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Epigenetic modifiers in immunotherapy: a
focus on checkpoint inhibitors

Immune surveillance should be directed to suppress tumor development and
progression, involving a balance of coinhibitory and costimulatory signals that amplify
immune response without overwhelming the host. Inmunotherapy confers durable
clinical benefit in ‘immunogenic tumors’, whereas in other tumors the responses
are modest. Thus, immune checkpoint inhibitors may need to be combined with
strategies to boost immune response or increase the tumor immune profile. Epigenetic
aberrations contribute significantly to carcinogenesis. Recent findings suggest that
epigenetic drugs prime the immune response by increasing expression of tumor-
associated antigens and immune-related genes, as well as modulating chemokines
and cytokines involved in immune system activation. This review describes our current
understanding regarding epigenetic and immunotherapy combination, focusing on
immune response priming to checkpoint blockade.
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Published online: 20 May 2016
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Epigenetics modifications overview
Epigenetic modulations encompass a broad
range of heritable and reversible changes in
gene expression, without involving changes
in DNA sequence. The haploid human
genome encodes approximately three bil-
lion DNA base pairs organized within 23
chromosomes, which are tightly wrapped
around a histone core. Histones consist of a
family of small, positively charged proteins
termed histone H1, H2A, H2B, H3 and H4
that bind to the negatively charged DNA [1].
Unlike genetic modification, epigenetic
events regulate the fluid balance of chroma-
tin maintained either in an open conforma-
tion (euchromatin), associated with active
transcription, or in a closed conformation
(heterochromatin), associated with gene-
repression, and thereby allow the necessary
adaptation prompted by environmental
influences [2].

Epigenetic regulation of gene expres-
sion is controlled through modifications
directly on DNA and on the N-terminal
histone tails, which include acetylation,
methylation, phosphorylation, ubiquitina-
tion, sumoylation, proline isomerization and
ADP ribosylation [3-s]. Multiple enzymes are
responsible for these modifications, includ-
ing DNA methyltransferases (DNMTs), his-
tone methyltransferases (HMTs) and histone
demethylases, histone acetyltransferases and
histone deacetylases (HDACs), ubiquitin
ligases and deubiquitinases, kinases, phos-
phatases, small ubiquitin-related modifier
ligases and proteases [s].

Epigenetic downregulation of tumor sup-
pressor genes and upregulation of onco-
genes are central steps in the development
of tumors, directly affecting carcinogen-
esis (6], metastasis (7], drug resistance (8]
and relapse [9]. DNA hypermethylation and
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hypoacetylation of histones H3 and H4 have been
linked to cancer progression and, being potentially
reversible mutations, they have become an attractive
target for cancer therapy [2]. The most advanced epigen-
etic modulators in clinical use are the DNMT inhibi-
tors (DNMTi) and the HDAC inhibitors (HDACH),
which have been investigated with the aim of reversing
cancer-promoting epigenetic changes [2,10,11].

HDACi and DNMTi have been extensively studied
in solid tumors; however, the optimal clinical setting
has been less clear since their single agent activity is
modest. In solid tumors, preclinical data suggest that
HDACi and DNMTi are effective when used in com-
bination with other anticancer therapies and in revers-
ing therapeutic resistance. Moreover, epigenetic modu-
lators have recently gained interest for their effects on
immunomodulatory cells.

This review will focus on the present preclinical and
clinical advances that combine epigenetic interventions
with checkpoint inhibitors as a new antitumor strategy.

HDAC & HDACi
Class-I HDACs (1-3, 8) are the major mediators of
histone deacetylation and are mainly expressed in the
nucleus. Class-1la HDACs (4, 5, 7 and 9) and class-ITb
HDAC:s (6, 10) either shuttle between the nucleus and
the cytoplasm, or are restricted to the cytoplasm where
their main targets are nonhistone proteins. HDACI11
has been recently reclassified and is the only known
class IV HDAC. It is also located in both the nucleus
and the cytoplasm and, together with the first two
groups, requires Zn** as a cofactor. Class III enzymes,
known as Sirtuins (SIRT1, 2, 3, 4, 5, 6 and 7), differ in
structure and function from other deacetylases and are
NAD* rather than Zn** dependent enzymes [12].
Although histone hyperacetylation is commonly
associated with transcriptional activation, the broader
effects of HDACs on other post-translational modifi-
cations and activation of repressor genes involve simul-
taneous upregulation and downregulation of genes [13].
Divided into several structural classes including
hydroxamates, cyclic peptides, short-chain fatty acid
and benzamides, several HDACi are in clinical devel-
opment. The hydroxamates include vorinostat, givino-
stat, abexinostat, panobinostat, belinostat, rocilinostat
and the prototypical HDACi trichostatin A. The cyclic
peptides include compounds such as romidepsin (dep-
sipeptide) and trapoxin. Benzamides include entino-
stat and mocetinostat; while valproic acid and butyr-
ate are short-chain fatty acids [14]. In general, HDACi
can be either specific against some HDACs (HDAC
isoform-selective inhibitors), or against all types of
HDAC:s (pan-HDACI). Vorinostat and panobinostat
are two pan-HDACI, while other compounds can

inhibit specifically class I and Ila HDAC: (e.g., VPA),
or exclusively class I HDACs (e.g., entinostat). The
structural difference and selectivity in agents have not
resulted in clear clinical distinctions.

The cellular response to HDACI is complex and
is likely to involve transcriptional and nontranscrip-
tional phenomena [15]. HDACi modulate gene expres-
sion indirectly by mediating the post-translational
acetylation of various histone proteins. In addition
to histones, nonhistone protein substrates are post-
translationally modified by acetylation resulting in
their altered function, stability and subcellular local-
ization. Indeed, beyond the classical nuclear HDAC
targets, many nonhistone proteins, such as transcrip-
tion factors (e.g., p53, Bcl6, E2F1 and STATs), DNA
repair proteins (e.g., Ku70), cytoskeletal proteins
(e.g., o-tubulin) and chaperones (e.g., HSP90) are
modulated by HDAC: either directly or indirectly [16].
Thus, nonhistone protein acetylation plays a signifi-
cant role in the modulation of multiple pathways such
as apoptosis, cell-cycle arrest, necrosis, autophagy, dif-
ferentiation and migration [12,15,17-21].

To date, several HDACI have been approved by the
US FDA due to their preclinical and clinical efficacy
as monotherapy, but mainly in combination with
other antitumor drugs in hematological malignan-
cies and in solid tumors. In 2006 and 2009, respec-
tively, vorinostat and romidepsin were approved for
the treatment of advanced primary cutaneous T-cell
lymphoma in patients with progressive, persistent or
recurrent disease on or following two systemic ther-
apies [22]. In 2014, belinostat was approved for the
treatment of peripheral T-cell lymphoma, a rare and
fast-growing type of non-Hodgkin lymphoma [23].
Most recently in 2015, panobinostat was approved
in combination with bortezomib and dexamethasone
for the treatment of multiple myeloma [24]. Further-
more, entinostat recently received breakthrough sta-
tus for the treatment of hormone therapy refractory
breast cancer.

Preclinically, HDACi showed synergistic antitu-
mor activity in combination with a large number of
structurally diverse anticancer agents [25-28], spurring
a number of ongoing combination trials. In particular,
HDAC: have been found to synergize with capecitabine
in colorectal and breast cancer through upregulation of
thymidine phosphorylase, the key enzyme that regu-
lates capecitabine conversion to its active form 5-fluo-
rouracil [26.27]. Moreover, studies suggest that HDACi
can reverse therapeutic resistance. In a Phase II trial,
vorinostat showed encouraging activity reversing
resistance to tamoxifen in hormone therapy-resistant
breast cancer patients [29]. In the expansion cohort of
a Phase I trial, a significant number of patients with
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sarcoma, who had failed prior anthracycline treatment,
again benefited when combined with panobinostat [30].
A preclinical in vitro model showed that the HDACi
PCI-24781 (abexinostat) synergized with tamoxifen in
breast cancer, inducing apoptosis through downregu-
lation of AKT p25]. Furthermore, HDAC] are capable
of reverting resistance to the tyrosine kinase inhibi-
tors gefitinib and erlotinib by increasing reactive oxy-
gen species in an iz vitro model of non-small-cell lung
cancer (NSCLC) [28].

In addition to their direct effects on tumor cells,
HDACi may also have indirect effects on tumor
growth by regulating the host immune response and
the tumor vasculature [31-33].

DNMT & DNMTi

DNA methylation plays an important role in main-
taining genome integrity. Dysregulated DNA methyla-
tion and DNMT downregulation are associated with
cancer through an unknown mechanism [34). DNMTs
are a highly conserved family of four enzymes that are
responsible for the transfer of a methyl group from
S-adenosyl-L-methionine, the universal methyl donor,
to the carbon-5 position of the pyrimidine ring of cyto-
sine in CpG dinucleotides. Three of them, DNMT1
(the maintenance DNMT), DNMT3A and DNMT3B
(that encode for the de novo methyltransferases) are
active on DNA. The fourth member, DNMT3L, does
not have enzymatic activity.

DNMTT is the most abundant DNMT and binds
to hemimethylated DNA at CpG sites. After DNA
replication, the parent strand remains methylated,
while the new strand is not. This allows DNMT1 to
recognize the newly synthesized strand, bind to it and
methylate these hemimethylated CpG sites, maintain-
ing methylation patterns through mitosis. The de novo
DNMTs: are essential for early development since these
enzymes mediate DNA methylation after embryo
implantation [35-37].

Affecting protein/DNA interactions through chro-
matin remodeling, DNMTs determine DNA acces-
sibility to transcriptional factors. In this way, these
enzymes regulate transcriptional silencing of dif-
ferent genes, essential for genome stability, particu-
larly in repetitive DNA sequences [38-40]. If the pro-
moter region is methylated, the corresponding gene
is repressed, as methylation prevents the recognition
of the gene by transcription factors. Aberrant hyper-
methylation may lead to potent transcriptional silenc-
ing that inactivates tumor suppressor gene expression
and crucial cellular pathways, such as DNA repair [35].
Hypermethylation is indeed linked to specific types
of tumor such as colorectal, breast, lung cancers and
glioma [41], highlighting its role in tumor progression.

Epigenetic modifiers in immunotherapy Review

The DNMT] 5"-azacytidine (azacitidine) and 5-aza-
2'-deoxycytidine (decitabine), also described as hypo-
methylating agents (HMAs), are currently approved
for the treatment of several hematological cancers.
Their application in cancer is limited by their mod-
est clinical activity and relative toxicity [42] as single
agents. Moreover, a majority of patients that benefit
from HMAs will develop resistance due to unknown
mechanism(s) [43.44]. Azacitidine is approved by the
FDA for the treatment of myelodysplastic syndrome
(MDS) and chronic myelomonocytic leukemia, and by
the EMA for the treatment of acute myeloid leukemia
(AML). In advanced US clinical studies, azacitidine is
being evaluated for efficacy in AML [42,45]. Decitabine
is approved by the FDA for the treatment of MDS [46],
and by the EMA for AML [47].

Initially used at much higher doses, later studies sug-
gested that HMAs may be used more efficiently at lower
concentrations. Acting as epigenetic modifying drugs,
DNMTI reactivate silenced genes without high toxicity
(Figure 1) [42]. Currently, Phase I clinical trials are evalu-
ating HMAs for the treatment of solid tumors [48]. In a
small study, azacitidine in combination with entinostat
has shown activity in a restricted number of extensively
pretreated patients with recurrent metastatic NSCLC.
Notably, the dose of azacitidine received by patients in
this trial was below the maximal tolerated dose, allow-
ing epigenetic activity of the drug and long treatment,
but reducing toxicity 49]. Moreover, this trial supported
prior preclinical data that DNMTI re-express epigeneti-
cally silenced target genes. These effects are prolonged
and more robust when combined with HDAC inhibi-
tion. Early data suggest better long-term survival when
decitabine was followed by chemotherapy [s0.51]. These
observations suggest that epigenetic drugs could prime
cancers to respond to other antitumor therapy (Figure 1).

A more recent agent, zebularine, with better stabil-
ity and lower toxicity, has shown promising results in
vitro and in vivo targeting tumor cells preferentially [42).
A recent report showed that zebularine exerts an anti-
tumor effect on cholangiocarcinoma cells by both
decreasing DNMT protein concentrations and altering
the Wnt signaling pathway [s2]. Another report showed
that zebularine reduced viability and DNA synthesis of
head and neck cancer cells 77 vitro by inducing cell-cycle
arrest and apoptosis. This effect was mediated by p21,
checkpoint kinase 1 and caspase 3/PARP-dependent
pathways, without involving p21 or checkpoint kinase
1 promoter demethylation [53]. Due to minimal toxicity,
prolonged treatment with zebularine may be tolerated.
These characteristics have prompted its current investi-
gation in combination with other therapeutic strategies,
including chemotherapy, immunotherapy and radio-
therapy.
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Increasing immunogenic environment of tumors and T-cell
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Figure 1. Epigenetic modulation of immune response.

Among the various histone modifications, methyla-
tion events catalyzed by HMTs have been of particu-
lar interest due to their association with cancer [54].
Several HMT inhibitors have recently been developed
and have shown antitumor and antiproliferative effects
in tumors, especially those with genetic HMT altera-
tions [55.56]. The HMT EZH2 represents the cata-
lytic core protein of the polycomb repressive complex
(PRC2) that predominantly catalyzes the trimethyl-
ation of histone-3 lysine-27 (H3K27). EZH2 activity
leads to the transcriptional silencing of target genes
involved in cell-cycle regulation, differentiation and
proliferation. EZH2 has been found mutated, ampli-
fied or overexpressed in different cancer types and
thus has garnered attention as an anticancer drug tar-
get [55.57). Several EZH?2 inhibitors are currently in the
process of clinical development [58,59].

Immune checkpoint inhibitors & cancer

The successful introduction of immune checkpoint
inhibitors into the therapeutic arsenal has improved
the lives of patients with cancer, often with consider-
ably longer disease control than with other therapies.
Immune checkpoints are important factors in the
balance of self-tolerance and response to pathogens.
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Emerging data point to the importance of dysregu-
lated immune response and self-tolerance as a mecha-
nism for cancers to evade immune surveillance. Hence,
there has been an increased interest in developing T
cells as a therapeutic target not only for their ability to
mount an immune response to tumor components, but
also for their direct ability to eliminate tumor cells [60].

Antigen-specific response is a complex and highly
regulated process that can be specifically directed
against cancer cells. T-cell activation occurs through
antigen-specific stimulation via the T-cell recep-
tor and requires costimulator signals to fully obtain
T-cells responses [61-63]. Different immunomodu-
latory signals regulate antigen-specific immune
response, involving stimulatory and inhibitory recep-
tor/ligand pairs that tightly control the process. Pre-
clinical and clinical studies have identified several
immunomodulatory receptors and ligands expressed
on T cells, tumor cells and APC, whose manipula-
tion can amplify, inhibit or reawaken T-cell response
against tumors [64-66]. This may be achieved by block-
ing coinhibitory molecules, such as CTLA-4, PD-I,
LAG-3, or by enhancing the signaling of costimula-
tory molecules, such as glucocorticoid-induced TNF
receptor family-related gene (GITR) and tumor
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necrosis factor receptor superfamily member 4 (OX-
40) [66-68]. An alternative target is represented by the
killer-cell immunoglobulin-like receptor family, a
class of transmembrane proteins that negatively regu-
late antigen-specific and cytotoxic activity of natural
killer (NK) cells [69].

This class of molecules, which are known as immune
checkpoints inhibitors, provides new strategies for can-
cer treatment (Table 1). The most extensively studied
are CTLA-4 and PD-1, which when inhibited have
elicited clinical efficacy in many tumor types like
melanoma, renal cell carcinoma and NSCLC alone
and more pronounced when combined [70,71]. Whereas
both drugs function as negative regulators, each plays
a nonredundant role in modulating immune response.
While CTLA-4 is essential during early activation of
T cells in lymphatic tissue, PD-1 is primarily involved
in modulating T-cell activation in peripheral tissues,
including the tumor microenvironment, leading to
apoptosis and downregulation of T-cell effectors
(Teff) [64,72].

CTLA-4, expressed on the T-cell surface, competes
with the stimulatory receptor CD28 for binding to its
ligands CD80/CD86. In advanced melanoma, adju-
vant treatment with the CTLA-4 targeting monoclo-
nal antibody ipilimumab improved overall survival
and durability of objective tumor response, leading
to its approval in 2015 (73.74]. The PD-1 receptor is
expressed on T cells, B cells, NK cells, monocytes,
macrophages and dendritic cells (DCs). PD-1 binds to
two ligands, PD-L1 and PD-L2. PD-LI is expressed
on a variety of cell types including epithelium, muscle,

Epigenetic modifiers in immunotherapy Review

mesenchymal stem cells, T and B cells, DCs, macro-
phages and cancer cells, while PD-L2 expression is
restricted to immune-related cells such as DCs, mac-
rophages and mast cells [75]. Under normal conditions,
the interaction between PD-1 and its ligand PD-L1
downregulates cytotoxic T-cell activity to maintain
immune homeostasis. When a PD-1 expressing T cell
engages PD-L1, its cytotoxic activity is downregulated,
thereby protecting normal cells from T-cell-mediated
damage [76.77].

PD-1/PD-L1 overexpression has been found in mel-
anoma, ovarian, triple negative (TNBC) and HER2+
breast cancer, NSCLC and other tumors such as AML
and chronic lymphatic leukemia (CCL) [78]. Colorec-
tal cancers that displayed high tumor-infiltrating lym-
phocytes (TILs) and had defects in mismatch repair,
evidenced by microsatellite instability, overexpressed
PD-1, PD-L1, CTLA-4 and LAG-3 [79] and were sensi-
tive to PD-1 inhibition. Frequently, high PD-L1 tumor
expression correlates with TILs, suggesting that in the
tumor microenvironment, tumor cells co-opted these
mechanisms to avoid immunological surveillance
and facilitate cancer growth [64,66]. In breast cancer,
PD-L1 expression is less frequent in estrogen receptor
positive (ER+) disease and more commonly associated
with TNBC, ER negative and progesterone receptor
(PR) negative tumors. Increased PD-L1 expression
appears to correlate with higher TILs and those data
together correlate with better response [80.81]. More-
over, increased T1ILs are associated with decreased dis-
tant recurrence in patients with ER-/Her2+ tumors or

TNBC [s2].

Table 1. Checkpoint inhibitor antibodies in clinical development.

Antibody Target Clinical development
Ipilimumab CTLA-4 US FDA-approved
Tremelimumab CTLA-4 Phase IlI

Nivolumab PD-1 US FDA-approved
Pembrolizumab PD-1 US FDA-approved
Pidilizumab (CT-011) PD-1 Phase I/Il

AMP-224 PD-1 Phase | completed
BMS-936559 PD-L1 Phase | completed
Atezolizumab (MPDL3280A) PD-L1 Phase 11I/1V
Durvalumab (MEDI4736) PD-L1 Phase 1/11

Lirilumab KIR Phase I/11
BMS-986016 LAG-3 Phase |

TRX518 GITR Phase IlI/1V
MEDI6469 0X40 Phase I/11

CC-90002 CD47 Phase |

HuU5F9-G4 CcDb47 Phase |
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Interfering with PD-L1 activity on tumor cells and
tumor-infiltrating immune cells may potentially pre-
vent suppressive signaling and block T-cell suppression
throughout the tumor microenvironment [83]. Several
agents that block either PD-1 or PD-L1 are under
clinical investigation: two monoclonal antibodies,
pembrolizumab and nivolumab, were FDA approved
in 2014 for the treatment of advanced or unresectable
melanoma. More recently, pembrolizumab was further
approved as second-line treatment for patients with
advanced PD-L1 expressing NSCLC. Nivolumab was
subsequently approved for the treatment of renal cell
carcinoma and advanced NSCLC in patients who had
progressed during or after platinum-based chemother-
apy [84-8¢] (Table 1).

LAG-3 is a regulator of TILs activity. This protein
is expressed in both activated and exhausted lympho-
cytes and DCs. It interacts with MHC-II receptors and
its blockade supports Teff activity both iz vitro and in
vivo. Recently, it was suggested that combining PD-1
and LAG-3 inhibition enhances antitumor immunity.
In preclinical studies, combined inhibition resulted in
synergistic activity to control immune homeostasis,
tumor growth and antitumor immunity by prevent-
ing Teff exhaustion. Thus, this combination is con-
sidered a promising strategy for immune-based cancer
therapy [67.87].

Another promising immunotherapeutic strategy is
the combination of checkpoint and OX40 inhibitors.
When used as a single agent, the activating anti-OX40
monoclonal antibody elicits modest clinical and immu-
nological response in patients with metastatic disease.
Results from preclinical and early Phase I studies have
validated OX40 as a well-tolerated potent immune-
stimulating target that enhances cellular immunity,
CD4* and CD8* T-cell proliferation and increases
tumor-specific immune response [87,88].

With encouraging preclinical results in the vaccine
and antitumor settings, GITR represents an additional
target for combinatory cancer therapy[68,89.90,91]. GITR
is widely expressed on T cells, B cells, NK, myeloid
and Treg. When upregulated, GITR induces prolifera-
tion, activation and cytokine production of CD4* and
CD8* T cells [89]. In addition, GITR engagement can
reduce the immunosuppressive activity of Treg. This
phenomenon is associated with loss of Foxp3 expression
on tumor-associated Treg [89.90]. In an 77 vitro ovarian
cancer model, combining anti-PD-1 and anti-GITR
treatment resulted in significant tumor growth reduc-
tion, associated with CD4* and CD8* cell activation
and attenuation of the Treg compartment. This sug-
gested a shift away from an immunosuppressive tumor
environment to an immunostimulatory state, which
favorably contributes to a durable antitumor effect [91].

Interestingly, anti-PD-1/GITR treatment was found to
synergize with classic chemotherapy agents, such as cis-
platin and paclitaxel, providing long-term remission in
both ovarian and breast cancer-bearing mice [91].

Combining anti-GITR and anti-CTLA-4 antibod-
ies has also been investigated. In combination, their
antitumor effects were improved compared with single
antibody treatment alone [92]. This enhanced effect
was attributed to their distinct activities. Indeed, anti-
CTLA4 induced increased tumor infiltrating CD8*
T cells in the mice. Anti-GITR treatment increased
cytokine secretion and CD8* T-cell resistance to Treg
suppression. These tumor-specific CD8* T cells were
resistant to Treg and showed an upregulated CD25
expression in mice [92]. Moreover, local delivery of
anti-CTLA-4 and anti-GITR to the sites of interac-
tion between T cells and tumor antigen-loaded DC
vaccines enhanced the induction of antitumor immu-
nity, while avoiding autoimmunity [93]. Currently, the
combination of anti-GITR with anti-PD-1 or anti-
CTLA-4 and chemotherapy is under investigation in
a variety of clinical settings [68,90,91,93].

Another promising immunoregulatory target is
CD47. This transmembrane immunoglobulin protein
is widely expressed in a variety of cell types, but its
overexpression has been found in tumor cells suggest-
ing a role in disrupting antitumor immune response.
CD47, known for its essential role in preventing phago-
cytic removal of healthy cells by the immune system,
is involved in several cellular mechanisms, including
angiogenesis, cancer cell death and regulation of T-cell
immunity through its interaction with thrombospon-
din-1. Thus, its expression on immune-related cells
with dual positive/negative regulatory effects suggests
its role in the regulation of immunity. The therapeu-
tic benefit of CD47-targeted immunotherapy conse-
quently relies on all combined effects. Based on these
observations, CD47 has drawn clinical attention as a
prominent target in cancer immunotherapy. Indeed,
several preclinical studies demonstrated therapeutic
benefit of anti-CD47 antibodies in hematological and
solid cancers, which has lead to the initiation of sev-
eral clinical studies to evaluate its therapeutic poten-
tial (NCT02641002; NCT02367196; NCT02216409
and Table 1) [94].

Finally, other immune-regulating strategies such as
targeting CD137 (urelumab) and killer-cell immu-
noglobulin-like receptors (lirilumab) have shown to
be synergic with the anti-CD20 rituximab, revealing
promising preclinical efficacy that enhances NK-medi-
ated cytotoxicity in lymphomas [95,96]. Since each of
those approaches utilizes a distinct mechanism, they
represent novel strategies that need further clinical
investigation.
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HDACi & immune checkpoints inhibitors
Multiple reports suggest that HDACi enhance the
immunogenicity of cancer cells. Modulation of
HDAG: is involved in the regulation of NK-cell acti-
vating ligands, MHC class I and II molecules [97], ele-
vation of NK and CD8* cytotoxicity and proinflam-
matory cytokines, modulation of Treg and Treg Foxp3
expression (Figure 1) [97]. The class I-specific HDACi
entinostat promotes the reduction of myeloid-derived
suppressor cells (MDSCs) and increases human leuko-
cyte antigens-DR expression on monocytes, without
altering the CD8/CD4 T-cell ratio when used in com-
bination with the aromatase inhibitor exemestane in a
randomized Phase II study in hormone receptor-posi-
tive breast cancer [98]. Moreover, low doses of entino-
stat transcriptionally reduced Treg Foxp3 expression,
reducing their suppressive function, without affecting
Teff in renal and prostate cancer models 77 vitro, which
was associated with improved tumor growth inhibition
in combination with either IL-2 or a surviving-based
vaccine therapy iz vivo. Since STAT3-specific inhibi-
tion was able to rescue Foxp3 downregulation induced
by entinostat, the authors suggested STAT3 involve-
ment in HDACi-dependent Foxp3 modulation [99].
Other studies demonstrated that entinostat induces
immune-related genes involved in antigen presentation
in breast cancer [100], while panobinostat was able to
modulate different serum cytokines involved in T-cell
activation in patients with Hodgkin lymphoma [101].
Furthermore, entinostat improved treatment outcomes
with complete regression and absence of metastasis in
CT26 colorectal tumors and in a 4T1 metastatic breast
cancer mouse model in combination with the DNMTi
azacitidine, the anti-CTLA-4 and anti-PD-1 antibod-
ies, eliminating tumors in 80% of tumor-inoculated
mice. Epigenetic modulators did not increase tumor-
infiltrating CD8* T cells further than checkpoint
inhibitors, but were able to decrease tumor-infiltrating
FoxP3+ Treg. Moreover, entinostat reduced circulating
granulocytic MDSCs that directly inhibit the function
of CD8* T cells [102]. HDACi and DNMTi have shown
to restore MHC-I and APM gene expression silenced
by epigenetic alterations [103].

Preclinical studies suggest that the upregulation of
immune checkpoints is epigenetically regulated through
the action of HDACi that modulate PD-L1 expression
in melanoma [104,105]. In particular, class | HDAC inhi-
bition causes upregulation of PD-L1, and PD-L2 to
a less extent, in human and murine cell lines in vitro.
This was confirmed 7z vivo in a murine cell melanoma
model where mice, receiving a combination treatment
with HDAC] panobinostat and an anti-PD-1, showed
slower tumor progression and increased survival [10s].
However, as seen with other signaling pathways, HDAC

Epigenetic modifiers in immunotherapy Review

inhibition may be tissue and HDAC specific. Indeed,
HDACS is suggested to play a role in the regulation
of immunogenicity in chronic lymphocytic leukemia
(CLL). In contrast to the effects observed with other
HDAC;, selective HDACG6 blockade, using the HDACG6
inhibitor rocilinostat or by HDACG6-specific silenc-
ing, resulted in downregulation of PD-LI in primary
B cells isolated from CLL patients and restoration of
CD4:CDS8 ratio [104]. Thus, considering the ability of
HDACI to modulate the PD-1/PD-L1 pathway, their
capability to revert hormone therapy resistance and to
synergize with tamoxifen, our group recently initiated
a randomized Phase II clinical trial in patients with
ER+ advanced hormone therapy-resistant breast cancer,
where tamoxifen was combined with vorinostat and the
anti-PD-1 antibody pembrolizumab (NCT02395627
and Table 2). Our primary goal will be to evaluate the
overall response rate and progression-free survival in
order to test epigenetic immune priming in hormone
therapy-resistant breast cancer.

Although several studies have shown that HDAC
inhibition can promote immune response, as described
above, others demonstrate that HDACi may have
additional effects that act to counter this promotion.
HDAC inhibition has been shown to exert toxic effects
on lymphocytes, decreasing their function, inhibit-
ing CD4* cytotoxicity, proliferation and viability and
reducing antigen-presenting cell function [97]. Panobi-
nostat was found to be cytotoxic to human lympho-
cytes at concentrations lower than those required for
melanoma antitumor effects and was able to dysregu-
late lymphocyte activation signaling pathways leading
to decreased functions [106]. Conversely, several studies
showed a stimulation of CD8* T-cells activation and
function following pan-HDACI [107].

Foxp3 is a transcription factor greatly responsible
for Treg development and function, whose expression
can be modulated by epigenetic modifications [108].
Acetylation, together with methylation, represents an
important post-translational modification that regu-
lates stability and activity of Foxp3 [108]. HDAC9 has
been found to colocalize with Foxp3 in resting Treg,
and this can be reverted by HDACi treatment [109]. By
enhancing Foxp3 acetylation, HDACi have been found
to increase Treg suppressive functions [110]. HDACG6
inhibition was found to be sufficient to induce Foxp3
hyperacetylation, and reduce proteasomal degrada-
tion [111]. A separate report showed that HDACS is
required for the suppressive formation and function
of Treg in vitro and in vive. Depletion of HDAC5
prevented conversion of CD4* T cells to Treg under
polarizing conditions and decreased Foxp3 expression.
However, less Treg activity was associated with CD8*
T cells inability to produce IFN-y and, thus, did not
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translate in better antitumor immunity [112]. Other
reports, as we previously described, instead showed
Treg and Foxp3 downregulation following entinostat
treatment [99,113].

HDACi can increase tumor-associated antigens
and modulate the expression of many components of
the tumor antigen processing and MHC presentation
pathway resulting in enhanced T-cell antitumor immu-
nity. At the same time, HDAC]i can enhance tumor
cell recognition and elimination by NK increasing the
expression of ligands detected by the NKG2D receptor
on tumor cells [107]. Vorinostat induces immunogenic
cell death in colon cells that are efficiently taken up by
DC in vitro [114]. However, some reports showed oppo-
site effects with decreased T cells and NK recognition
and decreased pro-inflammatory cytokines production
after HDAC: treatment [107].

These apparent counteracting effects resulting from
epigenetic immune modulation and how they translate
to immune response are likely dependent on the spe-
cific tumor—immune compartment relationship as well
as the types and combinations of specific inhibitors
employed. A greater understanding of context-specific
relationships between the tumor, the tumor microen-
vironment and the immune compartment is needed
to more effectively and rationally employ epigenetic
modulators.

DNMTi & immune checkpoint inhibitors
DNMTi produce cancer cell-independent immuno-
modulatory effects by increasing MHC I and II mol-
ecules expression in cancer cells, increasing immuno-
genicity and critical immunostimulatory cytokines,
enhancing NKand T-cell function through activation
of genes involved in NK reactivity, IFN-y produc-
tion, CD4 T-helper cells behavior and other various
mechanisms. The IFN-y locus is highly methylated
in naive CD8* T cells and unmethylated in Teff,
suggesting a potential DNMTi-associated modula-
tion upon exposure with such agents [115]. Increased
cell-surface expression of MHC class I cell molecules
were observed in tumors explanted from mice treated
with azacitidine [116]. DNA methylation is involved
in the regulation of human leukocyte antigens class I,
and their downregulation in cancer is associated with
promoter hypermethylation [117).

Treatment with decitabine enhanced expression
of antigen processing machinery components like
tapasin, TAP1 and TAP2 [117]. Another recent report
showed upregulation of immune genes after azaciti-
dine treatment in multiple solid tumor types sug-
gesting that patients with a low basal immune gene
expression signature may derive the greatest benefit
from epigenetic priming for immune therapy [118].

Several preclinical and clinical studies have shown
that epigenetic modifiers such as DNMTi and
HDAC I increase immunogenicity via the re-expres-
sion of numerous tumor-associated antigens includ-
ing several members of the MAGE, SSX, SPANX,
PAGE families [119].

In addition to boosting immune response, DNMTi
can decrease immunosuppression. The DNMT1 azacit-
idine has been shown to reduce Treg function in MDS
patients [120]. Decitabine reduced MDSCs in a synge-
neic murine ovarian cancer model [121], synergizing
with anti-CTLA4 therapy, increasing the production
of cytokines involved in NK and CD8 cytotoxic T-cells
recruitment and their IFN-y and TNF-a production.
Moreover, DNMTi demonstrated the ability to prime
immune response in different tumor types [118].

Treatment of leukemia cells with decitabine
resulted in a dose-dependent upregulation of PD-I,
PD-L1, PD-L2 and CTLA-4 expression, which was
confirmed even in a small set of patients with MDS,
chronic myelomonocytic leukemia and AML treated
with epigenetic therapy. Notably, patients resistant
to DNMTi exhibited elevated levels of those genes,
thus the authors here suggested a putative role of
PD-1 upregulation as one of the mechanisms pro-
moting resistance to hypomethylating agents [43].
This was supported by another study demonstrating
that azacitidine-mediated PD-1 promoter demethyl-
ation was associated with PD-1 mRNA upregulation
and worse overall response in MDS patients. These
findings suggest that PD-1 promoter demethylation
correlates with poorer clinical response to azaciti-
dine [44]. It has been shown that, during infection,
the expression of PD-1 on T cells is regulated by DNA
methylation [122]. Despite the presumed role of PD-1
overexpression as a driver to DNMTI resistance, the
evidence of causation is yet to be determined. The
clinical efficacy of PD-1 inhibitors in MDS and leu-
kemia is currently being investigated (Table 2). More-
over, azacitidine was able to upregulate PD-L1 expres-
sion both at the transcriptional level and also directly
on cell surface in an in vitro model of NSCLC cell
lines, in general characterized by low expression of
this gene. By matching basal gene expression and
DNA methylation patterns of hundreds of primary
NSCLC cancers, the authors suggested that a major
effect of the azacitidine treatment is the alteration of
immune-related pathways that leads tumor cells to be
more susceptible to T cell-mediated cytotoxicity. In
this way, the authors speculated that PD-L1 could be
a useful biomarker to identify patients with NSCLC
that could benefit from combined DNMT1 and anti-
PD-1 blockade, defining a new role for epigenetic
therapy as sensitizer to checkpoint inhibitors [123).
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Table 2. Current clinical trials where epigenetic drugs are combined with checkpoint inhibitors.

Clinical trials  Status Phase Cancer type Epigenetic drug Immune checkpoint Additional
identifier inhibitor drugs
NCT02453620 Recruiting | Metastatic unresectable Entinostat Nivolumab and
HER2-negative breast cancer ipilimumab
NCT02032810 Recruiting I Unresectable stage 11I/IV Panobinostat Ipilimumab
melanoma
NCT02635061 Not yet I Unresectable NSCLC ACY-241 Nivolumab and
recruiting ipilimumab
NCT01928576  Recruiting Il NSCLC Entinostat and Nivolumab
azacytidine
NCT02437136  Recruiting 171 NSCLC and melanoma Entinostat Pembrolizumab
NCT02538510  Recruiting 111 Metastatic unresectable Vorinostat Pembrolizumab
HNSCC and SGC
NCT02638090 Recruiting 111 Stage IV NSCLC Vorinostat Pembrolizumab
NCT02619253  Recruiting 111 Advanced renal or urothelial ~Vorinostat Pembrolizumab
cell carcinoma
NCT02395627 Recruiting Il Hormone therapy resistant Vorinostat Pembrolizumab Tamoxifen
breast cancer
NCT02530463 Recruiting Il MDS Azacytidine Nivolumab and/or
ipilimumab
NCT02399917 Recruiting 1] Refractory/relapsed AML Azacytidine Lirilumab
NCT02599649 Recruiting I MDS Azacytidine Lirilumab and
nivolumab
NCT02397720 Recruiting Il AML Azacytidine Nivolumab
NCT02260440 Recruiting Il Metastatic CRC Azacytidine Pembrolizumab
NCT02546986 Recruiting Il Advanced/metastatic NSCLC ~ Oral azacytidine Pembrolizumab
NCT02512172  Recruiting I MSS advanced CRC Romidepsin and/ Pembrolizumab
or azacytidine
NCT02508870 Recruiting I MDS Azacytidine Atezolizumab
AML: Acute myeloid leukemia; CRC: Colorectal cancer; HNSCC: Head and neck squamous cell carcinoma; MDS: Myelodysplastic syndromes; MSS: Microsatellite
stable; NSCLC: Non-small-cell lung cancer; SGC: Salivary gland cancer.

Recent reports suggest a possible mechanism of
action where DNMTIi upregulate immune signal-
ing in cancer by mimicking the viral defense path-
way [124,125]. Particularly in ovarian cancer, DNMTi
induced an interferon response in cancer cells by
activating cytosolic dsRNA sensing. Remarkably,
viral defense pathway signaling levels correlated with
improved responses to anti-CTLA-4 immune check-
point therapy and long-term survival in melanoma
patients [125]. Similarly in colorectal cancer, azaciti-
dine significantly reduced the frequency of colorectal
cancer-initiating cells without demethylation of aber-
rantly methylated CpG islands. Low doses of azaciti-
dine induced formation of dsRNA and activation of
the cytosolic pattern recognition receptor MDAS,
and downstream activation of MAVS and IRF7 [124].
Clinical trials in NSCLC, breast and colorectal can-

cer with low dose of DNMT! identified upregulation
of IFN-responsive genes [118.123], highlighting the
clinical relevance of those results. These results sug-
gest that DNMTi could trick cancer cells into behav-
ing as virus-infected cells and trigger dsSRNA sensing,
a central step to cellular viral defense response. As a
consequence, this mechanism could attract lympho-
cytes to the tumor microenvironment that could be
of particular interest in a context of immunotherapy
combination strategy.

Recently, the role of HMTs in tumor immunity
regulation has been investigated. EZH2-mediated
histone H3 lysine 27 trimethylation (H3K27me3)
and DNMT1-mediated DNA methylation repress
the tumor production of T helper 1 (Thl)-type che-
mokines CXCL9 and CXCLI10 in ovarian cancer.
Combination treatment with EZH2 inhibitors and
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azacitidine increases Teff tumor infiltration, decreases
tumor progression and improves the therapeutic effi-
cacy of anti-PD-L1 therapy [126]. EZH2 and other
PRC2 components have been found to repress the
expression and subsequent production of Thl-type
chemokines CXCL9 and CXCL10 even in colon can-
cer. PRC2 machinery components expression was
inversely correlated to CD4*, CD8* and Thl-type
chemokines in human colon cancer tissue, and this
expression pattern was significantly associated with
patient survival [127].

These data suggest that PRC2-mediated epigenetic
silencing is both a crucial oncogenic mechanism and
a key control pathway regulating tumor immunosup-
pression. Thus, targeting these epigenetic programs
may have significant implications in combination
cancer immunotherapies improving their efficacy and
improving T cell-mediated immunity in the tumor
microenvironment.

Conclusion & future perspective

Immune checkpoint blockade represents a new stan-
dard for cancer treatment with promising prospects
for clinical benefit and enhanced durability of tumor
response. Recent advances in the understanding of
the mechanism involved in immune regulation pro-
vide a strong basis for the development of new combi-
nation strategies. Indeed, the future of cancer therapy
includes combinatorial approaches with radiother-
apy, chemotherapy, vaccines and immunotherapy
to improve response in cancer. In this context, the
combination of epigenetic drugs, such as HDACi
and DNMT], with immunotherapy found its rational
foundation. Preclinical results have prompted mul-
tiple clinical trials, listed in Table 2, where DNMTi
and HDAC: are used to prime immunotherapy. Iden-
tifying the optimal biologic dosing strategies may

represent the key to the success of these combinatorial
therapeutic strategies.

Finally, PD-L1 expression as a predictive bio-
marker for PD-1 blockade effectiveness is being eval-
uated in clinical studies, but its ultimate predictive
value remains unclear. In the absence of a standard-
ized technique to measure PD-L1 in tumor, varia-
tions resulting from differing immunohistochemistry
cutoffs, tissue preparation, expression heterogeneity,
variations dependent on the site of the biopsy and
the use of several different nonreproducible antibody
reagents mean that interpretation will remain inves-
tigational [128].

Additional and more specific predictive biomark-
ers need to be identified to help stratify which patient
will benefit from immunotherapy and what therapeu-
tic combinations should be employed. Indeed, assessing
methylation and histone acetylation status in tumor
and the immune cell compartment, associated with
the modulation of immune-related genes could be inte-
grated in the research of optimal biomarkers helping
identify patient-specific dosing strategies targeting the
immune system and immune activation. This, together
with an improved understanding of the mechanism of
action of immune checkpoint inhibitors, will help to
further broaden the therapeutic impact of this novel
anticancer strategy that has improved the lives of many
patients with cancer.
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Executive summary

development and progression.

cell carcinoma and non-small-cell lung cancer.

e Epigenetic modifications are involved in gene expression and cell signaling regulation linked to cancer

e Histone deacetylases inhibitors and DNA methyltransferases inhibitors are two major classes of epigenetic
drugs used in cancer treatment, and current studies are investigating their ability to prime immune response.

e Checkpoint inhibitors are an emerging class of immune-modulatory agents that, by targeting coinhibitory
signals, enhance the immune response and confer durable clinical benefit in solid tumors like melanoma, renal

e Recent preclinical and clinical studies have demonstrated that the combination of epigenetic drugs, such as
histone deacetylases inhibitors and DNA methyltransferases inhibitors, together with immune checkpoint
inhibitors can be beneficial for the treatment of different tumor types.
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