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Enhancer of zeste 2 (EZH2) is the catalytic subunit of the Polycomb Repressive Complex

2 (PRC2) that mediates di- and trimethylation of histone 3 lysine 27 effectively precluding

successful gene transcription at these loci. This class of epigenetic modifications

facilitates the maintenance of tissue-specific cellular transcriptional programs as cells

undergoing successive rounds of proliferation. CD8+ T cells are effective mediators of

adaptive immunity and function to eliminate virus- and bacteria-infected cells as well as

tumor cells. Upon recognition of cognate antigen, T cells undergo activation/proliferation

to clear the target cells. The heterogeneous population of responding T cells formed

during these proliferative events thus rely on epigenetic modifications to ensure identity

and confer functional capabilities. In this review, we will focus on the role of the

dynamic expression EZH2 in shaping the epigenetic landscape of CD8+ T cell fate and

function, with a particular emphasis on infection and cancer. We also explore competing

hypotheses pertaining to EZH2 function and the prospects of clinical EZH2 inhibitors in

fine-tuning T cell responses.

Keywords: EZH2, enhancer of zeste homolog 2, CD8 lymphocytes +, effector, memory, cell fate and differentiation,

virus, cancer

INTRODUCTION

The Polycomb Repressive Complexes (PRCs) are large protein multimers that modify lysine
residues on histones. The two primary PRCs noted in mammals are PRC1, formed by several
distinct proteins but most notably RING1A/B and BMI1, and PRC2. The core subunits of PRC2
are enhancer of zeste homolog 1/2 (EZH1/EZH2), embryonic ectoderm development (EED), and
suppressor of zeste 12 (SUZ12) (1). Within the PRC2 complex, EZH2 (and to a lesser extent,
EZH1) is the catalytic subunit responsible for methyltransferase activity. Both EZH proteins were
observed to be phosphorylated, although EZH1 phosphorylation was shown to lead to degradation,
while EZH2 phosphorylation led to reduced function (2, 3). PRC2 mediates di- and trimethylation
of histone 3 lysine 27 (H3K27), which is classified as a transcriptionally repressive mark while
acetylation at this same residue is regarded as permissive for active transcription, making H3K27
post-translational modification status an important regulator of the cellular transcriptome (4).
Histone marks can be broadly categorized as permissive or repressive based upon the effect it has
for allowing or denying (respectively) successful gene transcription to take place at genomic DNA
loci. Similar to H3K27 acetylation, other activation marks like H3K4 trimethylation (H3K4me3),
are also associated with combinatorial histone modification required for permissive loci (5).
Posttranscriptional modifications, namely differential splicing, have also been noted to be a
function of these histone modifications, but remains far less explored (6, 7). Interestingly both
H3K27 trimethylation (H3K27me3) and H3K4me3 marks can be present at single “bivalent” loci
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whereby removal of repressive H3K27me3 allows for rapid gene
induction (Figure 1). PRC2-mediated inhibition of target-gene
transcription via the repressive H3K27me3 mark is critical for
lineage commitment and maintenance of cell identity (4, 8–10).

Upon recognition of cognate antigen bound to major
histocompatibility (MHC) molecules displayed on the surface of
antigen-presenting cells (APCs), T cells proliferate, differentiate,
and exert functions (largely classed as effector, helper, or
regulatory dependent on the cell type) in the lymph node or at
peripheral sites. During acute infection, pathogen-infected cells
are cleared by effector T cells, leaving behind a pool of memory
T cells to protect against future re-infection. The differentiation
of T cells is heavily influenced by the microenvironment, antigen
persistence, and co-stimulatory signals that accompany T cell
receptor (TCR) engagement, all of which impact the subsequent
transcriptional and epigenetic profiles of the responding T
cells (11). In contrast to acute resolving infections, studies
performed with lymphocytic choriomeningitis virus (LCMV)
strain clone 13, which establishes a prolonged infection,
demonstrated that virus-specific CD8+ T cells progressively
lose effector functions and accrue inhibitory receptors, defining
an alternative T cell dysfunctional state known as exhaustion
(12, 13). During chronic antigen stimulation, a heterogeneous
pool of exhausted cells develops with distinct subpopulations
demonstrating varying degrees of functionality and proliferative
potential (14). The ability of exhausted T cells to proliferate
upon PD-1/PD-L1 intervention is one of the most notable
discoveries that differentiated exhausted cell subsets (15).
Assay for transposase-accessible chromatin using sequencing
(ATAC-Seq) of these subpopulations suggested relatively
unique chromatin landscapes (compared to effector, naïve, and
memory cells), suggesting exhausted T cells possess a unique
epigenetic program (16–18). However, the role(s) of different
chromatin-modifying enzymes in the establishment of this
epigenetic state remains unclear.

The PRC2 complex, specifically EZH2, acts to effectively
integrate the environmental stimuli received by individual T
cells during activation and proliferation, thereby shaping the
downstream epigenetic landscape of the response at a population
level. Many studies have focused on the role of EZH2 in
different CD4+ T helper (TH) cell fates, including lineage-
defining transcription factor expression and cytokine production,
covered elsewhere (19–22). The purpose of this review is to
instead focus on the role of EZH2 in CD8+ T cell differentiation
and effector function in the context of viral infection and cancer,
comparing and contrasting phenotypes observed across multiple
models to give greater insight into EZH2 biology.

H3K27ME3 IN CD8+ T CELL
DIFFERENTIATION

One of the first studies to characterize the unique epigenetic
landscape of different human CD8+ T cell subsets was
achieved by chromatin immunoprecipitation sequencing (ChIP-
Seq) and microarrays on stimulated human enriched peripheral
blood CD8+ T cells sorted based on markers for naïve

(CD62L+CD45RA+), central (CD62L+CD45RA-), or effector
(CD62L-CD45RA-) memory cells (23). By comparing the histone
methylation profiles of these distinct subpopulations, it was
shown that the number of genes with H3K27me3 deposition
was constant across populations. However, differences in the
density distribution of H3K27me3 at sites between cell fates
were not addressed (23). Unlike H3K27me3, the number of
detected genes acquiring H3K4me3 demonstrated an increasing
trend from naïve to central memory and effector memory cells,
suggesting a greater reliance on this modification in determining
T cell subpopulation transcriptional dynamics (23). These
authors identified active (H3K4me3 rich), repressed (H3K27me3
rich), and bivalent nucleosomes, found to possess concurrent
H3K27me3 and H3K4me3. Bivalent loci were detected in both
central and effector memory subsets with few overlapping
genes. However, considerable overlap might be expected, the
low number of shared genes may reflect the limited breadth
of transcripts detected by microarray (23). Notably, combining
these histone profiles with the matched data generated from
microarrays, bivalent loci were observed to permit the rapid de-
repression of genes by memory cells upon activation to facilitate
accelerated target gene transcription, conferring the memory
compartment with the ability to rapidly respond to cognate
antigen upon re-encounter (23). Similar findings in terms of
relative histone modification distribution were corroborated in
studies utilizing adoptive transfer of CD8+ T cells expressing the
transgenic TCR (Vα1Vβ5) specific for ovalbumin (OVA257−264)
(OT-I). Upon infection with a recombinant influenza virus
(A/HKx31-OVA) expressing OVA, naïve, effector, and memory
cells were profiled for H3K4me3 and H3K27me3 histone marks.
The presence of bivalent marks was observed in naïve cells
at major transcription factor loci that were transcriptionally
upregulated upon activation, including Eomes, Tbx21, and Irf4
(24). Consistent with observations made of the epigenetic marks
found in subsets of CD4+ T cells, H3K27me3 was primarily
found in intergenic regions, accounting for 60-70% of methyl
group deposition and found to be relatively consistent across
naïve, effector and memory populations. In contrast, promoter
and other genomic loci accounted for a much smaller fraction
across all CD8+ T cell subsets (23–25). Genes sets were batched
into modules that were shared or exclusive to one or two of
the sorted populations (24). For example, at the genes Sell, Bcl2,
Bcl11b, Gzma, and Gzmk, high H3K4me3 and low H3K27me3
were present in naïve and memory OT-I’s, however, H3K27me3
was higher in effectors at these loci (24). These CD8+ T cell
profiles reflect the importance of H3K27me3 (and H3K4me3) in
regulating gene expression and, ultimately, T cell function and
identity. In order to determine the more direct role of EZH2,
other studies utilizing conditional deletion and pharmacological
inhibition were performed as described in later sections.

REGULATION OF CD8+ T CELLS DURING
INFECTION

The Armstrong strain of LCMV produces an acute infection
lasting ∼7–10 days and generates a robust, effector T cell
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FIGURE 1 | The PRC2 Complex. The PRC2 complex is formed mainly by EZH2, EED, and SUZ12. The PRC2 complex is responsible for the di- and trimethylation of

H3K27 and makes the genomic DNA associated with chromatin inaccessible. Combination marks of H3K27me3 and H3K4me3 denote bivalent histones whereby

removal of the repressive H3K27me3 mark allows for rapid gene induction as the H3K4me3 mark is permissive. When EZH2 function was lost, some of the most

commonly cited differentially expressed gene are listed.

population. During the expansion phase, antigen-specific cells
can be broadly categorized as a short-lived effector cell (SLEC) or
memory precursor effector cell (MPEC) (26). SLECs, phenotyped
as KLRG1+CD127–, have low memory potential and overt
effector capacity compared to the MPEC counterpart, identified
as CD127+KLRG1–, characterized by the greater potential
to seed memory CD8+ T cell pools and reduced ability to
exert effector functions (26). This model also lends itself to
understanding T cell-intrinsic properties using adoptive transfer
of CD8+ T cells expressing a transgenic TCR (Vα2Vβ8)
recognizing the LCMV glycoprotein (GP33−41) (P14). Kakaradov
and colleagues performed single-cell RNA sequencing (scRNA-
Seq) of P14 T cells isolated at different time points after
infection with LCMV Armstrong to profile the heterogenous
antigen-specific CD8+ T cell population, taking advantage of
the P14 system to normalize the effect of TCR affinity. They
identified EZH2 as preferentially expressed by the effector like
progenitor population rather than the memory progenitor cells
(27). To examine the T cell-intrinsic effects of Ezh2 deletion,
Ezh2fl/flCd4Cre P14T cells were adoptively transferred into
wildtype recipient mice and subsequently infected with LCMV
Armstrong. Initial activation and proliferative potential were
intact in Ezh2-floxed CD8+ T cells; however, during later time
points, there was reduced recovery of donor Ezh2fl/flCd4Cre

P14T cells compared to wildtype donors accompanied by
reduced cytokine production upon stimulation (27). ChIP-Seq of

wildtype CD8+ T cells confirmed the dependence of the effector
program by identifying memory associated genes as EZH2
targets, including Tcf7, Eomes, Smad2, Bcat, Opa1, Klf2, Id3, and
Foxo1, suggesting that repression of the memory program by
EZH2 was necessary for successful effector generation (27).

By profiling the H3K27me3 and H3K27 acetylation
(H3K27ac) status of P14 SLECs and MPECs at day 10 post-
infection, Gray et al. corroborated the importance of EZH2 for
the effector program. Here, memory associated genes (Id3, Tcf7,
Bach2, and Bcl2) were preferentially enriched for H3K27me3
marks in SLECs compared to MPECs (28). Another conditional
deletion model was employed to delete Ezh2 in recently
activated cells by placing Cre-recombinase under the control
of effector molecule granzyme B (28). When infected with
LCMV Armstrong, these Ezh2fl/flGzmbCre mice demonstrated
a similar phenotype to that observed by Kakaradov et al., with
reduced antigen-specific cells despite similar initial activation
and proliferation, reduced effector cytokine expression, and an
enriched memory phenotype, suggesting a compromised effector
program (27, 28). Furthermore, many of the transcription factor
genes with reduced H3K27me3were confirmed to be upregulated
at the protein level, including TCF1 (Tcf7), FOXO1, and Eomes
(28). Using a GranzymeB-ERT2Cre inducible system, they
also demonstrated that tamoxifen-mediated deletion of Ezh2
during the acute response did not compromise the formation of
memory cells. However, when low numbers of Ezh2fl/flGzmbCre
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GP33−41-specific memory CD8+ T cells were transferred into
naïve hosts, they were unable to expand to the same extent as
Ezh2 sufficient memory counterparts and clear the infection
as efficiently when challenged with recombinant Listeria
monocytogenes engineered to express LCMV glycoprotein33−41

(27). To answer why memory associated genes are aberrantly
expressed in effector cells, Gray et al. suggested that in the
absence of EZH2 repressive marks, FOXO1 binding sites at
memory precursor gene loci are exposed enabling access of
transcriptional machinery to upregulate this genetic program
which is normally inaccessible when EZH2 is present (28).

Despite the commonalities present with the LCMV model, a
subsequent study utilizing recombinant vaccinia viruses (rVacV)
demonstrated different results while verifying others. Using a
rVacV expressing either OVA or gp100, He et al. phenotyped
the responding T cells and observed that in this model, the
SLEC population was enriched earlier during infection (29).
Selective enrichment of MPEC’s in the LCMV model (∼day
8) and the enrichment of SLEC’s here (∼day 5) represent
a potential difference in models. However, they may be
reconciled by the different time points, replicative capacity of
the pathogens, route of infection, or cytokine milieu. Among
the genes differentially expressed by activated Ezh2fl/flCd4Cre

CD8+ T cells were Id2, Id3, Eomes, and Prdm1, maintaining
the common theme of an aberrant memory-associated gene
program induction (27–29). In line with the previous model, the
memory recall response was impaired in terms of proliferation
and effector cytokine production using an in vivo dendritic
cell priming method for the initial activation followed by ex
vivo Cre-mediated deletion of Ezh2 and subsequent cognate
antigenic stimulation (29). Interestingly, He et al. were able to
abrogate many of the transcriptional differences observed in
Ezh2fl/flCd4Cre CD8+ T cells by expressing a constitutively active
phosphorylation insensitive mutant EZH2. The functionality of
this EZH2 variant was confirmed by greater H3K27me3 marks
than either the vector control or EZH2 rescued CD8+ T cells,
and this restored some of the lost transcriptional programming
observed in Ezh2fl/flCd4Cre T cells and increased the recovery of
effectors (29).

Infection with Listeria monocytogenes also bore
commonalities with the LCMV and VacV models. Chen
et al. observed a greater skewing toward SLEC rather than
MPEC cells and greater functionality in terms of IFNγ, IL-2,
and granzyme B production upon in vitro activation. During
the acute response, Ezh2fl/flCd4Cre CD8+ effector T cells failed
to persist as well as wildtype counterparts in vitro and in vivo
(30). Despite this, the use of the activation-induced deletion
model (Ezh2fl/flGzmbCre) presented different results with no
observed increase in apoptosis, yet reduced cell frequencies of
Ezh2-deficient cells. Citing the altered expression in cell cycle-
related genes Cdkn2a and Cdkn1c, the authors proposed that
Ezh2fl/flGzmbCre CD8+ T cells had slower doubling time, which
ultimately resulted in reduced antigen-specific cell numbers
(30). Notably, Gray et al., using the same model, demonstrated
equal doubling times in vitro and in vivo (28). These phenotypic
differences may be attributable to other factors such as TCR
affinity or differential requirement for costimulation (28, 30). It is

interesting to speculate that this slowed doubling time proposed
by Chen et al. might be due to a previously identified role of
EZH2 in the DNA damage response. In a separate study, EZH2
was found to co-precipitate with Ku80, a DNA damage response
protein, and phosphorylated by DNA-dependent protein kinase,
which inhibited methyltransferase activity (31). The study
suggested that EZH2 inhibition resulted in greater DNA damage
and apoptosis in activated T cells. This provides an alternative
mechanism to the previous studies, suggesting that in pathogen
responding T cells where DNA replication occurs rapidly, loss
of EZH2 increases CD8+ T cell susceptibility to DNA-damage
mediated apoptotic cell death (31).

The role of EZH2 in memory cells is relatively consistent
across temporal deletion models. Both the LCMV model and re-
stimulation of in vivo primed cells suggest that Ezh2-deficient T
cells are unable to produce effective recall responses in terms of
cytokine production and the ability to clear invading pathogens
(28, 29). Complete ablation models of EZH2 mainly using
Ezh2fl/flCd4Cre mice may exert somewhat different effects than
pharmacological inhibition, for instance, genetic deletion ablates
EZH2 expression, potentially allowing EZH1 to compensate
within the PRC2 complex. Furthermore, the timing of EZH2
inhibitor administration, e.g., during activation, differentiation,
contraction, restimulation, etc., may very well impact the T
cell phenotypic and functional response. This poses a different
question of whether the duration of EZH2 inhibition could yield
different effects on T cells than those presented in Cre-mediated
deletionmodels where the effect is more absolute. EZH2 inhibitor
studies also bear more translational relevance than Ezh2 deletion
models. Indeed, profiling of transcripts during the effector cell
program suggests a more complex and phasic transcriptional
dynamic of gene induction than a simplistic on- or off-model
(27). Furthermore, to what extent EZH1may compensate for loss
of EZH2 in these models is not addressed, perhaps due in part
to the segregated expression patterns where EZH2 is expressed
more in actively dividing cells and EZH1 more in differentiated
populations (4). Considering the fact that there is some overlap
between memory and naïve gene programs, it could be possible
that in the absence of EZH2, EZH1 occupies the PRC2 complex.
EZH1 occupancy in the PRC2 complex then may theoretically
result in not a memory phenotype but sustaining portions of the
naïve program. From infection models, differentiation, effector
function, survival, and memory recall are few of the processes
affected by modulating EZH2 activity, with some effects being
pathogen dependent (Figure 2). This leaves more open questions
about the different effects of EZH2 inhibition in vivo.

REGULATION OF CD8+ T CELLS DURING
CANCER

Ezh2 is negatively affected by factors present in the tumor
microenvironment (TME) as evidenced by the reduction of
Ezh2 transcription when T cells were activated in the presence
of lyophilized tumor supernatant (32, 33). Notably, one study
observed that human CD8+EZH2+ T cells did not express
KLRG1, TIM-3, or CD57, suggesting that EZH2 is primarily
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FIGURE 2 | Infection-associated models of EZH2. Major phenotypes associated with modulating EZH2 function and mechanisms of EZH2 function in models of

infection are displayed. Distinguishing features found in each model are denoted by abbreviations of the pathogen used in each setting.

expressed in cycling or activated cells, not in senescent or
anergic cells (15, 33, 34). With the advent of ATAC-Seq,
many have profiled the epigenetic landscapes of naïve, effector,
memory, and exhausted human and murine T cells in the
context of cancer and chronic infection with the consensus
being that exhaustion represents an alternative T cell fate whose
chromatin landscape is quite disparate from the other T cell
states (16, 17, 35, 36). Differences in chromatin accessibility
beg the question of what role chromatin-modifying proteins
like EZH2 play in the formation of these epigenetic landscapes
and if it can be manipulated. However, little is known about
EZH2-mediated chromatin modification in the context of
chronic antigen stimulation.

Phenotypic analysis of human CD8+EZH2+ cells suggested
that this population had greater effector capacity and reduced
sensitivity to apoptosis (33). CD8+EZH2+ T cells from healthy
donors and ovarian cancer patients were polyfunctional, defined
by their capability to coproduce IFNγ, TNFα, and granzyme B,
and resistant to apoptosis, in part due to their elevated Bcl-2
expression (32, 33). Consistent with this, inhibition of EZH2
via pharmacological inhibitors (DZNep or GSK126) or RNA
interference (RNAi) reduced the frequency of polyfunctional
(triple positive) human CD8+ T cells and increased the
frequency of apoptotic cells in vitro (33). Although DZNep
treatment has been shown to inhibit effector CD8+ T cell
function, an interpretational caveat is advised as this drug broadly
inhibits methyltransferases and is known to have non-EZH2

mediated effects in cancer cells (37, 38). Nevertheless, this loss
of polyfunctionality and viability was attributed to the inability
of EZH2 to suppress inhibitors of NOTCH signaling (specifically
Numb and Fbxw7), which is essential for effector differentiation
(33, 39). As to what causes the decrease in EZH2 function,
Zhao et al. suggested that glucose restriction induces microRNAs
targeting Ezh2 (33). Using a similar model, in which T cells
are cultured in lyophilized conditioned media from tumor
cells, Long et al. recapitulated the increase in microRNA-26
to corroborate Zhao et al.’s findings. However, they suggested
that unknown soluble factors within the TME mediate the
induction of inhibitory microRNA expression (32, 33). Using
a humanized ovarian cancer model, DZNep-treated T cells
were unable to control tumor metastasis to the same extent as
control counterparts (33); similarly, CD8+ T cells transduced
with a microRNA-26 decoy reduced tumor growth rate in an
adoptive transfer melanoma model (32). As effector CD8+ T
cells are reliant on glucose, it is tempting to speculate that
while Akt signaling induces glucose receptor expression, without
substrate in the glucose-poor TME, these inhibitory microRNA’s
are induced to suppress T cell function via EZH2 inhibition (40).
This is supported by the role of increased Akt signaling favoring
effector cell differentiation (41).

Furthermore, glucose restriction is known to reduce cytokine
production, like IFNγ, producing a link between the loss of
EZH2 and reduced effector function (42). Antitumor immune
responses are known to be impaired upon loss of NOTCH2
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signaling as NOTCH2-deficient mice exhibited increased tumor
growth rates (43). Being that EZH2 inhibited CD8+ T cells are
proposed to have defective NOTCH signaling in cancer, this
theory could very well explain the reduced SLEC phenotype
observed in the LCMVmodel as, during viral infection, NOTCH
signaling is important for effector cell generation, particularly
during influenza virus challenge (27, 28, 33, 39).

To understand the CD8+ T cell-intrinsic role of EZH2 in
the antitumoral immune response, an adoptive transfer model
was exploited, utilizing the B16 melanoma model in conjunction
with T cells bearing a transgenic TCR (Vα1Vβ13) recognizing
the melanoma glycoprotein gp10025−33 (Pmel) (44). He et al.
transferred Ezh2fl/flCd4Cre Pmel CD8+ T cells into melanoma
B16-tumor-bearing mice, and showed that these cells were
incapable of mediating the same tumor growth inhibition as
Ezh2-sufficient cells (29). Upon transfer of Ezh2fl/flCd4Cre CD8+
T cell into recipient animals and subsequent immunization
with peptide-pulsed dendritic cells, T cells lacking Ezh2 were
recovered at lower numbers than control cells and accompanied
by reduced IFNγ production, similar to the observations in
infection models (28, 29). Citing the fact that the EZH2
function is controlled by phosphorylation, they were able to
rescue many of the defects observed in Ezh2fl/flCd4Cre CD8+
T cells by incorporating a phosphorylation insensitive EZH2 or
pharmacologically inhibiting the upstream kinase (Akt) (2, 29).
Previous work employing a Listeria monocytogenes infection
model to understand the relative contribution of Id2 and Id3
to SLEC vs. MPEC differentiation had supported a role for Id3
in promoting long lived memory cells (45). Transcriptionally,
Id3Hi cells expressed more memory-associated genes such as
Il7r, Sell, and Bcl2 while maintaining lower levels of effector-
associated genes like Gzmb and Prdm1 (45). Mechanistically,
He et al. proposed a model whereby EZH2 functions to induce
Id3, promoting memory cell formation and loss of EZH2 leads
to augmented effector genes, including Id2, Eomes, and Prdm1
which compromises the longevity of the antitumor response (29).
Although typically associated with memory differentiation, this
increased induction of Eomes is likely part of the general early
effector program of recently activated CD8+ T cells (46, 47).

Common ground in prior work is found concerning EZH2
expression and function in metabolism centered around Akt
signaling. Zhao et al. suggest that glucose restriction drives the
inhibitor microRNA-mediated suppression of Ezh2 expression.
At the same time, He et al. argue that post-translational
modification of EZH2 inhibits its function; both ultimately
culminate in reduced EZH2 activity (29, 33). As Akt regulates
EZH2 phosphorylation and is intimately linked with the
metabolic function of T cells, EZH2 activity and expression can
be viewed as a metabolic readout for CD8+ T cells (29, 33,
41). This provides a working model whereby restrictive glucose
environments promote EZH2 phosphorylation and microRNA
mediated Ezh2 mRNA decay, limiting the function of EZH2.
Thus, the expansion of effectors would theoretically correlate
with an increase in the CD8+EZH2+ T cell population. This
would explain why Zhao et al. observed that triple positive
(IFNγ, TNFα, and granzyme B) T cells were enriched in the
CD8+EZH2+ ovarian infiltrating TIL’s and Goswami et al. noted

that matched patient samples pre- and post-ipilimumab (anti-
CTLA-4) treatment exhibited an increase in the frequency of
CD8+EZH2+ T cells, theoretically, indicative of mobilization of
effectors (33, 48).

Despite the previous publications, others have observed
beneficial effects from inhibiting EZH2 activity. In the murine
B16 melanoma model, Zingg et al. demonstrated that an EZH2
inhibitor (GSK503) combined with IL-2 complexed with an anti-
IL-2 monoclonal antibody (NARA1) or anti-CTLA-4 therapy,
reduced tumor growth (49). In a murine bladder model (MB49),
Goswami et al. also showed that the combination therapy of
EZH2 inhibition (via CPI-1205) and anti-CTLA-4 were capable
of mediating a more significant tumor growth inhibition than
the respective monotherapies (48). These antitumor effects were
attributed to increased expression of genes associated withMHC-
I peptide processing and presentation and increased expression
of T cell-recruiting chemokines Cxcl9 and Cxcl10 (48, 50, 51).
Thus, EZH2 is a relevant target in cancer therapies attempting to
improve T cell recruitment into the TME. Specifically, expression
of CXCR3 on T cells, which binds to ligands CXCL9/CXCL10,
was highlighted in recent findings to be critical for drawing T
cells into the TME and informs the design of future therapeutics
with a primary aim of improving T cell recruitment (49, 52–
54). Furthermore, the effect of EZH2 inhibition on destabilizing
the regulatory T cell lineage is another primary consideration
that was demonstrated to impact antitumor immunity (48,
55). In addition, both studies noted that EZH2 inhibition
resulted in positive changes in the CD8+ T cell antitumor
immune responses, including an increase in the frequency of
IFNγ-producing CD8+ T cells and reduced inhibitory marker
expression on tumor-infiltrating T cells (48, 49). These in vivo
effects, however, were not suggested to be direct but rather an
indirect effect of EZH2 inhibition on Treg function resulting in
decreased CD8+ T cell suppression. From in vitro human CD4+
and CD8+ T cell cultures with tumor cell lines, incubation with
CPI-1205modestly increased cytotoxicity, but other direct effects
on T cells were not demonstrated in vivo (48). Direct effects of
EZH2 inhibition on the tumor itself are not likely to contribute
to this phenotype as Rag knockout mice implanted with MB49
tumor cells and treated with an EZH2 inhibitor (CPI-1205) were
observed to have equivalent survival and tumor growth kinetics
as untreated controls (48). Supporting the future consideration
of EZH2 inhibitors as immune-modulatory therapeutics is a
published case study in which a metastatic chordoma patient was
placed on a tazemetostat, an EZH2 inhibitor, regiment before
receiving radiotherapy at the primary tumor site (56). Upon
follow up, regression of metastatic tumor sites was observed
(abscopal effect) along with increased immune cell infiltrates,
noting an increase in proliferating (asmarked by Ki-67 positivity)
CD8+ T cells (56). Apart from human ex vivo studies and
xenograft approaches, most studies assessing EZH2manipulation
in CD8+ T cells have relied on mouse models, which necessitates
further corroboration in appropriate human systems to validate
these findings.

Global deletion of Ezh2 in mature naïve T cells as in
the Ezh2fl/flCd4Cre T cells obscures the possible benefits of
EZH2 inhibition, where potency of EZH2 inhibitors as well
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FIGURE 3 | Cancer-associated models of EZH2. Observations associated with the loss of function EZH2 has on CD8+ T cells in cancer models as well as how EZH2

function and expression are modulated.

as pharmacological inhibitor treatment of the whole organism
can alter the functional outcomes as observed in cancer models
(33, 48). This difference in ablation of EZH2 vs. EZH2 inhibition
may well explain why in some cancer models, EZH2 modulation
can negatively or positively impact the antitumoral immune
response. The same sort of potency must also be considered
for the activation of CD8+ T cells in vitro with EZH2
inhibitors, where concentrations of compounds are likely not
physiologically achieved in vivo. Thus, EZH2 inhibitor treatment
of tumors in combination with immunotherapeutic agents
should not be abandoned but may require careful consideration
regarding timing and combination therapies in order to obtain
the antitumoral benefits of EZH2 inhibition and spare or
promote T cell function in the TME. From cancer models,
the regulation of EZH2 expression and function is more fully
elucidated and how its modulation in both CD4+ and CD8+
T cells can, directly and indirectly, impact the CD8+ T cells
response (Figure 3).

DISCUSSION

From these studies, it is clear that Ezh2 ablation often
compromises the effector CD8+ T cell response. The mechanism
by which they are compromised, however, remains controversial
(Table 1). Some studies suggest that targeting EZH2 can confer
higher sensitivity to apoptosis via either increased Bim or
decreased Bcl2 expression, reducing the number of effectors
(27–29, 33). Others propose a model where doubling time is

reduced (30). The phenotypic changes in Ezh2-deficient T cells
were attributed to an altered transcription factor profile noting
differences in Id3, Id2, Eomes, Prdm1, Tcf7, and Foxo1 expression
(27–29). These explanations are not mutually exclusive, and all
could contribute to the phenotypic outcome of Ezh2-deficient
or EZH2 inhibited CD8+ T cells. Acute pathogen infection
models suggest that loss of Ezh2 selectively compromises SLEC
or MPEC populations, depending upon the model, yet agree that
the responding acute CD8+ T cell population exhibits reduced
survival and altered cytokine production. These differences in
phenotypes and profiles may reflect differences in TCR affinity,
activation environment, and antigen availability. However,
another consideration is the speculated roles of EZH2 in TCR
signaling supported by evidence of non-nuclear localization (57,
58). Although seemingly disparate, EZH2’s proposed cytoplasmic
involvement in TCR signaling could very well explain the
differences in CD8+ T cell differentiation as TCR signal strength
is known to influence memory versus effector cell fate (46, 59).
In the context of cancer, there is chronic antigen stimulation
where such phenotypes as SLEC and MPEC may no longer be
applicable, making the comparison to acute pathogenic infection
more complicated in defining the CD8+ T cell subpopulations
affected by EZH2 inhibition.

Furthermore, proliferative events are not limited to the lymph
nodes, as T cells are known to undergo a subsequent proliferation
in situ, which could suggest differing effects of EZH2 inhibition
on T cells during priming vs. post-activation proliferative bursts
(60, 61). As an alternative T cell fate, T cell exhaustion is
accompanied by many changes in chromatin accessibility (17,
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TABLE 1 | Key Findings from different EZH2 models.

Model Genotype Phenotype Associated genes/Proteins References

Infection

L. monocytogenes-

OVA

Ezh2fl/flCd4Cre Reduced OVA-specific cells (30)

Ezh2fl/flCd4Cre-OT-I Reduced Recovery; SLEC Skewed; Increased apoptosis (30)

Ezh2fl/flGzmbCre Reduced OVA-specific; no change in apoptosis; reduced cell

cycling

(30)

LCMV Ezh2fl/flGzmbCre Reduced effector cells; increased viral burden; normal initial

expansion; reduced TNFα production;

CD127+CD62L+CD27+KLRG1Lo

Increased: FOXO1, Eomes,

TCF-1, CD62L, CD27;

Decreased: Tbet and KLRG1

(28)

Ezh2fl/flCd4Cre -P14 Reduced effector cells; reduced IFNγ and TNFα production;

increased apoptotic cells; Increased CD25LoCD62LHi cells

(27)

Vaccinia virus Ezh2fl/flCd4Cre -Pmel-I Reduced frequency at acute time point; decreased frequency

of IFNγ producing cells

(29)

In vitro activation Ezh2fl/flCd4Cre Increased IFNγ, IL-2, Granzyme B; Increased apoptosis;

Proliferation defects (CTV, BrdU)

Microarray: Ifng; Cdkn2a,

Cdkn2b, Cdkn1c,

(30)

Ezh2fl/flGzmbCre Increased cell cycling time qRT-PCR: Cdkn2aV1/V2 (30)

Cancer

Ezh2fl/flCd4Cre-Pmel-I Reduced donor frequency/number; reduced TGI (29)

Pmel-I transduced with

phosphorylation insensitive

EZH2

Increased frequency/number; Increased number of IFNγ

producing cells

RT-PCR: Increased: Id3;

decreased: Prdm1, Eomes

(29)

EZH2 inhibited activated

hPBMC isolated T cells

Reduced polyfunctionality (IFNγ, TNFα, Granzyme B);

increased apoptosis; decreased NOTCH signaling

Increased: Numb, Fbxw7;

Decreased: Hes1, Hey1, Hey2

(33)

Summation of the different conditional deletion and inhibition experiments targeting EZH2 or modulated EZH2 in T cells. Included in the table are mRNA and protein targets that were

noted to be affected by modulating EZH2 activity.

35, 36). Moreover, the progression or phases of exhaustion
are illustrated by defining transcriptional profiles suggestive
of different chromatin landscapes (18). What role EZH2 and
other chromatin-modifying complexes play in establishing these
profiles is unclear. From a translational standpoint, more relevant
studies using pharmacological inhibition of EZH2 are needed to
understand the possible therapeutic potential and give greater
insight into regulation of T cell responses by EZH2.

Using scRNA-Seq, the heterogeneity present within the
CD8+ T cell population is more appreciated, even in chronic
antigen stimulation, where more subpopulations of exhausted
cells are defined (18). Extrapolating from the evidence of
distinct RNA transcriptomes, this would suggest unique
chromatin landscapes might be further appreciated using single
cell ATAC-seq as well. Understanding the contribution of
individual chromatin-modifying complexes to the regulation of
these landscapes remains relatively unexplored. The different
proliferative potential of subpopulations would imply differential
responses to EZH2 inhibition, as proliferating cells are known
to upregulate proteins like EZH2 to re-establish chromatin
landscapes in daughter cells. Indeed, the role EZH2 plays
in chronic antigen stimulation during viral infection is
relatively unexplored as no known studies have utilized
conditional deletion models in the LCMV Clone 13 model or
pharmacologically inhibited EZH2 in human CD8+ T cells
isolated from chronic virally infected patients. It remains to be
determined which CD8+ T cell subpopulations are responsive to
epigenetic modifying therapeutic intervention and at what stage

their delivery would most effectively augment the antitumor or
anti-pathogen immune responses.

One can then infer that there would be differential
requirements for proteins like EZH2 in forming this epigenetic
landscape, and thus inhibition of EZH2 could theoretically
offer differing therapeutic benefits. In cases of chronic antigen
stimulation like cancer and viral infections, the stem cell-
like progenitor population identified by TCF-1 expression is
associated with self-renewal, the ability to give rise to effectors,
as well as responsiveness to PD-1 blockade (15). Indeed, acute
viral models have shown that loss of Ezh2 results in increased
expression of memory-associated transcripts such as Tcf7, which
is associated with stem-like CD8+ T cells in cancer (62). It
is interesting to speculate that the proper timing of EZH2
inhibition could expand pools of stem-like CD8+ T cells, which
could seed higher pools of effectors to increase antitumor and
antiviral immunity (28, 63). Further studies are also required
to establish putative therapeutic regimens that would capitalize
on EZH2 inhibition in combination with immunotherapies
targeting PD-1, CTLA-4, and others. For example, perhaps
the use of EZH2 inhibitors before anti-PD-1 treatment could
theoretically expand the pool of stem cell-like CD8+ T cells that
could then be subsequently targeted by PD-1 blockade to enhance
the effector response.

The control of EZH2 expression and induction also remains
relatively unclear. One paper suggests that upon T cell activation,
c-Rel, a component of the NF-κB signaling cascade, acts as
a transcriptional activator of Ezh2 expression (64). However,
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c-Rel was not required for resting T cell Ezh2 expression, leaving
the possibility for alternative transcriptional activators of Ezh2
(64). EZH2 function is also determined by the natural turnover
of the markers; thus, the kinetics of cell division play a factor in
EZH2’s role in forming the CD8+ T cell epigenetic landscape.
Initial T cell activation is known to trigger EZH2 expression,
however, whether this induction occurs to a similar extent in
cases of chronic antigen stimulation like cancer has not been
explored (28). In a similar vein is the interacting partners of
EZH2 which could alter during different proliferative events such
as memory reactivation vs. reinvigorating stem-like populations
in cancer and chronic infection, which may proffer a means to
target distinct T cell programs preferentially. Although many
studies employ ablation models to study EZH2 function, this
circumnavigates the complex question of how posttranslational
modification of EZH2 via phosphorylation contributes to greater
biological effects (2). Indeed, the use of EZH2 variants has
demonstrated that phosphorylation status of EZH2 specifically
in CD8+ T cells can impact antitumoral immunity (29). Thus,
many open questions remain about the regulation, function, and
role EZH2 plays in CD8+ T cell biology.

In this review, many studies are presented that demonstrate
the differing effects of loss or pharmacological inhibition of
EZH2 can exert on T cell activation, differentiation, and

function. Despite common threads, there remain different results
from many in vivo and in vitro models that warrant further
investigation to fully explain what role EZH2 plays in CD8+ T
cells. Furthermore, a more comprehensive understanding of the
EZH2 network lends itself to further possible therapeutic avenues
for the pursuit to augment or dampen CD8+ T cell responses.

AUTHOR CONTRIBUTIONS

CS, GT, and SS-A: manuscript drafting. All authors: directly
provided contributions, read, and approved the final manuscript.

FUNDING

This work was funded by Pfizer Inc. The funder was not involved
in the study design, collection, analysis, interpretation of data, the
writing of this article or the decision to submit it for publication.

ACKNOWLEDGMENTS

We thank Robert Rickert, Thomas Paul, Joseph Dolina, Shikhar
Sharma, and the rest of the Cancer Immunology Discovery team
at Pfizer for useful discussions.

REFERENCES

1. Gaballa JM, Braga Neto MB, Ramos GP, Bamidele AO, Gonzalez MM,

Sagstetter MR, et al. The role of histone methyltransferases and long non-

coding RNAs in the regulation of T cell fate decisions. Front Immunol. (2018)

9:2955. doi: 10.3389/fimmu.2018.02955

2. Cha TL, Zhou BP, Xia W, Wu Y, Yang CC, Chen CT, et al. Akt-mediated

phosphorylation of EZH2 suppresses methylation of lysine 27 in histone H3.

Science. (2005) 310:306–10. doi: 10.1126/science.1118947

3. Liu P, Shuaib M, Zhang H, Nadeef S, Orlando V. Ubiquitin ligases

HUWE1 and NEDD4 cooperatively control signal-dependent PRC2-

Ezh1α/β-mediated adaptive stress response pathway in skeletal muscle cells.

Epigen Chrom. (2019) 12:78. doi: 10.1186/s13072-019-0322-5

4. Margueron R, Reinberg D. The Polycomb complex PRC2 and its mark in life.

Nature. (2011) 469:343–9. doi: 10.1038/nature09784

5. Atlasi Y, Stunnenberg HG. The interplay of epigenetic marks during stem

cell differentiation and development. Nat Rev Genet. (2017) 18:643–58.

doi: 10.1038/nrg.2017.57

6. Luco RF, Pan Q, Tominaga K, Blencowe BJ, Pereira-Smith OM, Misteli T.

Regulation of alternative splicing by histone modifications. Science. (2010)

327:996. doi: 10.1126/science.1184208

7. Naftelberg S, Schor IE, Ast G, Kornblihtt AR. Regulation of alternative splicing

through coupling with transcription and chromatin structure. Annu Rev

Biochem. (2015) 84:165–98. doi: 10.1146/annurev-biochem-060614-034242

8. O’carroll, D., Erhardt, S., Pagani, M., Barton, S. C., Surani, M.

A., and Jenuwein, T. (2001). The polycomb-group gene Ezh2 is

required for early mouse development. Mol. Cell Biol. 21, 4330–4336.

doi: 10.1128/MCB.21.13.4330-4336.2001

9. Cao R, Zhang Y. The functions of E(Z)/EZH2-mediated methylation

of lysine 27 in histone H3. Curr Opin Genet Dev. (2004) 14:155–64.

doi: 10.1016/j.gde.2004.02.001

10. Kouzarides T. Chromatin modifications and their function. Cell. (2007)

128:693–705. doi: 10.1016/j.cell.2007.02.005

11. Mclane LM, Abdel-Hakeem MS, Wherry EJ. CD8T cell exhaustion during

chronic viral infection and cancer. Ann Rev Immunol. (2015) 37:457–95.

doi: 10.1146/annurev-immunol-041015-055318

12. Kaech SM, Wherry EJ. Heterogeneity and cell-fate decisions in effector and

memory CD8+ T cell differentiation during viral infection. Immunity. (2007)

27:393–405. doi: 10.1016/j.immuni.2007.08.007

13. Utzschneider DT, Alfei F, Roelli P, Barras D, Chennupati V, Darbre S, et al.

High antigen levels induce an exhausted phenotype in a chronic infection

without impairing T cell expansion and survival. J Exp Med. (2016) 213:1819–

34. doi: 10.1084/jem.20150598

14. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion.

Nat Rev Immunol. (2015) 15:486–99. doi: 10.1038/nri3862

15. Im SJ, HashimotoM, Gerner MY, Lee J, Kissick HT, Burger MC, et al. Defining

CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature.

(2016) 537:417–21. doi: 10.1038/nature19330

16. Pauken KE, Sammons MA, Odorizzi PM, Manne S, Godec J, Khan O, et al.

Epigenetic stability of exhausted T cells limits durability of reinvigoration by

PD-1 blockade. Science. (2016) 354:1160–5. doi: 10.1126/science.aaf2807

17. Sen DR, Kaminski J, Barnitz RA, Kurachi M, Gerdemann U, Yates KB, et al.

The epigenetic landscape of T cell exhaustion. Science. (2016) 354:1165.

doi: 10.1126/science.aae0491

18. Beltra JC, Manne S, Abdel-Hakeem MS, Kurachi M, Giles JR, Chen

Z, et al. Developmental relationships of four exhausted CD8(+) T cell

subsets reveals underlying transcriptional and epigenetic landscape control

mechanisms. Immunity. (2020) 52:825–841.e828. doi: 10.1016/j.immuni.2020.

04.014

19. Tumes DJ, Onodera A, Suzuki A, Shinoda K, Endo Y, Iwamura C, et al.

The polycomb protein Ezh2 regulates differentiation and plasticity of

CD4(+) T helper type 1 and type 2 cells. Immunity. (2013) 39:819–32.

doi: 10.1016/j.immuni.2013.09.012

20. Dupage M, Chopra G, Quiros J, Rosenthal WL, Morar MM, Holohan D,

et al. The chromatin-modifying enzyme Ezh2 is critical for the maintenance

of regulatory T cell identity after activation. Immunity. (2015) 42:227–38.

doi: 10.1016/j.immuni.2015.01.007

21. Yang XP, Jiang K, Hirahara K, Vahedi G, Afzali B, Sciume G, et al. EZH2

is crucial for both differentiation of regulatory T cells and T effector cell

expansion. Sci Rep. (2015) 5:10643. doi: 10.1038/srep10643

22. Chen X, Cao G, Wu J, Wang X, Pan Z, Gao J, et al. The histone

methyltransferase EZH2 primes the early differentiation of follicular helper

Frontiers in Immunology | www.frontiersin.org 9 October 2020 | Volume 11 | Article 593203

https://doi.org/10.3389/fimmu.2018.02955
https://doi.org/10.1126/science.1118947
https://doi.org/10.1186/s13072-019-0322-5
https://doi.org/10.1038/nature09784
https://doi.org/10.1038/nrg.2017.57
https://doi.org/10.1126/science.1184208
https://doi.org/10.1146/annurev-biochem-060614-034242
https://doi.org/10.1128/MCB.21.13.4330-4336.2001
https://doi.org/10.1016/j.gde.2004.02.001
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1016/j.immuni.2007.08.007
https://doi.org/10.1084/jem.20150598
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nature19330
https://doi.org/10.1126/science.aaf2807
https://doi.org/10.1126/science.aae0491
https://doi.org/10.1016/j.immuni.2020.04.014
https://doi.org/10.1016/j.immuni.2013.09.012
https://doi.org/10.1016/j.immuni.2015.01.007
https://doi.org/10.1038/srep10643
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Stairiker et al. EZH2 in CD8+ T Cells

T cells during acute viral infection. Cell Mol Immunol. (2020) 17:247–60.

doi: 10.1038/s41423-019-0219-z

23. Araki Y, Wang Z, Zang C, Wood WH III, Schones D, Cui K, et al. Genome-

wide analysis of histone methylation reveals chromatin state-based regulation

of gene transcription and function of memory CD8+ T cells. Immunity.

(2009) 30:912–25. doi: 10.1016/j.immuni.2009.05.006

24. Russ BE, Olshanksy M, Smallwood HS, Li J, Denton AE, Prier JE, et al.

Distinct epigenetic signatures delineate transcriptional programs during

virus-specific CD8(+) T cell differentiation. Immunity. (2014) 41:853–65.

doi: 10.1016/j.immuni.2014.11.001

25. Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z, et al. Global mapping of

H3K4me3 and H3K27me3 reveals specificity and plasticity in lineage fate

determination of differentiating CD4+ T cells. Immunity. (2009) 30:155–67.

doi: 10.1016/j.immuni.2008.12.009

26. Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J, et al.

Inflammation directs memory precursor and short-lived effector CD8(+) T

cell fates via the graded expression of T-bet transcription factor. Immunity.

(2007) 27:281–95. doi: 10.1016/j.immuni.2007.07.010

27. Kakaradov B, Arsenio J, Widjaja CE, He Z, Aigner S, Metz PJ, et al. Early

transcriptional and epigenetic regulation of CD8(+) T cell differentiation

revealed by single-cell RNA sequencing. Nat Immunol. (2017) 18:422–32.

doi: 10.1038/ni.3688

28. Gray SM, Amezquita RA, Guan T, Kleinstein SH, Kaech SM. Polycomb

repressive complex 2-mediated chromatin repression guides effector CD8(+)

T cell terminal differentiation and loss of multipotency. Immunity. (2017)

46:596–608. doi: 10.1016/j.immuni.2017.03.012

29. He S, Liu Y, Meng L, Sun H, Wang Y, Ji Y, et al. Ezh2 phosphorylation

state determines its capacity to maintain CD8(+) T memory

precursors for antitumor immunity. Nat Commun. (2017) 8:2125.

doi: 10.1038/s41467-017-02187-8

30. Chen G, Subedi K, Chakraborty S, Sharov A, Lu J, Kim J, et al.

Ezh2 regulates activation-induced CD8(+) T cell cycle progression via

repressing Cdkn2a and Cdkn1c expression. Front Immunol. (2018) 9:549.

doi: 10.3389/fimmu.2018.00549

31. Wang Y, Sun H, Wang J, Wang H, Meng L, Xu C, et al. DNA-PK-

mediated phosphorylation of EZH2 regulates the DNA damage-induced

apoptosis to maintain T-cell genomic integrity. Cell Death Dis. (2016) 7:e2316.

doi: 10.1038/cddis.2016.198

32. Long H, Xiang T, Luo J, Li F, Lin R, Liu S, et al. The tumor microenvironment

disarms CD8(+) T lymphocyte function via a miR-26a-EZH2 axis.

Oncoimmunology. (2016) 5:e1245267. doi: 10.1080/2162402X.2016.1245267

33. Zhao E,Maj T, Kryczek I, LiW,WuK, Zhao L, et al. Cancermediates effector T

cell dysfunction by targeting microRNAs and EZH2 via glycolysis restriction.

Nat Immunol. (2016) 17:95–103. doi: 10.1038/ni.3313

34. Mcmahan RH, Golden-Mason L, Nishimura MI, Mcmahon BJ, Kemper M,

Allen TM, et al. Tim-3 expression on PD-1+ HCV-specific human CTLs is

associated with viral persistence, and its blockade restores hepatocyte-directed

in vitro cytotoxicity. J Clin Invest. (2010) 120:4546–57. doi: 10.1172/JCI43127

35. Scott-Browne JP, Lopez-Moyado IF, Trifari S, Wong V, Chavez L, Rao

A, et al. Dynamic changes in chromatin accessibility occur in CD8(+)

T cells responding to viral infection. Immunity. (2016) 45:1327–40.

doi: 10.1016/j.immuni.2016.10.028

36. Khan O, Giles JR, Mcdonald S, Manne S, Ngiow SF, Patel KP, et al.

TOX transcriptionally and epigenetically programs CD8+ T cell exhaustion.

Nature. (2019) 571:211–8. doi: 10.1038/s41586-019-1325-x

37. He S, Wang J, Kato K, Xie F, Varambally S, Mineishi S, et al. Inhibition

of histone methylation arrests ongoing graft-versus-host disease in mice by

selectively inducing apoptosis of alloreactive effector T cells. Blood. (2012)

119:1274–82. doi: 10.1182/blood-2011-06-364422

38. Aury-Landas J, Girard N, Lhuissier E, Adouane D, Delepee R, Boumediene

K, et al. The antitumoral effect of the S-adenosylhomocysteine hydrolase

inhibitor, 3-deazaneplanocin A, is independent of EZH2 but is correlated

with EGFR downregulation in chondrosarcomas. Cell Physiol Biochem. (2019)

53:731–45. doi: 10.33594/000000168

39. Backer RA, Helbig C, Gentek R, Kent A, Laidlaw BJ, Dominguez CX, et al. A

central role for Notch in effector CD8(+) T cell differentiation. Nat Immunol.

(2014) 15:1143–51. doi: 10.1038/ni.3027

40. Jacobs SR, Herman CE, Maciver NJ, Wofford JA, Wieman HL,

Hammen JJ, et al. Glucose uptake is limiting in T cell activation

and requires CD28-mediated Akt-dependent and independent

pathways. J Immunol. (2008) 180:4476–86. doi: 10.4049/jimmunol.180.

7.4476

41. Kim EH, Sullivan JA, Plisch EH, Tejera MM, Jatzek A, Choi KY, et al. Signal

integration by Akt regulates CD8T cell effector and memory differentiation. J

Immunol. (2012) 188:4305–14. doi: 10.4049/jimmunol.1103568

42. Cham CM, Gajewski TF. Glucose availability regulates IFN-gamma

production and p70S6 kinase activation in CD8+ effector T cells. J Immunol.

(2005) 174:4670–7. doi: 10.4049/jimmunol.174.8.4670

43. Sugimoto K, Maekawa Y, Kitamura A, Nishida J, Koyanagi A, Yagita H,

et al. Notch2 signaling is required for potent antitumor immunity in vivo. J

Immunol. (2010) 184:4673. doi: 10.4049/jimmunol.0903661

44. Overwijk WW, Tsung A, Irvine KR, Parkhurst MR, Goletz TJ, Tsung K, et al.

gp100/pmel 17 is a murine tumor rejection antigen: induction of “self ” -

reactive, tumoricidal T cells using high-affinity, altered peptide ligand. J Exp

Med. (1998) 188:277–86. doi: 10.1084/jem.188.2.277

45. Yang CY, Best JA, Knell J, Yang E, Sheridan AD, Jesionek AK, et al.

The transcriptional regulators Id2 and Id3 control the formation of

distinct memory CD8+ T cell subsets. Nat Immunol. (2011) 12:1221–9.

doi: 10.1038/ni.2158

46. Kaech SM, Cui W. Transcriptional control of effector and memory CD8+ T

cell differentiation. Nat Rev Immunol. (2012) 12:749–61. doi: 10.1038/nri3307

47. Chang JT, Wherry EJ, Goldrath AW. Molecular regulation of effector

and memory T cell differentiation. Nat Immunol. (2014) 15:1104–15.

doi: 10.1038/ni.3031

48. Goswami S, Apostolou I, Zhang J, Skepner J, Anandhan S, Zhang X, et al.

Modulation of EZH2 expression in T cells improves efficacy of anti-CTLA-4

therapy. J Clin Invest. (2018) 128:3813–8. doi: 10.1172/JCI99760

49. Zingg D, Arenas-Ramirez N, Sahin D, Rosalia RA, Antunes AT, Haeusel

J, et al. The histone methyltransferase Ezh2 controls mechanisms of

adaptive resistance to tumor immunotherapy. Cell Rep. (2017) 20:854–67.

doi: 10.1016/j.celrep.2017.07.007

50. Peng D, Kryczek I, Nagarsheth N, Zhao L, Wei S, Wang W, et al.

Epigenetic silencing of TH1-type chemokines shapes tumour immunity and

immunotherapy. Nature. (2015) 527:249–53. doi: 10.1038/nature15520

51. Nagarsheth N, Peng D, Kryczek I, Wu K, Li W, Zhao E, et al.

PRC2 epigenetically silences Th1-type chemokines to suppress

effector T-cell trafficking in colon cancer. Cancer Res. (2016) 76:275.

doi: 10.1158/0008-5472.CAN-15-1938

52. Mikucki ME, Fisher DT, Matsuzaki J, Skitzki JJ, Gaulin NB, Muhitch JB, et al.

Non-redundant requirement for CXCR3 signalling during tumoricidal T-cell

trafficking across tumour vascular checkpoints. Nat Commun. (2015) 6:7458.

doi: 10.1038/ncomms8458

53. Gunderson AJ, Yamazaki T, Mccarty K, Fox N, Phillips M, Alice A, et al. TGFβ

suppresses CD8(+) T cell expression of CXCR3 and tumor trafficking. Nat

Commun. (2020) 11:1749–1749. doi: 10.1038/s41467-020-15404-8

54. Zhou L, Mudianto T, Ma X, Riley R, Uppaluri R. Targeting EZH2 enhances

antigen presentation, antitumor immunity, and circumvents anti-PD-1

resistance in head and neck cancer. Clin Cancer Res. (2020) 26:290–300.

doi: 10.1158/1078-0432.CCR-19-1351

55. Wang D, Quiros J, Mahuron K, Pai CC, Ranzani V, Young A, et al.

Targeting EZH2 reprograms intratumoral regulatory T cells to enhance cancer

immunity. Cell Rep. (2018) 23:3262–74. doi: 10.1016/j.celrep.2018.05.050

56. Gounder MM, Zhu G, Roshal L, Lis E, Daigle SR, Blakemore SJ, et al.

Immunologic correlates of the abscopal effect in a SMARCB1/INI1-negative

poorly differentiated chordoma after EZH2 inhibition and radiotherapy. Clin

Cancer Res. (2019) 25:2064–71. doi: 10.1158/1078-0432.CCR-18-3133

57. Su IH, Dobenecker MW, Dickinson E, Oser M, Basavaraj A, Marqueron R,

et al. Polycomb group protein ezh2 controls actin polymerization and cell

signaling. Cell. (2005) 121:425–36. doi: 10.1016/j.cell.2005.02.029

58. DobeneckerMW, Park JS,Marcello J, MccabeMT, Gregory R, Knight SD, et al.

Signaling function of PRC2 is essential for TCR-driven T cell responses. J Exp

Med. (2018) 215:1101–13. doi: 10.1084/jem.20170084

59. Li K-P, Ladle BH, Kurtulus S, Sholl A, Shanmuganad S, Hildeman DA.

T-cell receptor signal strength and epigenetic control of Bim predict

Frontiers in Immunology | www.frontiersin.org 10 October 2020 | Volume 11 | Article 593203

https://doi.org/10.1038/s41423-019-0219-z
https://doi.org/10.1016/j.immuni.2009.05.006
https://doi.org/10.1016/j.immuni.2014.11.001
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1016/j.immuni.2007.07.010
https://doi.org/10.1038/ni.3688
https://doi.org/10.1016/j.immuni.2017.03.012
https://doi.org/10.1038/s41467-017-02187-8
https://doi.org/10.3389/fimmu.2018.00549
https://doi.org/10.1038/cddis.2016.198
https://doi.org/10.1080/2162402X.2016.1245267
https://doi.org/10.1038/ni.3313
https://doi.org/10.1172/JCI43127
https://doi.org/10.1016/j.immuni.2016.10.028
https://doi.org/10.1038/s41586-019-1325-x
https://doi.org/10.1182/blood-2011-06-364422
https://doi.org/10.33594/000000168
https://doi.org/10.1038/ni.3027
https://doi.org/10.4049/jimmunol.180.7.4476
https://doi.org/10.4049/jimmunol.1103568
https://doi.org/10.4049/jimmunol.174.8.4670
https://doi.org/10.4049/jimmunol.0903661
https://doi.org/10.1084/jem.188.2.277
https://doi.org/10.1038/ni.2158
https://doi.org/10.1038/nri3307
https://doi.org/10.1038/ni.3031
https://doi.org/10.1172/JCI99760
https://doi.org/10.1016/j.celrep.2017.07.007
https://doi.org/10.1038/nature15520
https://doi.org/10.1158/0008-5472.CAN-15-1938
https://doi.org/10.1038/ncomms8458
https://doi.org/10.1038/s41467-020-15404-8
https://doi.org/10.1158/1078-0432.CCR-19-1351
https://doi.org/10.1016/j.celrep.2018.05.050
https://doi.org/10.1158/1078-0432.CCR-18-3133
https://doi.org/10.1016/j.cell.2005.02.029
https://doi.org/10.1084/jem.20170084
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Stairiker et al. EZH2 in CD8+ T Cells

memory CD8+ T-cell fate. Cell Death Differen. (2020) 27:1214–24.

doi: 10.1038/s41418-019-0410-x

60. Spranger S, Koblish HK, Horton B, Scherle PA, Newton R, Gajewski TF.

Mechanism of tumor rejection with doublets of CTLA-4, PD-1/PD-L1, or

IDO blockade involves restored IL-2 production and proliferation of CD8(+)

T cells directly within the tumor microenvironment. J Immunother Cancer.

(2014) 2:3. doi: 10.1186/2051-1426-2-3

61. Williams JB, Horton BL, Zheng Y, Duan Y, Powell JD, Gajewski TF. The

EGR2 targets LAG-3 and 4-1BB describe and regulate dysfunctional antigen-

specific CD8+ T cells in the tumor microenvironment. J Exp Med. (2017)

214:381–400. doi: 10.1084/jem.20160485

62. Shan Q, Hu SE, Chen X, Danahy DB, Badovinac VP, Zang C, et al.

Ectopic Tcf1 expression instills a stem-like program in exhausted CD8+

T cells to enhance viral and tumor immunity. Cell Mol Immunol. (2020)

doi: 10.1038/s41423-020-0436-5. [Epub ahead of print].

63. Held, W., Siddiqui, I., Schaeuble, K., and Speiser, D. E. (2019).

Intratumoral CD8+ T cells with stem cell–like properties:

Implications for cancer immunotherapy. Sci. Transl. Med. 11:eaay6863.

doi: 10.1126/scitranslmed.aay6863

64. Neo WH, Lim JF, Grumont R, Gerondakis S, Su IH. c-Rel regulates

Ezh2 expression in activated lymphocytes and malignant lymphoid

cells. J Biol Chem. (2014) 289:31693–707. doi: 10.1074/jbc.M114.

574517

Conflict of Interest: CS, GT, and SS-A were employed by Pfizer Inc. Pfizer

employees may hold stock/stock options in the company.

Copyright © 2020 Stairiker, Thomas and Salek-Ardakani. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 11 October 2020 | Volume 11 | Article 593203

https://doi.org/10.1038/s41418-019-0410-x
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1084/jem.20160485
https://doi.org/10.1038/s41423-020-0436-5
https://doi.org/10.1126/scitranslmed.aay6863
https://doi.org/10.1074/jbc.M114.574517
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	EZH2 as a Regulator of CD8+ T Cell Fate and Function
	Introduction
	H3K27me3 in CD8+ T cell Differentiation
	Regulation Of CD8+ T cells During Infection
	Regulation of CD8+ T cells During Cancer
	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


