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Abstract

Clonal expansion of virus-specific naive T cells during an acute viral infection results in the formation
of memory CD8 T cells that provide the host with long-term protective immunity against the pathogen.
Memory CD8 T cells display enhanced effector functions compared with their naive precursors,
allowing them to respond more rapidly and effectively to antigen re-encounter. The enhanced
functions of memory CD8 T cells are mediated by heritable changes in gene regulation. Expression of
select transcription factors along with locus-specific epigenetic modifications are coupled to and are
essential in the formation of memory-specific gene expression patterns. Here, we will review the
changes in gene expression that accompany development of memory CD8 T cells and discuss
chromatin modifications as a potential means for heritable propagation of these changes during
homeostatic cell division of self-renewing memory CD8 T cells. Also, we will discuss therapies that
manipulate heritable gene regulation as a potential mechanism to restore function to non-functional
memory CD8 T cells to combat chronic viral infection.
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Introduction

CD8 T lymphocytes are a vital component of the adaptive
immune response and are crucial to the control and clear-
ance of intracellular pathogens. The CD8 T-cell response
to an infection can be divided roughly into three stages: ex-
pansion, contraction and memory (Fig. 1A). In the expansion
phase, antigen-specific naive T cells expand ;105 fold, ex-
press select cytokines and homing markers and acquire
what are known as ‘effector’ functions, the ability to kill
infected cells, secrete anti-viral cytokines and activate other
immune cells (1–11). Following viral clearance, the antigen-
specific CD8 T-cell population contracts by 90–95% and
the remaining 5–10% further differentiates into memory CD8
T cells that persist in the absence of antigen and provide
long-term protection against re-infection.
Mouse models have shown that all memory CD8 T cells

derive from effector cells that express cytolytic molecules
such as granzyme B and perforin, key molecules involved in
killing infected cells (12–14). As granzyme B expression is
a hallmark feature of effector CD8 T cells, this indicates that
memory cells are derived from effector cell precursors. How-
ever, not all effector CD8 T cells have equal capacities to
give rise to memory cells. This is evident early during the ex-
pansion phase of the CD8 T-cell response. Antigen-specific
CD8 T cells that express high levels of the IL-2 receptor

CD25 a few days after an infection starts are predisposed
to undergo contraction following viral clearance, while
CD25low cells have the ability to give rise to memory cells.
Later during the response, CD8 T cells expressing high lev-
els of the IL-7 receptor CD127 and low levels of the activa-
tion marker Klrg1 show the highest capacity to generate
memory cells, while their CD127low Klrg1high counterparts
are more likely to be eliminated during the contraction phase
(15–17).
Thus, it is clear that even at early time points after anti-

gen exposure, CD8 T cells become committed to diverging
pathways of differentiation. It has been proposed that the
first such lineage commitment may occur during the asym-
metric cell division that follows a naive T cell’s initial en-
counter with antigen (18). An alternative hypothesis, which
we favor, is that all antigen-specific T cells initially have the
capacity to generate memory cell progeny but may lose
this capacity and differentiate into ‘terminal effectors’
through a stochastic process. The duration of signals deliv-
ered through the T-cell receptor plays a key role in this pro-
cess. An optimal length of antigen exposure promotes
memory CD8 T-cell development while longer exposures
drive CD8 T cells to terminal effector differentiation and the
loss of memory precursor potential. In the extreme case,
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Fig. 1. Mechanisms for acquired heritable changes in gene expression in the formation of functional memory CD8 T cells. (A) Cartoon depiction
of antigen-driven clonal expansion (;105 fold) of naive CD8 T cells differentiating into cytolytic effector cells. The effector cell population
contracts 90–95% yielding a functional memory cell population that is capable of antigen-independent homeostatic proliferation. Gray = slow
antigen-driven response, white = active antigen-driven response and green = poised for rapid antigen-driven response. The y-axis is a log scale.
Differential gene expression values of memory versus naive cells were reported by Sarkar et al. (17). (B) Heritable chromatin accessibility is
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chronic persistent antigen exposure may lead a CD8 T-cell
population to a state of reduced functionality known as
‘exhaustion’ (19).
The effector-to-memory transition results in a shift of the

virus-specific CD8 T-cell immune response from active
cytolytic functions to a state of preparedness. Upon antigen
re-exposure, memory CD8 T cells express key effector
molecules, such as the cytokines interferon-c and interleukin
2, much more rapidly than their naive predecessors
(1, 20, 21). Although they undergo similar rates of antigen-
dependent proliferation compared with naive cells, memory
cells divide more frequently in the absence of antigen, a pro-
cess referred to as homeostatic proliferation. This allows
their numbers to be maintained for the life of the host (22–
24).
The life-long immunity provided by memory CD8 T cells

facilitates the efficient control of previously encountered
viruses and intracellular pathogens (25). In this review, we
will focus on potential mechanisms that may allow for these
heightened functional properties of memory CD8 T cells to
be established during differentiation and propagated during
homeostatic proliferation. We will also briefly discuss po-
tential avenues for therapeutic intervention to repair non-
functional memory CD8 T cells as a means to control chronic
viral infections.

Changes in gene regulation define CD8 T-cell memory

Unlike B cells, whose heightened potential to clear infection
arises through changes in the antigen-specific receptor, the
B-cell receptor, the increased responsiveness of memory
CD8 T cells occurs in the absence of change to TCR affinity
(26). The functional qualities that define memory CD8 T cells
result from stable changes in gene expression patterns that
are propagated through cell division without changes to
the DNA coding sequence, and without a requirement for
continued antigenic stimulation. Resting pathogen-specific
memory CD8 T cells have thousands of genes that are differ-
entially expressed relative to naive CD8 T cells (17, 27–29).
These genes may be up- or down-regulated relative to naive
cells, while other genes are expressed at similar levels but
are poised for rapid re-expression in memory cells upon
antigen encounter (27, 28, 30) (Fig. 1A and C).
The dramatic difference in gene expression profiles be-

tween naive and memory CD8 T cells is potentially explained
by the observed differential expression of lineage-specific
transcription factors. It is well established that master regula-
tory transcription factor(s) control lineage fate decisions

among many cell types, with the classic example being
myogenic differentiation 1 expression promoting differentia-
tion of muscle cells (31). Furthermore, expression of the tran-
scription factor Forkhead box protein 3 (Foxp3) is essential
and sufficient to induce CD4 regulatory T-lymphocyte devel-
opment (32, 33).
On the other hand, memory formation in T cells is critically

linked to the expression of several lymphocyte-specific tran-
scription factors, yet a single ‘master regulatory’ transcription
factor that is sufficient for inducing CD8 T-cell memory has
not been found (34–38). Expression of inhibitor of DNA bind-
ing 2 (ID2), T-box expressed in T cells (Tbet) and eomeso-
dermin is induced at the effector stage of CD8 T-cell
differentiation. During the subsequent development of mem-
ory cells, levels of eomesodermin increase, Tbet expression
decreases and ID2 expression remains constant (35, 36).
Maintenance of these patterns of stage-specific up- and
down-regulation for these genes is crucial in the establish-
ment of functional memory T cells. The transcriptional regula-
tors B lymphocyte-induced maturation protein 1 (Blimp-1)
and B-cell CLL/lymphoma 6 (Bcl6) also play key roles in
controlling memory cell development (39). Each transcription
factor represses the expression of the other and promotes
an opposing differentiation pathway; Bcl6 enhances CD8
T-cell memory formation (34), while Blimp-1 expression pro-
motes formation of terminal effectors (37, 38). Furthermore,
deletion of Blimp-1 results in a greater quantity of memory
CD8 T cells relative to wild-type mice following acute viral in-
fection (37, 38).
The mechanism for lineage commitment between terminal

effectors and memory CD8 T cells has received a tremen-
dous amount of attention recently. Interestingly, although
quite distinct in their abilities to develop into either terminal
effector or memory CD8 T cells, early precursors for each of
these populations only exhibit minimal differences in tran-
script expression compared with the striking differences
seen between bulk effector and memory virus-specific CD8
T cells (16, 17). Rather than having instantaneous differen-
ces in gene expression in the precursor subsets of effector
cells, an alternative mechanism might be that heritable gene
expression programs are applied in the precursor popula-
tions allowing for a delayed effect in gene regulation of the
committed cells.
Taken together, the data described above clearly demon-

strate that the commitment to a memory CD8 T-cell lineage
is coupled with the expression of specific transcription fac-
tors. How then are these patterns of transcription factor ex-
pression maintained over time and through cycles of cell

mediated by epigenetic modifications. Histone (brown cylinder) hypoacetylation and DNA (black line) hypomethylation correspond to
transcriptional activation. Compact heterochromatin contains Mbd proteins and other to be determined proteins that block transcription factors
(TF) and the RNA polymerase (Pol) from accessing the gene of interest. A list of known enzymes and proteins involved in the epigenetic process
includes histone acetlyltransferases (HAT), DNA methyltransferases (Dnmt), histone deacetylases (HDAC) and proteins containing a methylated
DNA binding domain (Mbd). Modifications to epigenetic marks are acquired for several different genes following TCR signaling of CD8 T cells.
Genes programmed for downregulation obtain repressive marks correlated with chromatin condensation during the ‘‘off’’ stage of transcription,
while activating marks are obtained by genes that become accessible to transcription factors and polymerase. (C) An emerging mechanism to
explain the rapid recall potential of memory CD8 T cells suggests that genes that are rapidly expressed upon TCR-mediated activation have an
acquired epigenetic program that either allows quick access by TF or is a result of the persistent presence of a TF.
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division? The answer is thought to lie in the structure of the
chromatin encoding these genes.

Heritable access to chromatin

If the human genome were laid out in a straight line, its span
would be roughly that of the height of an adult (;2 m); thus,
a mechanism has evolved that condenses our genome to fit
within a nucleus with a diameter of ;6 lm. Decades of re-
search have revealed that this process of genomic conden-
sation is quite dynamic and coupled to cell lineage-specific
gene expression profiles (40, 41). In particular, naive T-cell
chromatin accessibility is pliable and responsive to extracel-
lular cues such as ligation of the TCR (signal 1) and CD28
(signal 2) (42, 43). Therefore, a description of antigen-
induced adaptation to the gene expression profile should in-
clude modifications to the chromatin.
The mechanism for the heightened recall potential that

a memory CD8 T cell has to antigen must be propagated
during homeostatic proliferation to the daughter cell. As dis-
cussed above, much of the acquired function of a memory
cell occurs in the form of differential gene regulation relative
to naive cells. Heritable modifications to gene regulation
without changes in the DNA sequence are referred to as
epigenetic mechanisms. The major eukaryotic mechanisms
for epigenetic programming include DNA methylation/
demethylation, histone modifications and non-coding RNA-
mediated transcriptional and post-transcriptional regulation
(44, 45). Transcriptional regulation through these multiple
types of epigenetic programs is thought to occur by block-
ing transcriptional initiation; however, our understanding of
epigenetic mechanisms is incomplete thus the need for fur-
ther exploration. A basic model for understanding epigenetic
mechanisms is presented in Fig. 1(B). The formation of het-
erochromatin (i.e. tightly packed) versus euchromatin (i.e.
loosely packed) is coupled to modifications of both histone
(acetylation and methylation) and DNA (cytosine methyla-
tion). In general, nucleosomal modifications that lead to
more compact heterochromatin result in transcriptional re-
pression of that region of DNA, while modifications that are
characteristic of euchromatin promote transcriptional activa-
tion (Fig. 1B) (45). The epigenetic enzymes associated with
transcriptional repression include histone deacetylases
(HDAC), histone methyltransferases, histone demethylases
and cytosine-5 DNA methyltransferases (Dnmt). Interestingly,
histone methylation patterns are multifaceted but allow faith-
ful transmission of transcriptional regulation. It is now quite
clear that different patterns of mono-, di- and tri-methylation
on individual lysine residues of a histone are associated
with repression, activation and poised states of transcription
(41, 46). DNA methylation in mammals occurs predominantly
at C–phosphate–G (CpG) dinucleotides (45, 47), while
histone acetylation and methylation occur on many residues
of histones, often referred to as the histone code (Fig. 1B)
(45, 48, 49). Histone and DNA modifications appear to
be coupled processes, that is, histone modifying enzymes
are sensitive to the DNA methylation status and vice
versa (49).
As a cell divides, the ensemble of epigenetic marks pro-

vides a program for the daughter cells to ‘remember’ the

transcriptional status of the parental cell. Properly orches-
trated epigenetic modifications are essential for the normal
development of mammals (44, 45). Many examples exist
where disruption of these epigenetic events results in human
diseases including immunodeficiency, centromere instability
and facial anomalies syndrome (50), Fragile X syndrome
(50) and many different cancers (51, 52). Of particular rele-
vance, hypomethylation of the DNA for select promoters is
associated with aberrant T-cell development resulting in au-
toimmune diseases such as lupus (53, 54). The above de-
scribed mechanisms of epigenetic gene regulation provide
an attractive model for explaining how functional properties
are acquired by memory CD8 T cells and propagated during
the self-renewal process, but does experimental evidence
support it?
In both human and mouse memory CD8 T cells, changes

to histone modifications have been seen on genes that are
up-regulated relative to naive CD8 T cells (55, 56). Treatment
of memory CD8 T cells with curcumin, an inhibitor of histone
lysine acetylation, blocks their ability to rapidly up-regulate
granzyme B following antigen stimulation (57). An under-
standing of the mechanism for the propagation of histone
modifications to the daughter cells following DNA synthesis
is evolving but remains incomplete (58).
On the other hand, the mechanism for propagating CpG

DNA methylation is better understood. The palindromic na-
ture of the CpG substrate for methylation provides the tem-
plate for copying the methylation program from parental to
newly synthesized DNA daughter strand. The importance of
this process for memory generation is highlighted by condi-
tional deletion in CD8 T cells of Dnmt1, the enzyme that
maintains the methylation pattern during DNA replication
(47, 49, 59–62). Loss of Dnmt1 reduces the quantity and
self-renewal capacity of memory CD8 T cells following acute
viral infection (63, 64), and also leads to the aberrant ex-
pression of Foxp3 in CD8 T cells (65). Consistent with the
conditional knockout studies of Dnmt1, deletion of Mbd2
(a DNA methylation binding transcriptional repressor) results
in a normal effector CD8 T-cell response but a significant
reduction in the quantity and quality of virus-specific mem-
ory CD8 T cells (63, 66). Thus, an essential feature in the
formation of CD8 T-cell immunity is for DNA methylation pro-
grams to be maintained and properly interpreted in a prolifer-
ating memory CD8 T cell.
The level of DNA methylation has been observed to be in-

versely correlated with the expression of key effector
molecules. Virus-specific CD8 T cells acquire a demethylated
IL-2 promoter as they differentiate from naive to effector
and the unmethylated status is maintained throughout
memory development (20, 67). In contrast to this ‘off–on’
pattern of gene expression, where gene expression in-
creases at the effector stage and stays elevated through
memory, other genes display an ‘off-on-poised’ gene expres-
sion profile. Genes that follow this pattern of regulation in-
crease at the effector stage and retract back to naive levels
of expression, but are capable of rapid antigen induced
re-expression (Fig. 1B and C) (17, 28, 68). This faster re-
expression of many effector molecules, such as IFNc
and granzyme B is the defining feature of good functional
memory.
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How heritable programming facilitates memory
responses

How are memory CD8 T cells heritably programmed for
rapid re-expression of a gene? One possibility is that
a transcription factor that was not present in the naive cell is
now present in a memory CD8 T cell awaiting the signal from
the TCR to initiate targeted gene expression. Another possi-
bility is that the chromatin at the promoters of genes that
are rapidly expressed in memory CD8 T cells has been
heritably altered allowing for quicker access by a transcrip-
tion factor relative to the naive counterpart (Fig. 1C). In the
case of IFNc gene regulation, it has been shown that
the rapid cytokine production is a result of higher constitu-
tive transcript expression along with an ability to produce
new transcript more rapidly upon TCR-mediated stimulation
of memory cells. Moreover, it was reported that specific
epigenetic marks associated with a transcriptionally ac-
cessible state are observed in resting memory CD8 T cells
(20, 21, 67).
Similarly, granzyme B, the cytolytic molecule of effector

cells, is observed to be rapidly expressed only upon stim-
ulation of memory CD8 T cells relative to naive CD8 T cells.
More to the point, it was reported that the acquisition of
memory in CD8 T cells was coincident with obtained heri-
table epigenetic programming at the chromatin of gran-
zyme B, perforin and the memory-associated transcription
factor eomesodermin (57, 69). Therefore, both epigenetic
modifications and changes in transcription factor expres-
sion have been reported as underlying components in the
formation of good memory functions. These mechanisms
are not mutually exclusive and a temporal relationship be-
tween transcription factor binding and epigenetic modifi-
cations has yet to be established.
Further insights into the acquired transcriptional programs

of memory CD8 T cells (Fig. 1A) may come from studies on
the divergent pathway of CD4 T-cell differentiation (42, 70).
Lymphocyte development in the periphery results in the
formation of several specialized CD4 lymphocyte popula-
tions (71). Modifications of conserved non-coding sequence
(CNS) elements are observed in the development of CD4
Th-cell subsets. The principal function used for defining Th1
versus Th2 CD4 T cells is the ability of the cell to express
IFNc or IL-4 respectively. Conditions for Th1 polarization
along with TCR stimulation of naive CD4 T cells results in
the demethylation of the IFNc transcriptional regulatory
regions, retention of an unmethylated proximal promoter of
IFNc and the retained DNA methylation of IL-4 transcriptional
regulatory regions. In contrast, Th2 polarizing conditions
resulted in demethylation of the IL-4 promoter and induced
DNA methylation of the IFNc promoter. Interpretation of these
programs is also a vital aspect to formation of an efficient
effector response. Studies on mice with Mbd2 knocked out
revealed that the formation of naive CD4 T cells was not im-
paired, rather the lineage-specific cytokine production
elicited post Th polarization was less restricted in Mbd2-
deficient cells, with both Th1 and Th2 cells producing IFNc
and IL-4 (72). These and other studies suggest that Th
polarization is mediated by a balance between the expres-
sion of cell-specific transcription factors along with restricted

access to the IFNc or IL-4 locus that is mediated by epige-
netic marks and interpreters of those marks (64, 72–74).
A separate lineage of CD4 T cells, known as regulatory

T cells (Tregs), is utilized to suppress overzealous immune
responses. As mentioned earlier, development of regulatory
CD4 T cells is dependent upon the expression of the master
regulatory transcription factor Foxp3. It was recently demon-
strated that a CNS upstream of the Foxp3 gene is dispens-
able for development of Tregs, but is essential for the
retention of Foxp3 expression in dividing Tregs in the periph-
ery (75). Further, it was demonstrated that this CNS element
is demethylated, after which Foxp3 binds and promotes its
own expression (75). This demonstrates that epigenetic
mechanisms not only influence the expression of effector
molecules, but are vital to the continued expression of line-
age-specific transcription factors.

Conclusions

At present, it is difficult to say whether transcription factors
provide the specificity for epigenetic modifications yielding
the heritable memory gene expression profile or if some yet
to be identified mechanism dictates the epigenetic program
limiting the access that transcription factors have to chroma-
tin, or even regulating the expression of the transcription
factor directly. The answer may be all of the above. Under-
standing the mechanism for heritable functions of memory
CD8 T cells will provide potential therapeutic avenues to
rejuvenate non-functional CD8 T cells generated in response
to chronic viral infections or tumors. Modifying transcriptional
profiles by use of epigenetic targeting inhibitors is currently
used to treat specific malignancies (76). Moreover, there is
precedence that epigenetic therapies can modulate T-cell
functions in vivo (77), providing motivation to pursue strate-
gies of transcriptional manipulation as an approach to im-
prove the antigen-specific response of exhausted CD8
T cells. Application of an epigenetic therapy requires
a greater understanding of heritable gene regulation in func-
tional virus-specific memory CD8 T cells. Such an under-
standing will provide insights into specific proteins or gene
loci that may be manipulated to enhance memory-specific
T-cell programs with the goal of improving specific transcrip-
tional programs in non-functional memory CD8 T cells.
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