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Abstract

The recent impact of cancer immunotherapies has firmly established the ability and importance of the immune system to fight
malignancies. However, the intimate interaction between the highly dynamic tumor and immune cells leads to a selection
process driven by genetic and epigenetic processes. As the molecular pathways of cancer resistance mechanisms to immu-
notherapy become increasingly known, novel therapeutic targets are being tested in combination with immune-stimulating
approaches. We here review recent insights into the molecular mechanisms of tumor resistance with particular emphasis on
epigenetic processes and place these in the context of previous models.

Keywords EZH2 - EED - PRC2 - Tumor escape - Immunogenicity - Checkpoint inhibitor - PD-1 - CTLA-4 - Cytokine - IL-

2

Introduction

In 1891, William Coley injected cancer patients with live
Streptococcus pyogenes and observed tumor shrinkage, but
also lethal systemic infections. Thus, he modified his treat-
ment regimen and since 1893 he began to study intratumoral
injections of heat-inactivated S. pyogenes and Serratia marc-
escens, later called Coley’s toxins, which in some patients
resulted in complete remission of sarcomas [1, 2]. Since that
time, a large number of research studies contributed to the
understanding of the steps needed to get an effective anti-
tumor immune response, starting with innate immune rec-
ognition and antigen presentation in the secondary lymphoid
organs, inducing effector T cell responses able to recognize
cancer cells and overcome the immunosuppressive tumor
microenvironment. A successful cancer immunotherapy ide-
ally fulfills each of these steps.
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Several immunotherapeutic strategies have been devel-
oped and validated for the treatment of aggressive cancers.
These include cancer vaccines, adoptive transfer of ex vivo
activated T-cells, recombinant cytokines with the aim of
stimulating the immune system, and monoclonal antibodies
blocking immune checkpoint pathways such as cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) and programmed
cell death protein 1 (PD-1). The approval and use of immune
checkpoint inhibitors in patients with advanced cancers led
to durable clinical responses revitalizing the field of cancer
immunotherapy [3]. However, a percentage of patients do
not benefit from this therapy and others relapse after ini-
tial response [4-7]. Elucidating the mechanisms of primary
and acquired resistance to immunotherapy is essential to
improve the outcome of cancer immunotherapy and find
complementary and alternative strategies, which has been
expertly reviewed previously by Sharma et al. [8].

Numerous factors can render cancer cells resistant to the
effector mechanisms of the immune system, either in the
first instance (the so-called primary resistance) or follow-
ing initially successful immunotherapy (termed secondary
or adaptive resistance). Thus, T-cells can fail to recognize
cancer cells due to the absence of high-affinity T-cell recep-
tors (TCR) or the lack of expression of tumor antigens on
cancer cells may be due to defects in the antigen presenta-
tion machinery [9-12]. Moreover, modification or silenc-
ing of several tumor intrinsic signaling pathways can pro-
mote resistance. Relevant examples are the Wnt/p-catenin,
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PTEN/phosphoinositide 3-kinase (PI3K) and Janus kinase
(JAK) 1 and JAK2 pathways, which lead to dendritic cell
(DC) dysfunction and loss of interferon-y (IFN-y) response
[13-18]. Of note, the prototypic T helper (Th) 1 cytokine
IFN-y exerts crucial roles in anti-tumor immune responses
as well as immunity to intracellular pathogens. Moreover,
the Wnt/p-catenin pathway affects T-cell trafficking to the
tumor site by curbing the production of the T-cell-attract-
ant chemokines CXCL9 and CXCL10, as evidenced in
[B-catenin-positive tumors [19]. Furthermore, recent studies
have shown that genetic mutations in certain signaling path-
ways cause constitutive expression of programmed death-
ligand 1 (PD-L1) inhibiting T-cell-mediated anti-tumor
effects [20, 21]. In consonance with this, persistent antigen
stimulation negatively regulates the activity of T-cells thus
leading to the expression of inhibitory receptors and result-
ing in exhaustion and dysfunction of effector T-cells [22].
The administration of antibodies blocking the CTLA-4 or
PD-1-PD-L1 inhibitory axes can lead to the upregulation
of other inhibitory signaling pathways, such as lymphocyte-
activation gene 3 (LAG-3), T-cell immunoglobulin and
mucin domain 3 (TIM-3), T-cell immunoreceptor with Ig
and ITIM domains (TIGIT), and V-domain Ig suppressor
of T-cell activation (VISTA). Upregulation of these latter
inhibitory molecules has been associated to the activation
of various pathways such as the PI3K-AKT and interferon
signaling pathways [23-26]. In this context, metabolic repro-
gramming in the tumor microenvironment associated with
acute hypoxia, high concentration of tumor-derived lactate
and glucose deprivation can restrain proper T-cell effector
functions [27]. T-cell infiltration and activity can also be
altered by the chemokine milieu and the relative accumula-
tion of immune cells playing an inhibitory role within the
tumor microenvironment. Well-characterized immunosup-
pressive cell subsets are CD4* T-regulatory (Treg) cells,
myeloid-derived suppressor cells (MDSCs) and alternatively
activated M2 macrophages [28-36].

Additional factors influencing the anti-tumor immune
response include angiogenesis, the extracellular matrix,
and the microbiome, to name a few. Angiogenesis is a key
process for the growth and metastasis of tumors. Increased
levels of angiogenic activators such as vascular endothelial
growth factor (VEGF) allow the extravasation of immuno-
suppressive Treg cells while decreasing the levels of effec-
tor T-cells [37]. Moreover, T-cells can encounter biological
barriers such as low levels of enzymes needed to degrade
the extracellular matrix to reach target cells [38]. Another
relevant parameter to tumor resistance is the association
between the microbiome diversity and the lack of response
or relapse of certain patients to cancer immunotherapy. A
representative example is a study showing that the anti-can-
cer properties of the approved anti-CTLA-4 antibody are
influenced by the microbiota composition [39].
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Within the scope of this review we will focus on the
ability of the immune system to contribute to cancer resist-
ance mechanisms by engaging epigenetic pathways, which
altogether can result in tumor immune escape. We will
first revisit the published data on the effects of epigenetic
regulation contributing to tumor resistance mechanisms.
Subsequently, we will focus on enhancer of zeste homolog
2 (EZH2), as this histone methyltransferase has been an
intensively studied epigenetic modulator in cancer biology,
including its contribution to adaptive cancer resistance.

Epigenetic regulation
Epigenetic regulation of gene expression

The contribution of genomic instability to tumor resistance
has been extensively investigated but classic genetics can-
not fully explain how tumor cells are able to escape from
immune control, especially in situations of secondary resist-
ance. Epigenetics is the term used to describe the molecular
pathways modulating the expression of genes without alter-
ing the DNA sequence and has become a key area of research
for cancer development and progression. The mechanisms
involved in epigenetic gene regulation include methylation
of cytosines in the DNA and enzymatic modifications of his-
tones. DNA methylation is catalyzed by DNA methyltrans-
ferases (DNMT) and is associated with the maintenance of
chromatin in a silent state. Aberrant levels of DNA methyla-
tion have been linked with enhanced expression of essential
proteins involved in metastasis development or inactivation
of tumor suppressor genes [40]. Histone modifications, such
as acetylation, methylation and phosphorylation, affect their
interaction with other proteins, thus modulating the activ-
ity of the associated DNA. The acetylation of lysine resi-
dues (K) of histones (H) depends on the activity of histone
acetyl transferases and histone deacetylases (HDAC). The
effect of histone methylation, catalyzed by histone methyl
transferases (HMT), depends on the residue and the site
of methylation. For example, methylation of H3 at K4 is
linked to transcriptional activation, whereas methylation of
H3 at K9 or K27 leads to transcriptional repression [41].
Unlike genetic alterations, epigenetic modifications are usu-
ally reversible with pharmacologic agents inhibiting DNA
methylation, histone methylation and deacetylation. The
first DNMT inhibitors developed were nucleoside analogs
of cytidine including 5-azacytidine (AZA) and 5-aza-2'-
deoxycytidine (5-AZA-2). This was followed by the devel-
opment of HDAC inhibitors and drugs targeting HMTs
[42]. Accordingly, various in vitro studies investigating the
role of epigenetic modifications on cancer cells have been
performed using this broad range of inhibitors. These stud-
ies, described more in detail below, revealed strategies to
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overcome epigenetic modifications to improve anti-tumor
immune responses by inducing tumor antigen expression,
processing and presentation together with sensitization of
tumors to apoptotic signals.

Epigenetic control of tumor antigen expression

Cancer cells express on their cell surface tumor-associated
antigens (TAA) presented on major histocompatibility com-
plex (MHC) class-I molecules (MHC-I). MAGE-type anti-
gens are a class of TAAs with normal expression confined to
male germ cells and trophoblastic cells, both of which usu-
ally do not express MHC-I [43]. The expression of MAGE-
type antigens in normal and cancerous tissue is regulated
by epigenetic mechanisms (Table 1). MAGE-type antigens
have been detected in a variety of malignancies including
bladder, lung, ovary, pancreas, and head and neck cancer,
as well as melanoma and multiple myeloma [43, 44]. The
restricted expression profile of these antigens make them an
ideal target for T-cells, although minimal central tolerance
toward germline antigens has been reported [45]. Endog-
enous cytotoxic T-cell activity against a number of MAGE-
type antigens have been examined, and MAGE-A 1-specific
T-cells were initially identified in melanoma followed by
MAGE-A3, NY-ESO-1 and SSX-2 [46]. Downregulation
of this class of antigens upon hypermethylation has been
observed in several tumors [47-49].

Treatment with 5-AZA-2 has been shown to upregulate
expression of various MAGE-type antigens in tumor cell
lines leading to the recognition and consequent elimination
by antigen-specific cytotoxic T-cells [50-53]. Inhibition of
histone methylation has also been shown to contribute to
MAGE-type antigen upregulation in lung cancer cells [54].
Pursuant to these studies, in a phase II clinical trial for mul-
tiple myeloma a similar DNA methylation inhibitor, AZA,
was used in combination with lenalidomide. The combina-
tion treatment led to increased expression of MAGE-type
antigens in the bone marrow compared to samples before
treatment. Furthermore, antigen-specific T-cell response was
detected in peripheral blood mononuclear cells (PBMCs) of
patients [55].

Epigenetic regulation of tumor antigen
presentation

DNA methylation levels can regulate the expression of
molecules essential for the recognition of cancer cells by
the immune system such as the components of the anti-
gen presentation machinery [44, 56]. One mechanism
described in melanoma cells was the hypermethylation
of MHC genes leading to low levels of transcription
[57]. Furthermore, low dose AZA treatment was shown
to induce expression of the antigen processing and pres-
entation molecules together with IFN-y signaling in
human breast, colorectal and ovarian cancer cells [58].

Table 1 Epigenetic mechanisms and their targeting agents impacting anti-tumor immune responses

Resistance development Epigenetic mechanism Affected proteins Targeting agents References
Downregulation of tumor-associated antigen ~ DNA methylation MAGE-A1 5-AZA-2 [50-53, 55]
expression SSX AZA
Histone methylation MAGE-A1 DZNep [54]
MAGE-A3
NY-ESO-1
EZH2 Pmel GSK503 [122, 125]
TYRP1
Downregulation of antigen presentation DNA methylation MHC-I AZA [58]
MHC-1I
Histone deacetylation MHC-I IFN-y [59-64]
MHC-1I Vorinostat
TAP-1 Trichostatin A
CD40
EZH2 MHC-I GSK503 [122]
TAP-1
TAP-2
Modulation of apoptotic pathways DNA methylation Caspase-8 5-AZA-2 [68-70]
Histone deacetylation FasL VPA [71-73]
Fas NaBt
TRAIL MS-275

AZA azacytidine, DZNep 3-deazaneplanocin A, FasL Fas ligand, MAGE-A melanoma-associated antigen-A, MHC major histcompatibility com-
plex, NaBt sodium butyrate, NY-ESO-1 New York esophageal squamous cell carcinoma-1, Pmel premelanosome protein, SSX synovial sarcoma
X, TAP transporter associated with antigen processing, TRIAL TNF-related apoptosis-inducing ligand, VPA valproic acid

@ Springer



4166

N. Arenas-Ramirez et al.

Downregulation of the transporter associated with anti-
gen processing (TAP)-1 due to loss of histone acetyla-
tion was demonstrated in metastatic murine cell lines.
TAP-1 expression and consequent MHC-I presentation
was restored by IFN-y exposure [59]. Moreover, HDAC
inhibitors were shown to increase the expression of TAP-1
and TAP-2, leading to better tumor control [60, 61].

Few studies suggested epigenetic mechanisms regulating
the development and function of DCs, which prime antitu-
mor T-cell responses through the presentation and/or cross-
presentation of TAAs and the provision of costimulatory
signals. Deacetylation suppresses the expression of MHC
class-1I (MHC-II) and T-cell costimulatory genes CD40,
CD80 and CD86, which can be restored by treatment with
the HDAC inhibitor trichostatin A [62-66]. Moreover, his-
tone acetylation regulates interleukin (IL)-6 production by
DCs affecting antigen-specific T-cell responses [67].

Epigenetic control of tumor cell killing

The final goal of the immune response during cancer immu-
notherapy is the elimination of the cancer cells. Cytotoxic
T-cells and natural killer (NK) cells are the main players
in this process. Although the activation process of T and
NK cells is quite different, they share effector mechanisms,
mainly granule exocytosis and the death ligand—death recep-
tor system. Some studies have demonstrated that tumor cells
are able to evade cell lysis through epigenetic modulation
of several apoptotic pathways. Expression of various cell
extrinsic or intrinsic apoptosis inducers have been shown
to be downregulated by DNA methylation in cancers [68].
One such example is hypermethylation of the caspase-8 pro-
moter, which can be rescued by 5-AZA-2 treatment [69].
Similarly, DNMT inhibitors were shown to overcome the
resistance to tumor necrosis factor (TNF)-related apopto-
sis-inducing ligand (TRAIL) therapy in a mouse model of
glioblastoma [70]. Factors that are frequently methylated
in tumors include, but are not limited to, death-associated
protein kinase (DAPK), Ras-association domain family 1A
(RASSF1A), and apoptotic protease-activating factor 1
(APAF-1) [68].

In addition to DNA methylation, histone modification
can contribute to epigenetic escape of apoptosis. The anti-
tumorigenic effect of HDAC inhibitors observed in leukemia
depends on activation of TRAIL and Fas (CD95) signaling
pathways. Upstream mediators such as Fas ligand (FasL,
also known as CD95L), Fas and TRAIL were upregulated
by HDAC inhibitors, which led to increased caspase activity
[71, 72]. These findings were also translated to pancreatic
cancer cell lines, where treatment with the HDAC inhibi-
tor sodium butyrate (NaBt) sensitized the cells to both Fas-
mediated and mitochondria-triggered apoptosis [73].

@ Springer

Epigenetic regulation of T-cell response

An important role of DNA methylation has been shown for
T-cell development and function. Epigenetic modulation of
the CD8 co-receptor affects the activation status of T-cells
upon encountering the MHC-I-TAA complex and controls
the transcriptional activation of IFN-y [74-76]. As previ-
ously introduced, persistent antigen stimulation and inflam-
matory microenvironment observed in chronic infection
and cancer can lead to a dysfunctional T-cell state, termed
T-cell exhaustion. The exhausted T-cell state is character-
ized by co-expression of high levels of immune checkpoint
molecules, such as PD-1, CTLA-4, TIM-3 and LAG-3, and
loss of secretion of effector cytokines such as IL-2, TNF
and IFN-y. Exhausted T-cells also manifest a low prolifera-
tion rate, altered metabolism and distinct transcription factor
expression and activity.

The expression levels of the transcription factors T-bet
and Eomesodermin (Eomes) demonstrated heterogeneity
within the exhausted T-cells. While the T-bet"" PD-1™id
cell subset is responsive to reinvigoration by checkpoint
inhibitors, Eomes"" PD-1"2" cells are terminally differen-
tiated [77]. T-cell exhaustion restricts the effector functions
of T-cells, preventing control of infection or tumor growth.
Targeting this dysfunctional T-cell state with blocking anti-
bodies to PD-1 (or its ligand PD-L1) and CTLA-4 led to
increased anti-tumor T-cell responses and showed consider-
able clinical benefits in metastatic cancer patients.

Virus-specific CD8* T-cells generated in response to
persistent chronic infection kept their exhausted pheno-
type, characterized by high PD-1 expression and decreased
cytokine responses, when transferred into naive mice [78].
Surprisingly, these cells were able to proliferate and medi-
ated cytotoxic responses to eliminate viral infections upon
re-challenge while maintaining their exhausted phenotype.
These results revealed a heritable alteration within exhausted
T-cells. In line with this study, demethylation of the Pdcd]
locus (encoding PD-1) in antigen-specific CD8* T-cells was
identified in chronic viral infections in the effector stage.
While memory T-cells were able to remethylate the region,
the demethylation state was maintained in exhausted T-cells
even if the target antigen was absent [79-81]. It would be
interesting to investigate whether similar mechanisms are
operational in cancer.

Further studies using transposase-accessible chromatin
with high-throughput sequencing (ATAC-seq) have demon-
strated global epigenetic remodeling during T-cell activa-
tion and differentiation [82], which includes the transition
of naive T-cells to effectors with many of these -cells under-
going apoptosis, while a few survive as memory T-cells
and other effector T-cells may become exhausted if the
antigen persists [83]. Chromatin accessibility of enhancer
regions were altered during T-cell differentiation, positively
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regulating gene expression of distinct programs correspond-
ing with the acquired phenotype [82]. In a similar study,
the effect of inhibition of PD-1-PD-L1 axis on exhausted
T-cells was investigated. In terms of gene expression, PD-L1
blockade favored an effector T-cell phenotype rather than a
memory T-cell phenotype [84]. This rejuvenation was lost
with time upon sustained antigen exposure, suggesting re-
exhaustion of T-cells. The analysis of the epigenetic land-
scape revealed that PD-L1 blockade only led to minimal
alterations in accessible chromatin regions. This suggests
that without altering the underlying epigenetic program,
it is very challenging to restore the activity and cytotoxic
capacity of CD8" T-cells. In a recent study, a combination of
HDAC and DNMT inhibitors in non-small cell lung cancer
cells correlated with increased IFN-o/p signaling, upregu-
lation of the antigen presentation machinery and depletion
of MYC signaling [85]. This led to enhanced tumor control
correlating with increased T-cell infiltration and reversion
of T-cell exhaustion, thereby skewing the system toward
memory and effector T-cell responses. Capitalizing on these
findings, Dnmt3a-c-mediated de novo DNA methylation was
shown to be crucial for exhausted T-cell reprogramming in
chronic inflammation and cancer [86]. Dnmt3a-c-deficient
T-cells were selected against their wild-type counterparts
as they retained the capacity to proliferate, produce effector
cytokines and maintain a T-bet"€" Eomes'®" expression pro-
file. 5-AZA-2 treatment synergized with PD-1 blockade in
tumor control, increasing the fitness of both antigen-specific
and polyclonal tumor-infiltrating CD8* T-cells. By contrast,
tumor cell intrinsic demethylation can also cause the upregu-
lation of inhibitory pathways leading to T-cell exhaustion.
In vitro, non-small cell lung cancer cell lines upregulate
PD-L1 upon treatment with AZA [87]. Moreover, higher
levels of the inhibitory molecules PD-L1, PD-L2, PD-1 and
CTLA-4 were detected in a cohort of myelodysplastic syn-
drome, chronic myelomonocytic leukemia and acute myeloid
leukemia patients treated with 5-AZA-2 [88].

In summary, the described epigenetic alterations are
associated with mechanisms developed by the tumor cells
to evade immune control (Fig. 1). Furthermore, recent stud-
ies have depicted a key role of altered histone methylation
in the development of cancer, especially through the activity
of EZH2.

Epigenetic regulation of suppressor-type immune
cells

A major tumor extrinsic factor mediating resistance to
anti-cancer immune responses is the presence of immuno-
suppressive cells in the tumor microenvironment, includ-
ing Treg cells and MDSCs. Treg cells are a subset of CD4*
T-cells, commonly characterized by expression of the tran-
scription factor forkhead box P3 (FoxP3) and high surface

levels of IL-2 receptor « (also known as CD25), although
there also exist other Treg cell subsets with variable
expression of these molecules. Treg cells inhibit effector
T and NK cell function by secretion of immunosuppressive
cytokines such as IL-10, IL-35 and TGF-f, expression of
inhibitory molecules, and induction of cytolysis. Moreo-
ver, Treg cells depend on, consume and scavenge IL-2, an
essential cytokine for the proliferation and development of
effector and memory T-cells [89]. Also, Treg cells are able
to kill or modulate antigen-presenting cells by endo- or
trogocytosis of costimulatory molecules [90, 91].

FoxP3 is the major transcription factor mediating Treg
differentiation and function. Its expression in Treg cells is
very stable during their lifespan, maintained by hypometh-
ylation of the conserved non-coding sequence 2 (CNS2)
at the 5" untranslated region of the Foxp3 gene [92]. DNA
hypomethylation is also observed for other Treg markers
including CD25, CTLA-4 and Tnfrsf18 (also known as
GITR) [93, 94]. It has been shown that inhibition of DNA
methylation promotes and stabilizes FoxP3 expression [95,
96]. Based on this data, it could be speculated that use
of DNA methyltransferase inhibitors in cancer treatment
could support Treg function or even promote their differ-
entiation in the tumor microenvironment.

A second cell type exerting immunosuppressive effects
in cancer constitute MDSCs. These cells develop under
chronic inflammatory conditions from immature myeloid
cells. MDSCs are a distinct cell subset with the ability to
suppress various T-cell functions. The epigenetic mecha-
nisms regulating MDSC function in the tumor microenvi-
ronment remain still mostly unknown. One study revealed
that HDAC11 regulates MDSCs function in vivo. MDSCs
from HDACI11-deficient mice were highly suppressive
leading to more aggressive tumors compared to wild-
type controls [97]. On the other hand, another study using
checkpoint inhibitors in poorly immunogenic tumor mod-
els showed that combination treatment of mice with enti-
nostat, a class-I HDAC inhibitor, and anti-PD-1 or anti-
CTLA-4 enhanced tumor control and inhibited metastasis
development correlating with low numbers of MDSCs in
the tumor [98]. Hence, cytotoxic T-cells obtained upon
immune checkpoint blockade were not fully functional
unless immune suppressor cells were reduced by treat-
ment with epigenetic modulators. Such studies show the
complexity behind epigenetic regulation having opposite
effects on the function and migration of immunosuppres-
sive cells. Youn et al. demonstrated that HDAC2 promoted
differentiation of monocytic MDSCs into polymorphonu-
clear MDSC, the latter of which are the major MDSC sub-
type accumulating in the tumor [99]. These two MDSC
subtypes use different suppressive mechanisms. The
impact for cancer immunotherapy of this transition from
one MDSC subtype to the other, needs to be elucidated.
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I—| Tumor-associated antigens
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IFN-y response

Fig. 1 Epigenetic mechanisms leading to loss of immunogenicity. a
Tumor cell (black) maintains expression of tumor-associated antigens
(TAA) and immune-related processes, such as antigen presentation
machinery, interferon (IFN)-y receptor, and chemokines CXCL9 and
CXCLI10. This leads to the accumulation of CD8" T-cells (blue) in
the tumor microenvironment and subsequent recognition of tumors
via the major histocompatibility complex class-I (MHC-I)—TAA—
T-cell receptor (TCR) complex. Infiltrating CD8" and CD4* T-cells

There are two groups of macrophages within the tumor,
referred to as tumor-associated macrophages (TAMs). Type
I macrophages (M1) represent potent effector cells, mediat-
ing tumor cell killing and the production of proinflammatory
cytokines. In contrast, type II or alternatively activated mac-
rophages (M2) suppress inflammatory responses, promote
angiogenesis, and enhance tumor invasion [100-102]. Even
though some studies suggested that macrophage polariza-
tion was epigenetically regulated, the molecular mecha-
nisms behind the suppressive functions of M2 need to be
elucidated [36, 103]. Ishii et al. reported that the expres-
sion of M2 signature genes was regulated by histone meth-
ylation, i.e., H3K4 versus H3K27 [104]. Furthermore, IL-4
was shown to reduce H3K27 methylation in the promoter
regions of M2 genes by concomitant activation of H3K27
demethylase Jumonji domain containing 3 (JMJD3). This
was mediated through the signal transducer and activator of
transcription (STAT) 6 [104], the latter being downstream of
the IL-4 receptor signaling pathway [105]. One of the major
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CXCL9
O CXCL10

receptor

CcD8*
T cell

(not shown) produce IFN-y, which further promotes antigen presenta-
tion and expression of programmed death-ligand 1 (PD-L1) on tumor
cells. Persistent antigen stimulation, interaction of programmed cell
death protein-1 (PD-1) and PD-L1 and expression of other inhibitory
signals lead to exhaustion of CD8" T-cells. b Tumor cell (gray) loses
the expression of the above-mentioned genes due to DNA and histone
methylation. Lack of T-cell-attracting chemokines and antigen pres-
entation inhibits T-cell infiltration and tumor recognition

features of M2 is the down-regulation of MHC-II. In line
with this, it has been shown that decoy receptor 3, a mem-
ber of the TNF receptor superfamily, when overexpressed in
tumors leads to the upregulation of genes characteristic of
M2 and inhibits the expression of MHC-II on macrophages
via histone deacetylation [106].

EZH2-specific regulation
EZH2, a prominent epigenetic regulator

The EZH2 catalytic subunit of the polycomb repressive com-
plex 2 (PRC2) is a highly conserved histone methyltrans-
ferase. It mediates the tri-methylation of lysine 27 on histone
3 (H3K27me3), thus inducing chromatin compaction and
transcriptional repression of target genes (Fig. 2) [107, 108].
Several studies have shown an essential role of EZH?2 for
cancer development and progression. High levels of EZH2
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PRC2 complex

Fig.2 Polycomb repressive complex 2-mediated transcriptional
repression. The polycomb repressive complex 2 (PRC2) is made of
the core components enhancer of zeste homolog 2 (EZH2), embry-
onic ectoderm development (EED), and suppressor of zeste 12
(SUZ12). These associate with other subunits, such as RBAP46 (also
termed RBBP7), RBAP48 (RBBP4), Jumonji and AT-rich interac-

have been associated with more aggressive forms of mela-
noma, renal cell carcinoma, prostate, breast, bladder, endo-
metrial and gastric cancer. Overexpression of EZH2 in many
cancers is due to either a gain-of-function mutation in tyros-
ine 641 or a loss-of-function mutation in EZH2 antagonists,
including ubiquitously transcribed tetratricopeptide repeat
gene on X chromosome (UTX) and BRG1-/BRM-associated
factor (BAF), the latter of which is the human analog of
switch/sucrose non-fermentable-A (SWI/SNF-A) [109, 110].
Interestingly, EZH?2 overexpression has been linked to inef-
ficient T-cell response in uveal melanoma [111]. Because of
its role in cancer, EZH2 has been validated as a promising
target for the development of small molecule inhibitors such
as 3-deazaneplanocin A (DZNep), GSK126, GSK343, and
GSK503 (see also Table 2) [112, 113].

EZH2-mediated regulation of cancer cells

Although the involvement of EZH?2 on cancer development
and progression is supported by several studies, the molecu-
lar mechanisms linking EZH?2 to tumor immune escape are
beginning to emerge. There is evidence that EZH2 induces
dedifferentiation and proliferation of cancer cells, which is in
line with its biological role in maintaining stem cell function
[114-116]. Furthermore, EZH2 can suppress DNA repair
pathways leading to accumulation of driver mutations and
promote epithelial-to-mesenchymal transition (EMT) [117,
118]. In addition to promoting tumorigenesis, traits such as
invasion, dedifferentiation, stemness and EMT have been
linked to immune evasion.

I—l Gene silencing

tion domain containing 2 (JARID2; not shown), AE binding protein
2 (AEBP2; not shown) and polycomb-like proteins (PCL; not shown).
The PRC2 complex binds to unmethylated cytosin-guanine dinucleo-
tide (CpG) islands and, via tri-methylation of lysine 27 in histone 3
(H3K27m3) of adjacent nucleosomes, mediates silencing of repressed
genes

Recent studies suggested a role of EZH2 on T-cell immu-
nity. It has been well-established that infiltration of CD8"
T-cells to the tumor microenvironment correlates with bet-
ter prognosis of cancer patients. As previously mentioned,
T-cell migration to the site of cancer depends mainly on
the chemokines CXCL9 and CXCL10 [119]. Inhibition of
EZH2 leads to increased CXCL9 and CXCL10 expression in
human ovarian and colon cancer cells, as well as in B16-F10
mouse melanoma in vivo, suggesting that EZH?2 alters the
anti-tumor immune response by interfering with T-cell traf-
ficking [120-122]. A similar effect on chemokine expression
was observed upon inhibition of DNMT-1 in ovarian cancer
cells. In line with these results, a combination of GSK126
and 5-AZA-2, synergized with adoptive cell therapy in a
mouse model of ovarian cancer, lead to increased T-cell
infiltration and improved tumor control [120].

We have recently investigated the role of EZH2 in
acquired resistance to cancer immunotherapy. Using three
different mouse models of melanoma, our studies revealed
that treatment with the checkpoint inhibitor anti-CTLA-4
or use of a CD122-biased IL-2 immunotherapy (more pre-
cisely, IL-2 complexes [123, 124]) promoted EZH2 upregu-
lation in cancer cells leading to loss of tumor control [122].
Tumor intrinsic activation of EZH?2 led to methylation of
H3K27 and consequent suppression of essential immune-
related genes, including those involved in melanocyte line-
age, MHC-I, antigen processing and presentation machinery,
immunoproteasome, and T-cell-attractant chemokines. Inter-
estingly, EZH?2 upregulation by melanoma cells was depend-
ent on T-cell infiltration into the tumor and T-cell-dependent
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Table 2 PRC2-targeting agents in clinical development. Source: Clinicaltrials.gov; accessed 8 Aug 2018

PRC2-targeting agent

Type of malignancy

Status

EZH?2 inhibitors
Tazemetostat (also known as EPZ-6438 and E7438) (Epizyme,

B-cell non-Hodgkin lymphoma

Phase I/

Inc.) Diffuse large B-cell lymphoma
Follicular lymphoma
Malignant mesothelioma
Malignant rhabdoid tumors of different organs (kidney, ovary)
Atypical teratoid rhabdoid tumors
Synovial sarcoma
Epitheliod sarcoma
Mesothelioma
Poorly differentiated chordoma
Renal medullary carcinoma
Advanced solid tumors

CPI-1205 (Constellation Pharmaceuticals)

B-cell lymphoma

Phase Ib/I1

Advanced solid tumors (including metastatic castration-resistant
prostate cancer)

GSK2816126 (also known as GSK126) (GlaxoSmithKline)

Diffuse large B-cell lymphoma

Phase I

Transformed follicular lymphoma

Non-Hodgkin lymphoma

Multiple myeloma

Advanced solid tumors (including castration-resistant prostate
cancer)

PF-06821497 (Pfizer)

Diffuse large B-cell lymphoma

Phase I

Follicular lymphoma
Small cell lung cancer
Castration-resistant prostate cancer

SHR2554 (Jiangsu HengRui Medicine Co., Ltd.)
EED inhibitor
MAKG683 (Novartis Pharmaceuticals)

Mature lymphoid neoplasms

Diftuse large B-cell lymphoma

Phase |

Phase I/IT

TNF production. Upon EZH?2 inhibition using GSK503 or
tumor cell-specific RNA interference, tumor immunogenic-
ity and T-cell infiltration was restored, resulting in improved
tumor control upon immunotherapy [122]. These findings
provide a mechanistic insight into the upstream and down-
stream effects of EZH2 activation, which overall results in
adaptive cancer resistance to immunotherapy. Furthermore,
these data nicely fit and extend the report by Tiiting et al.
who described reversible dedifferentiation of melanoma
cells in response to TNF exposure [125].

A recent study has identified another key chromatin regu-
lator of tumor immune resistance. Using a genome-scale
CRISPR-Cas9 screen the investigators of that study were
able to identify key genes involved in resistance of tumor
cells to T-cell-mediated lysis. The study revealed that inac-
tivation of any of the three unique genes ARID2, PBRM1
and BRD7 of the polybromo and BRG1-associated factors
(PBAF) complex sensitized melanoma cells to cytotoxic
T-cells via an enhanced response to IFN-y [126]. PBAF
played a central role in epigenetic regulatory mechanisms
by the regulation of chromatin accessibility for transcription
factors. PBAF-deficient tumor cell lines produced higher
amounts of CXCL9 and CXCL10, therefore allowing better

@ Springer

T-cell infiltration to the tumor site. Importantly, inactivating
mutations of these genes in patients with metastatic cancers
were associated with improved clinical responses to check-
point inhibitors.

Regulation of effector-type immune cells by EZH2

EZH?2 expression is not restricted to cancer or stem cells
but is also present in immune cells. It has been shown that
EZH2 is important for differentiation of CD4* T-cells. Upon
in vitro polarization into Th1, Th2 and Th17 cells, EZH2-
deficient CD4" T-cells produced higher concentrations of
all signature cytokines compared to their wild-type counter-
parts [127, 128]. This was most notable for the Th1 cytokine
IFN-y, which was synthesized at increased levels even by
non-polarized EZH2-deficient CD4* T-cells. However, when
challenged with the intracellular pathogen T. gondii, CD4"®
EZH2"* mice with a CD4* T-cell-restricted deficiency in
EZH2 produced lower amounts of IFN-y and failed to con-
trol the infection. This was due to premature senescence of
CD4" T-cells, illustrating the requirement of EZH2 for opti-
mal effector CD4% T-cell differentiation and function [128].
In line with this, conditional deletion of EZH2 from CD4%
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T-cells reduced numbers of pathogenic Th1 cells in a mouse
model of aplastic anemia [129].

In addition, a function of EZH2 on CD8* T-cells has been
illustrated. EZH2 expression has been detected in human
CD8* T-cells in various tissues, including in ovarian cancer.
EZH2* CD8* T-cells did not express markers associated
with exhaustion and were able to produce effector cytokines
[130]. Further analysis revealed that EZH2 promoted Notch
signaling leading to increased survival and effector func-
tion of CD8* T-cells. In the tumor microenvironment, the
percentage of EZH2% CD8" T-cells were lower compared
to peripheral blood and non-malignant tissues, suggesting
that the tumor microenvironment interfered with EZH2
expression of T-cells. Indeed, cancer cells restricted T-cell-
mediated immunity via inhibition of their EZH2 expres-
sion thereby limiting their glycolysis pathway. Thus, EZH2
expression can lead to the advantageous survival of CD8"
T-cells in the tumor microenvironment. Likewise, EZH2
expression by T-cells correlated with better survival and
prognosis in patients. Similarly, another study revealed that
EZH2 was crucial for the development and maintenance of
T-cell memory precursors, correlating with enhanced tumor
control [131]. Furthermore, Gunawan et al. showed that the
infiltration of EZH2-deficient DCs into inflamed tissues was
impaired, leading to poor T-cell responses [132].

These studies suggested that EZH2 can play opposite
roles on T-cells and tumor cells revealing effects on immune
cells that should be taken into consideration with the sys-
temic use of epigenetic therapies. However, the role of EZH2
on immune cells might depend on the tumor type and tumor
microenvironment, as systemic inhibition of EZH2 did not
affect T-cell proliferation and effector functions in mouse
models of melanoma [122].

NK cells are able to generate rapid responses against for-
eign, infected or cancerous cells in the absence of antigen
presentation by MHC-I. Several studies have described the
contribution of epigenetic mechanisms to the development
and fate of NK cells. In vitro studies showed that inhibition
of histone deacetylation promotes apoptosis, decreases cyto-
toxicity and chemokine secretion by NK cells [133]. Moreo-
ver, the expression of essential genes for NK cell diversity
and maturity has been shown to be regulated by DNA meth-
ylation and histone acetylation [134, 135]. Furthermore, a
role for the PRC2 complex in NK cell development and dif-
ferentiation has been initially described through the regula-
tion of homeobox genes HOXA9 and HOXA10 [136]. A
subsequent study showed that EZH?2 inactivation correlated
with an increased number of NK cell precursors [137]. In
line with this, EZH2 blockade promoted NK cell develop-
ment and led to higher expression of the IL-2 receptor 8
(also termed CD122), NK cell-activating receptor NKG2D,
Toll-like receptors, and granzymes in NK cells. This corre-
lated with the proliferation, activation and cytotoxic activity

of NK cells, providing new insights into systemic effect of
EZH?2 interference.

EZH2-mediated regulation of Treg cells

EZH2 has also been shown to be required for Treg cell func-
tion. Thus, although they did not display a significant phe-
notypic difference in vivo, EZH2-deficient mature Treg cells
were unable to establish tolerance or suppress experimental
colitis [128]. Moreover, EZH2-deficient Treg cells were
unable to maintain a FoxP3 differentiation program and thus
were unstable and dysfunctional upon activation [128, 138].
A recent study has demonstrated a selective upregulation of
EZH?2 in tumor-infiltrating Treg cells compared to effector
T-cells or Treg cells in peripheral blood. Specific disruption
of the EZH?2 gene in Treg cells resulted in an increased anti-
cancer immune response correlating with improved tumor
control [139]. In line with these findings, systemic treatment
with the EZH?2 inhibitor GSK503 in combination with IL-2
immunotherapy correlated with lower intratumoral IL-10
and TGF-p expression [122]. Collectively, Treg cells appear
to require an EZH2-mediated epigenetic program for their
suppressive activity and maintenance.

Conclusion

The discovery of immune checkpoint inhibitors led to the
development of novel and efficient treatments for patients
with metastatic malignancies. However, a major limitation
of single or combined immunotherapies is the development
of secondary or acquired resistance. To improve immuno-
therapy, efforts taken in studying the different mechanisms
of intrinsic and extrinsic resistance development need to be
intensified. Epigenetic reprogramming is involved in a vari-
ety of mechanisms used by neoplastic cells to escape from
immune control. The inherent reversibility of epigenetic
modifications makes this mechanism an attractive target for
the development of inhibitors able to modulate the activity
of DNA methyltransferases, histone deacetylases and his-
tone methyltransferases (Tables 1, 2). The study of these
epigenetic drugs in vitro and in various pre-clinical models
showed their capacity to regulate different pathways and
molecules involved in the interaction of the immune system
with cancer cells. These efforts are currently translating to
clinical trials on epigenetic-modifying drugs in combination
with immune checkpoint inhibitors, such as NCT03179943
and NCT02664181.

However, other studies performed using epigenetic drugs
for cancer therapy showed that they can play a Janus-faced
role in the tumor microenvironment, challenging their clin-
ical application. One example is the histone methyltrans-
ferase EZH2, the activity of which can lead to opposite
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effects on cancer and T-cells. EZH2 upregulation on cancer
cells contributes to tumor immune escape through the down-
regulation of tumor antigen presentation and chemokine
expression resulting in reduced T-cell infiltration, thereby
contributing to tumor cell intrinsic and extrinsic mechanisms
of immune resistance [120-122]. Thus, inhibition of EZH2
can result in improved tumor control through a variety of
mechanisms (Fig. 3). By contrast, EZH2 might convey to
T-cells’ survival advantages in the tumor microenvironment
[130], which however appear to depend on the tumor type
and the treatment used [122].

In conclusion, the recent data clearly highlight the role
of EZH2 inhibitors in reversing, at least, certain features

Immune resistance

CcDh4*
Thi cell

DCs

Degranulation

CcD4* NK
Treg ceII

Fig.3 EZH2-mediated immune resistance in anti-tumor immune
responses. EZH2 expression (left) mediates downregulation of T-cell-
attracting chemokines resulting in decreased T-cell infiltration to
the tumor site. The lack of antigen presentation limits T-cell effec-
tor functions. Upon EZH2 blockade (right), expression of CXCL9
and CXCL10 increases and promotes CD8" T-cell (blue) infiltration.
The recognition of cancer cells by CD8" Tcell through the MHC-I-
TAA-TCR complex leads to the secretion of effector molecules, such
as perforin and granzymes (dark red). CD4" Tcells (orange) require
EZH2 for their differentiation and maintenance. Thus, the function
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of adaptive resistance of tumors to immunotherapy. Future
directions of research and development should focus on
which immunotherapies best combine with EZH2 inhibi-
tion. Thus, IL-2 immunotherapy as well as anti-CTLA-4
antibody treatment combined well with EZH2 inhibition,
whereas PD-1 blockade did not show any significant syn-
ergy in the tested melanoma models [122]. Such effects
might also depend on the cancer type, the stage of cancer,
or the EZH2-targeting agent [120, 122]. Moreover, it will
be important to determine whether EZH2 inhibitors will be
equally efficacious in malignancies with wild-type EZH2
versus gain-of-function EZH2 mutations. In certain malig-
nancies, the systemic use of EZH2 inhibitors could lead

EZH2 blockade

CXCL9
CXCL10

of Thl cells and regulatory T (Treg) cells can be altered upon EZH2
blockade, including production of IFN-y, interleukin-10 (IL-10) and
transforming growth factor-f (TGF-f). EZH2 is important for infiltra-
tion of dendritic cells (DCs; purple) to the inflammatory microenvi-
ronment. However, EZH2-dependent downregulation of TAA affects
DC-mediated priming of T-cells. Natural killer (NK) cells (red)
mature and show enhanced lytic activity upon EZH?2 inhibition. In
summary, although EZH2 inhibition can affect DC migration and Th1
cell function, different mechanisms involved in tumor resistance can
be efficiently reversed, thus improving tumor control
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to antagonistic effects. Hence, the development of tumor-
targeted EZH?2 inhibition could be beneficial. Alternatively,
the different effects of EZH2 blockade might require differ-
ent doses of EZH2 inhibition. Furthermore, the analysis of
tumor samples from treatment responders, non-responders
and those showing a long-term disease stabilization fol-
lowing immunotherapy could provide valuable informa-
tion on the epigenetic changes in cancer cells and the tumor
microenvironment contributing to treatment response versus
development of resistance. Such analysis might also provide
insight into the contribution of epigenetic factors in tumor,
stromal and immune cells. Additionally, such studies might
help in the discovery of biomarkers, including those predict-
ing a favorable response to EZH2 blockers as well as prog-
nosis and response to combination immunotherapy.
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