifications is required.
On the other hand, memory T cells are poised and do not require epigenetic changes for short-term
activation.

Introduction
Upon positive and negative selection in the thymus, naive T cells enter circulation in the
periphery. Those of them that encounter antigen displayed on the surface of antigen presenting
cells (APCs) undergo massive clonal expansion and differentiate into effector cells that secrete
inflammatory cytokines. Several cell types, including macrophages, dendritic cells and B cells,
can play a role of APCs. The full activation of T cells, which leads to proliferation and cytokine
expression, requires two separate signals. One is provided via interaction of T cell receptor
(TCR) with major histocompatibility complex (MHC)-antigen complex on the surface of APC.
The second signal or co-stimulation can be provided via interaction of CD28 receptor of the T
cells with B7 ligands also on the surface of APCs. TCR and CD28 signaling leads to activation
of protein kinase cascade, production of secondary messengers and activation of NFAT, NFkB
and AP1 transcription factors (reviewed in [1,2]).

Depending on the type of infection and cytokine milieu, effector T cells can express specific
characteristic sets of cytokines, which help to activate other components of the immune system
and clear an infection (reviewed in [3]). In the presence of IL-l2 signaling, T cells polarize into
T helper 1 cells (Th1), which express interferon-γ (IFN-γ). IL-4 signaling leads to the
generation of T helper 2 cells (Th2) cells that express IL-4, −5 and −13. Transforming growth
factor-β (TGF-β) is involved in the differentiation of T cells into both T helper 17 cells (Th17)
that express IL-17 and induced regulatory T cells (iTreg) that are characterized by the
expression of the transcription factor FOXP3 [4,5]. Th1 cells play a role in clearing intracellular
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pathogens. Th2 and Th17 cells mediate the immune responses against extracellular parasites.
Regulatory T cells (Treg) cells are involved in the regulation of immune response [4–6]. Once
the infection has been cleared, the majority of the effector cells are eliminated by apoptosis
during the contraction phase of immune response, but some differentiate into memory cells,
which can mount faster response upon re-encountering the antigen[7,8]. Interestingly, the T
cells maintain their ability to alter their lineage specific expression patterns even after
differentiation into specific lineages upon receiving the polarization signals [4,5,9].

Activation of T cells may occur in two different contexts, namely activation of naïve cells that
have never encountered antigen and activation of antigen-experienced memory cells. In the
case of naïve cells, activation leads to proliferation, often production of IL-2 and later
polarization into effector cells that can produce characteristic cytokines such as IFN-γ and IL-4.
Activation of memory cells leads to cytokine production much faster. The same signaling is
believed to occur upon activation of both naïve and memory cells, although memory cells are
thought to be less dependent upon co-stimulation. However, as discussed above, the outcome
of this signaling is different between these cell types.

Both the T cell differentiation and cytokine production require tightly controlled gene
expression, mainly regulated at the step of transcription. It is well established that the chromatin
context has major impacts on transcriptional regulation. Recent studies have shown epigenetic
regulation of chromatin structure to be an important contributing factor in maintaining cellular
functions and homeostatsis. In this review we will discuss recent data suggesting that while
alterations to histone modifications play an integral role in T cell differentiation from naïve to
memory cells, the short-term activation and effector functions of memory cells do not require
global epigenetic changes. The epigenetic conformation of T cells at different differentiation
status is thus finely tuned to respond to external environmental cues.

Mapping the T cell epigenomes
In the eukaryotic nucleus DNA is compacted by wrapping 146 bp of DNA around the four core
histone proteins H3, H4, H2A and H2B, which forms the basic structural unit of chromatin,
the nucleosome. The N-terminal tails of histone proteins, which protrude from the nucleosomes
can be covalently modified in a variety of ways such as acetylation, methylation and
phosphorylation [10]. These modifications can have a direct effect on the gene expression by
condensing or relaxing the chromatin leading to repression or activation, respectively. The
effect can also be indirect where the histone modifications act as signals that are recognized
by transcription factors or co-factors that subsequently regulate gene expression [10–12].

For the study of chromatin state on a genome-scale, recent years have seen development of
novel techniques, most of which are based on chromatin immunoprecipitation (ChIP).
Genome-wide analysis of epigenetic modifications began with the advent of ChIP-chip
procedure where chromatin immunoprecipitated DNA fragments are detected by hybridization
with DNA microarrays. This procedure has been used extensively to detect the localization of
several proteins as well [13–15]. This was followed by sequencing based protocols such as
Genome Wide Mapping Technique (GMAT) [16,17] and Serial Analysis of Chromatin
Occupancy (SACO) [18]. Though they came in different flavors the principle behind all these
procedures is the detection of chromatin immunopreciptated DNA by serial analysis of gene
expression (SAGE) –like protocol. The newest tool in line is ChIP-Seq where ChIP DNA is
directly sequenced using the next-generation massively parallel sequencing [19–25].
Application of ChIP-Seq has led to a superior understanding of several epigenetically regulated
biological processes.

One of the biological systems that has been most studied using ChIP-Seq is T cells [19,20,
26–29]. Among the various modifications of histones in T cells, methylation and acetylation
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have been extensively studied. While all acetylation marks are enriched in active chromatin
regions, histone methylation is more complex since the different degrees of methylation has
remarkably significant variations both in the genomic localization and in their effects on the
gene expression. For example, histone H3 lysine 4 tri-methylation (H3K4me3) is highly
enriched in an about 1 kb region surrounding the transcription start sites of active genes,
H3K4me2 and H3K4me1 marks extend further into the gene bodies of transcribed genes.
Similarly, H3K36me3 and H3K79me3 mark the transcribed regions of genes. However, they
appear to localize to different regions with the former peaking close to the 3′ end of the genes
and the latter peaking at the 5′ end of the transcribed genes. The role that these modifications
play in gene regulation is still unclear. The methylation marks that are linked with gene
silencing are H3K27me2/3, H3K9me2/3 and H4K20me3 [19,30]. The T cell epigenome has
also been investigated using chromatin accessibility assays [26]. The data indicated that DNase
I hypersensitive sites extensively correlated with the presence of “active” histone modifications
including H3K4me3 and H3K4me1, which tend to mark regulatory DNA elements for
transcription [16,26,31,32].

A study on CD4+ T cells, which characterized the genome-wide distribution of 19 histone
lysine and arginine methylations, 18 histone lysine acetylations and H2AZ histone variant
identified gene-specific combinatorial patterns of histone modifications in the human genome,
which may be associated with distinct potential of transcription. Another interesting
observation is that a group of 17 histone modifications co-exist at the promoters of 3,286 genes.
These genes had higher expression levels compared to genes with no modifications [30]. The
significance of the 17-histone modifications clustering in 25% of the genes can be appreciated
from the fact that a mere 0–392 genes could be identified when just one of the 17 modifications
is absent. A notable feature of these genes is the complete lack of repressive H3K27me3. The
clustering of histone modifications suggests cooperation among various chromatin marks. This
may also suggest redundancy of epigenetic regulation, which improves the robustness of the
system through the reinforcement of chromatin modifications with similar functions. This
further reinforces the notion that gene expression through epigenetic mechanisms is a network
of independent but interconnected events [30,33]. However, the existence of any particular
histone modification or a combination of these did not necessarily correlate with the level of
gene expression, indicating that active histone modifications maintain the chromatin in a
transcriptionally permissible state, which is acted upon by transcription factors to bring about
the actual changes to gene expression.

T cell differentiation
Depending on the nature of the encountered antigen, CD4+ T cells undergo differentiation into
various lineages. During the differentiation process, changes in chromatin structure occur
through epigenetic mechanisms such as histone modifications, DNA methylation and
generation of DNase I hypersensitive sites [6,34–37]. Differentiation of CD4+ T cells into their
subtypes appears to be controlled by various layers of epigenetic modifications. The signature
cytokine genes known to define lineage specificity, IFN-γ in Th1 cells, IL-4 in Th2 cells and
IL-17 in Th17 cells, were marked with the active histone modification H3K4me3 in the
appropriate lineages [34,38–40]. However, the repressive modification H3K27me3 clearly
displays an additional level of regulation, as it does not always mark the genes that are not
expressed in a particular lineage. While H3K27me3 marks IFN-γ in Th2 cells, it is completely
absent in naturally-occurring regulatory T cells (nTreg) [41]. Two possible scenarios can
explain this phenomenon: (1) repression of lineage inappropriate genes through other
repressive epigenetic modifications such as H3K9me3 or DNA methylation. (2) maintenance
of the potential for the expression of previously silent genes and lineage switch or epigenetic
plasticity. On the other hand, H3K27me3 extensively marks IL17 in Th1, Th2 and Treg cells
suggesting strong repression in these cells [41].
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An even more striking phenomenon and one that argues for the second scenario, is the
epigenetic modifications of transcription regulators of lineage specificity including Foxp3,
RORγt, T-bet and GATA-3. The Foxp3 gene, which is important for Treg function, is marked
by H3K4me3 in Treg cells. However, it is not marked by H3K27me3 in Th17 cells where it is
silent [41], suggesting that the gene may be expressed under appropriate conditions in Th17
cells. Consistent with this, co-expression of Foxp3 and RORγt with the production of IL-17
has been demonstrated in a subset of T cells [42]. Moreover, nTreg cells could be induced to
express IFN-γ and T-bet by IL-12 induction; and IL-6 mediated suppression of Foxp3 converts
the Treg cells into IL-17 producing cells [41,43,44].

It has been puzzling how Th1 cells produce the Th2-specific cytokine IL-4 and Th2 cells
produce the Th1-specific cytokine IFN-γ under appropriate stimulatory conditions [9]. The
global epigenetic analysis of differentiated T helper cells has provided insights into this
phenomenon [41]. Presence of bivalent modifications at genes encoding key transcriptional
regulators is consistent with the plasticity of the differentiated T helper cells in expressing non-
specific cytokines: the Tbx21 gene, which encodes Th1-specific T-bet, and the Th2-specific
Gata3 gene are marked by both the activating H3K4me3 and the repressive H3K27me3
modifications in the lineages that do not express these factors [41]. The ability of Th17 cells,
where Tbx21 is associated with bivalent modifications, to express IFN-γ again argues for the
importance of bivalent domains in determining the expression pattern switch in the cells [5,
36,41]. Through these studies it is clear that though the lineage commitment leads to expression
of the lineage-specific cytokines, the silencing of the cytokines of alternative lineages is not
always permanent. A potential to express the cytokines of opposing lineage is often maintained
and can be realized in the presence of appropriate stimulus [36,45]. The, epigenetic bivalency
at the genes encoding key regulators appears to maintain this plasticity in the cells.

Bivalent domains were previously shown to be associated with developmentally crucial genes
in mouse embryonic stem cells where they keep genes repressed but prepared for future
expression [46,47]. During differentiation the bivalent domains resolve to monovalency. As
studies in CD4+ and CD8+ T cells have shown, bivalency can exist in non-ES cells as well
[19,31,48]. The erythrocyte precursor CD133+ cells also possess bivalent histone modifications
at several lineage specific genes. During its differentiation into CD36+ cells, genes specific for
other lineages are shut down while the transcriptional activation of genes specific for CD36
lineage occurs [48]. The existence of the bivalent modification suggests that the genomic region
bearing bivalent modifications is subject to a dynamic competition of both the activating and
repressing processes [28]. We proposed previously that cell surface signaling could result in a
shift of balance of H3K4me3 and H3K27me3 modifications and therefore lead to a change in
gene expression [31]. Indeed, our recent study in CD8+ T cells showed that several inducible
genes possess bivalent modifications in the resting state when they are silent [27]. Activation
of the cells resulted in increased expression of several of these genes with a concomitant
increase in the H3K4me3 levels, suggesting an opening of the chromatin structure. Thus
bivalent histone modifications could form the basis for plasticity in T cell subsets. These studies
show that bivalent domains function (1) in ES cells to silence genes involved in development
[46]; (2) in differentiated cells that have the potential to undergo self renewal and further
differentiation [48]; and in (3) terminally differentiated cells that undergo changes to the
chromatin structure while responding to external stimuli [31]. Therefore, bivalent domains can
operate in cells at all developmental stages where a dynamic change in the gene expression
levels is required.

T cell activation
What happens to chromatin during activation of CD4+ T cells? Several groups have
investigated changes in chromatin modifications at key cytokine genes. Agarwal and Rao

Cuddapah et al. Page 4

Curr Opin Immunol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[49] studied differentiation of mouse naïve T cells along Th1 or Th2 pathway and reported that
activation of characteristic cytokine (Ifng or Il4) gene expression coincided with chromatin
remodeling and demethylation at their promoters. Furthermore, differential histone acetylation
at these promoters upon activation and differentiation in Th1 or Th2 direction was observed
[50–52]. Interestingly, chromatin remodeling but not an increase in histone acetylation was
observed at the IL-2 promoter upon its induction as a result of T cell activation [53]. This
variation could be explained by the differences in the length of activation, initial cell state
(memory vs. naïve) and acetylation levels of these gene promoters in resting cells (see below).

Our studies on global changes to the chromatin environment in the resting and short-term
activated CD4+ T cells by ChIP-Seq showed that majority of the genes induced upon activation
already had permissive chromatin environment even while being silent in the resting cells
[54]. For example, E2F1, Il-2, IFN-γ and IL-4 genes already had their promoters marked with
H3K4me3, H2A.Z and other modifications even though these genes were silent in resting cells
[54]. Similar observations were made by others [55] [56]. In addition, RNA Polymerase II (Pol
II) was present at the promoters of inducible genes while they were silent in the resting cells.
Though these genes were not expressed, the presence of activating histone modifications and
presence of Pol II suggested that these genes were poised for expression. Overall, about 20–
30% of all silent genes were poised, but only a small fraction of them was induced during T
cell activation.

Presence of Pol II at a large number of silent genes was previously reported by us and by others
[19,57,58]. It is believed that so called promoter-proximal stalling of Pol II is due to failure of
Pol II to transition from transcription initiation to processive elongation [59]. It was
hypothesized that this transition is controlled by phosphorylation of Pol II C-terminal domain
by positive transcription elongation factor P-TEFb [60], which is a complex of cyclin dependent
kinase CDK9 and one of its cyclins: T1, T2 or K [61]. Interestingly, it was shown that levels
and activity of both CDK9 and cyclin T1 strongly increase upon T cell activation [62,63],
which likely explains how poised genes become expressed. How P-TEFb is targeted to poised
genes during T cell activation is currently unknown.

It remains unclear how poised genes become poised. One possibility is that poising is actually
a memory of past transcription. In a genome-wide study in mouse resting naïve cells no
H3K4me3 was observed at the Il2, Ifng and Il4 promoters [41]. Experiments performed on a
single gene level also showed no histone acetylation in naïve cells and appearance of the
modification upon T cell activation and differentiation [51,52]. Contrary to these results we
observed that positive modifications were already present at cytokine genes. This difference
is likely due to our experiments being performed on total CD4+ cells, which include both naïve
cells, which never expressed cytokines and memory cells, where cytokine genes have been
transcribed in the past. By inference we conclude that the poising signals observed in our study
come from memory, rather than from naïve cells. Indeed, Messi et al.[64] observed differences
in chromatin state at Ifng and Il4 promoters between naïve and memory T cells. These
observations led us to propose a model in which transcriptional memory, particularly epigenetic
marks on chromatin, forms the basis of immunological memory (Fig. 1). Upon activation, naïve
cells go through several checkpoints, which are not completely understood yet, modify their
chromatin and become cytokine-expressing effector cells. After infection clearance, effector
cells die or become resting memory cells [7]. Cytokine gene expression ceases in memory
cells, but positive chromatin modifications stay at key regulatory regions including promoters
and enhancers, leaving them in a poised state. This means that when the antigen is encountered
again these cells do not have to modify chromatin and can start to produce cytokines much
faster. Indeed regulation of a cytokine gene expression by Pol II stalling has been recently
reported during activation of macrophages[65,66].
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Conclusion
Recent global studies have lead to an understanding of the epigenetic mechanisms in critical
T cell functions such as differentiation and activation. Characterization of the genome-wide
distribution of a number of histone modifications has provided new insights into the flexibilities
of gene expression programs of various subsets of T cells, which were earlier considered
terminally differentiated. More complete analysis of the T cell epigenome is required to
understand how the cell fate decisions are made in response to various stimuli and to elucidate
the mechanisms of specificity and plasticity of polarized cells. While the dynamics of
epigenetic modifications in the process of differentiation is apparent, its role in activation of
T cells remains relatively unclear. Global distribution of chromatin modifications and Pol II
in purified naïve and memory populations will yield more information on whether epigenetic
gene poising indeed forms the basis of immunological memory.
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Figure 1.
Model: Transcriptional Memory is a Basis of Immunological Memory. (a) In naïve T cells
genes required for effector function are repressed by histone or DNA methylation (red
nucleosomes). Upon activation, naïve T cells massively remodel their chromatin, recruit RNA
Polymerase II and start to express cytokines (b). After elimination of infection surviving
effector T cells become memory T cells (c). These cells stop expression of effector genes, but
positive chromatin modifications (green nucleosomes) and sometimes RNA Polymerase II
remain and keep the genes in a poised state. This allows cells to quickly express effector genes
upon repeat infection.
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