Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2021

Review

Tackling tumor microenvironment through epigenetic tools to
improve cancer immunotherapy

Iris Lodewijk 2t, Sandra P. Nunes 23, Rui Henrique 345, Carmen Jer6nimo 35, Marta Duefias %6 and Jesus M.
Paramio 126"

1 Molecular Oncology Unit, Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas
(CIEMAT), 28040 Madrid, Spain; irisadriana.lodewijk@externos.ciemat.es (I.L.); sandra22nunes@gmail.com
(5.P.N.) ; marta.duenas@ciemat.es (M.D.);

2 Biomedical Research Institute I+12, University Hospital “12 de Octubre”, 28041 Madrid, Spain;

3 Cancer Biology & Epigenetics Group — Research Center, Portuguese Oncology Institute of Porto (CI-IPOP),
4200-072, Porto, Portugal; rmhenrique@icbas.up.pt (R.H.); carmenjeronimo@ipoporto.min-saude.pt (C.J.);

¢ Department of Pathology, Portuguese Oncology Institute of Porto, 4200-072 Porto, Portugal;

5 Department of Pathology and Molecular Immunology, Institute of Biomedical Sciences Abel Salazar — Uni-
versity of Porto (ICBAS-UP), 4050-313 Porto, Portugal;

¢ Centro de Investigacion Biomédica en Red de Cancer (CIBERONC), 28029 Madrid, Spain;

* These authors contributed equally to this work.

* Correspondence: jesusm.paramio@ciemat.es; Tel.: +34-9149-62517 (J.M.P.); Fax: +34-9134-66484 (J.M.P.)

Simple Summary: Epigenetic-directed compounds may not only affect cancer cells but also im-
mune cells in the tumor microenvironment (TME), which could be beneficial for the clinical re-
sponse to immunotherapy. Thus, modulating epigenetics in combination with immunotherapy
might be a promising therapeutic option to improve the success of this therapy. Nevertheless,
further studies are necessary to (1) understand in-depth the impact of the epigenetic machinery in
the TME; (2) how the epigenetic machinery can be modulated according to tumor type to increase
response to immunotherapy and (3) find reliable biomarkers for a better selection of patients eligi-
ble to immunotherapy. In this review, we describe the epigenetic-induced immunosuppressive
function of different immune cell types in the TME, the inhibition of epigenetic modulators as
therapeutic option to modify the immunosuppressive TME and we provide an overview on im-
munotherapy and the potential of epigenetic biomarkers of response to this therapy.

Abstract: Epigenetic alterations are known contributors to cancer development and aggressiveness.
Additional to alterations in cancer cells, aberrant epigenetic marks are present in cells of the tumor
microenvironment, including lymphocytes and tumor-associated macrophages, which are often
overlooked but known to be a contributing factor to a favorable environment for tumor growth.
Therefore, the main aim of this review is to give an overview of the epigenetic alterations affecting
immune cells in the tumor microenvironment to provoke an immunosuppressive function and
contribute to cancer development. Moreover, immunotherapy is briefly discussed in the context of
epigenetics, describing both its combination with epigenetic drugs and the need for epigenetic
biomarkers to predict response to immune checkpoint blockage. Combining both topics, epigenetic
machinery plays a central role in generating an immunosuppressive environment for cancer
growth, which creates a barrier for immunotherapy to be successful. Furthermore, epigenet-
ic-directed compounds may not only affect cancer cells but also immune cells in the tumor micro-
environment, which could be beneficial for the clinical response to immunotherapy. Thus, modu-
lating epigenetics in combination with immunotherapy might be a promising therapeutic option to
improve the success of this therapy. Further studies are necessary to (1) understand in-depth the
impact of the epigenetic machinery in the tumor microenvironment; (2) how the epigenetic ma-
chinery can be modulated according to tumor type to increase response to immunotherapy and (3)
find reliable biomarkers for a better selection of patients eligible to immunotherapy.
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1. Introduction

The epigenome is defined by heritable alterations in gene expression, either activa-
tion or suppression, without altering the DNA nucleotide sequence. The mechanisms
responsible for these changes can be broadly divided into altered gene accessibility for
the transcriptional machinery, disrupted chromatin organization or modulation of gene
expression at the posttranscriptional level through altered mRNA translation mainly by
non-coding RNAs, including miRNAs. Fundamental mechanisms for epigenetic regula-
tion include DNA methylation, histone modifications, chromatin remodeling and
non-coding RNA interference [1]. Nevertheless, these modifications of the RNA sequence
and their associated regulatory factors represent functionally relevant changes to the
transcriptome without altering the RNA ribonucleotide sequence, recently encompassed
by the term “epitranscriptomics’[2]. Since epitranscriptomics is recognized as a different
area of study that goes beyond the scope of this review, we will only focus on DNA
methylation, histone modifications and chromatin remodeling as epigenetic regulatory
mechanisms. Those mechanisms are briefly discussed below.

Epigenome functions are essential for normal gene expression and their modifica-
tions affect primary cellular processes like proliferation, differentiation, and apoptosis.
Even though its effect on human carcinogenesis is not entirely acknowledged, epigenetic
dysfunction is a rising hallmark of malignancy. As epigenetic modifications are essential
in the regulation of normal gene expression, epigenetic deregulation results in aberrant
gene expression patterns which have been found to favor tumorigenesis, among others
[1].

Whereas the role of epigenetic modifications in cancer research has been mainly
focused on cancer cells, rising evidence indicates their contribution to the development of
a favorable tumor microenvironment (TME), including their effect on surrounding cell
phenotypes like fibroblasts, immune cells, endothelial and inflammatory cells, blood and
lymphatic vascular networks, and the extracellular matrix [3]. Nevertheless, due to the
extreme complexity of the variety of cells and their potential epigenetic modifications
affecting tumorigenesis, this review will be focused on the epigenetic regulation of dif-
ferent immune cell types in the TME and their involvement in the generation of a cancer
prone TME.

We further discuss the inhibition of epigenetic modulators as therapeutic option to
modify the immunosuppressive TME and we provide an overview on immunotherapy
and the potential of epigenetic biomarkers of response to this therapy. Finally, the ap-
plication and success of immunotherapy as well as the inhibition of epigenetic processes
involved in immune activation will be briefly discussed in the context of bladder cancer.

2. Epigenetic regulatory mechanisms

2.1. DNA methylation

DNA methylation represents a process by which methyl groups are transferred onto
the 5" position of a cytosine molecule without altering the DNA sequence. Methylation
commonly occurs on the cytosine of CpG sites, meaning that the cytosine molecule pre-
cedes a guanine. DNA regions with a higher density of these CpG sites (so-called CpG
islands) have been found throughout the genome, mostly coinciding with gene regula-
tory regions. This way, methylation of CpG islands plays an important role in the regu-
lation of normal gene expression [4,5].

DNA methyltransferases (DNMTs) are the enzymes responsible for the control of
DNA methylation patterns through maintenance DNA methylation and de novo DNA
methylation. In general, DNMTT1 is the enzyme responsible for maintenance of inherited
DNA methylation, whereas DNMT3a and DNMT3b provide de novo DNA methylation.
Nevertheless, DNMT3a and DNMT3b methyltransferases have been described to per-
form maintenance methylation as well, and DNMTT1 has also been found to carry out de
novo DNA methylation [5].
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Alterations in DNA methylation status have been described in various diseases, in-
cluding cancer. For example, gene silencing of tumor suppressor genes (TSGs) is the re-
sult of the hypermethylation of CpG islands in the promoter regions of those genes. TSGs
are mainly involved in biological pathways like cell cycle control, DNA repair and
apoptosis, and its silencing has been frequently found in tumorigenesis [6].

2.2. Histone modifications

Chromatin structure changes as a result of dynamic processes involving posttrans-

lational modifications (PTMs) at the histone N-terminal tails. Various PTMs can be dis-
tinguished, including histone acetylation, methylation and phosphorylation as well as
less known ubiquitylation, deamination and sumoylation, which affect chromatin pack-
aging and availability to the gene transcription machinery [7]. Currently known histone
PTMs have been extensively reviewed. Here, we briefly mention the three most common
histone PTM activities.
Histone acetylation consists of the reversible addition of acetyl groups to the histone tail
by histone acetyltransferases (HATs), which weakens the DNA-histone bonds and allows
binding of transcription factors. Contrarily, histone deacetylases (HDACs) remove those
acetyl groups, allowing for compact wrapping of the DNA around histones, disabling the
access of other enzymes. Regarding histone methylation, the transfer of methyl groups is
a reversible process regulated by histone methyltransferases (HMTs) and demethylases.
The attachment of a methyl group to the histone tail may differentially affect gene ex-
pression depending on the specific residue modified. Likewise, the interaction between
the DNA and histone tails is regulated by histone (de)phosphorylation processes [8].

2.3. Chromatin remodeling

Changes in nucleosome position have also been found responsible for rearrange-
ment of chromatin structure, a process known as chromatin remodeling. Nucleosomes,
consisting of a histone core (H2A, H2B, H3, and H4) wrapped by an approximately 150
bp DNA sequence, can be affected in several ways, including nucleosome sliding, nu-
cleosome ejection and histone eviction. Nucleosome sliding represents the movement of
the histone octamer across the DNA sequence, whereas nucleosome ejection implies the
complete segregation of the histone core from the DNA. Histone eviction includes the
disintegration of the core histone octamer trough removal or replacement of H2A-H2B
dimers [9].

Since nucleosome sliding and ejection as well as removal of the H2A-H2B dimers
result in DNA exposition and nucleosome destabilization, these processes play an im-
portant role in the regulation of gene accessibility to the transcriptional machinery.

2.4. Histone variants

Histone variants add further complexity to epigenetic regulation of the genome.
They represent a unique protein sequence compared to core histones and can be identi-
fied by a combination of variant-specific proteins and chromatin remodeling complexes
which control their localization within the genome. Various histone variants are charac-
terized for H2A (such as macroH2A, H2A.B, H2A.], H2A.X and H2A.Z.1/2), H2B (in-
cluding TSH2B) and H3 (like H3.1 till H3.8, H3.X, H3.Y and CENP-A), whereas no vari-
ants have been described for H4. Additionally, histone variants are subjected to
post-translational modifications which elaborates the epigenetic control of gene expres-
sion [10,11].
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Figure 1. DNA methylation, histone modifications and chromatin remodeling as regulatory mechanisms of epigenetic gene regula-
tion. DNA methylation represents a process by which methyl groups are transferred onto the 5° position of a cytosine molecule,
commonly in the context of CpG sites, without altering the DNA sequence. Histone modifications include posttranslational modi-
fications at the histone N-terminal tails, such as acetylation, methylation and phosphorylation, causing chromatin structure altera-
tions. Changes in nucleosome position are also responsible for rearrangement of chromatin structure, a process known as chromatin
remodeling. Nucleosomes can be affected in several ways, including nucleosome sliding, nucleosome ejection and histone eviction.
Histone variants add further complexity to epigenetic regulation of the genome. Various histone variants are characterized for H2A,
H2B and H3. All these mechanisms are highly interrelated and play an important role in the regulation of gene accessibility to the
transcriptional machinery.

3. Epigenetic regulation of immune cell function in TME

A favorable TME is characterized by immune tolerance. Cancer cells employ a vari-
ety of epigenetic regulated-immune escape mechanisms, including downregulation of
tumor-associated antigens (TAAs), loss of antigen processing and presentation machin-
ery (APM) as well as expression of a tumor-promoting balance in co-stimulatory and
co-inhibitory molecules (also known as immune checkpoint receptors). Whereas these
processes have been extensively studied and reviewed, epigenetic alterations affecting
immune cell function in the TME represent a growing area of investigation. The epige-
netic-induced immunosuppressive function of dendritic cells (DCs), myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages (TAMs), tumor infiltrating
lymphocytes (TILs), regulatory T cells (Tregs) and natural killer cells (NK cells) in the
TME will be discussed below.

3.1. DCs
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DCs represent important antigen presenting cells (APCs) that mediate anti-
gen-specific anti-tumor immune responses mainly through the activation of T cells.
Whereas these cells are normally able to capture TAAs expressed on cancer cells through
accurate MHC expression and cross-present them to cytotoxic T cells (CTLs) by the ex-
pression of co-stimulatory molecules, resulting in tumor elimination, tumor-infiltrating
DCs show an immune-tolerant phenotype favoring tumor growth [12]. Next to low MHC
expression and repression of various co-stimulatory molecules in tumor-infiltrating DCs,
epigenetic alterations affecting DC polarization and activity are suggested to impair an
effective anti-tumor immune response.

For example, dynamic changes in the levels of chromatin regulator SATB1 ('special
AT-rich sequence binding 1') are essential for the generation of inflammatory DCs and
their anti-tumorigenic activity. Nevertheless, a continuous increased expression of
SATBI1 has been described to convert these inflammatory anti-tumor DCs into pro-tumor
DCs by enhanced secretion of pro-tumorigenic cytokine IL-6 and immunosuppressive
factor Galectin-1, activating immune-evasive pathways in these cells [13]. Accordingly,
SATBI has been found to be overexpressed in a wide range of tumors, including breast,
lung, pancreas, colorectal, liver, bladder, prostate and ovarian cancer, and has been as-
sociated with tumor progression and poor prognosis [14]. Additionally, next to its role in
the direct activation of IL-6 transcription, Kruppel-like factor 4 (KLF4) modulates IL-6
production at the posttranslational level through histone acetylation. Decreased expres-
sion of KLF4 has been described in many tumors, including esophageal, lung, gastric,
intestinal, colon and prostate cancer, leading to altered production of cytokine IL-6 in
DCs [15,16].

Taken together, increasing our knowledge on tumor-induced epigenetic modifica-
tions affecting DC polarization and activity might help modifying the TME to become
more “receptive” to the development of an effective anti-tumor response.

3.2. MDSCs

MDSCs represent immature myeloid cells and are mainly characterized by their
immunosuppressive function providing tumor immune evasion [17]. These cells are
known to have a major impact on cancer progression as the TME has been found to
support this cell population, promoting MDSC persistence, proliferation and function.
Indeed, the presence of MDSCs has been associated with poor prognosis and reduced
patients’ survival in many cancer types, including head and neck, breast, lung, kidney
and prostate [17,18]. Several studies have suggested the role of epigenetic mechanisms in
MDSC accumulation and functions.

For example, an elevated expression of signal transducer and activator of transcrip-
tion 3 (STAT3) has been defined in several tumor types including lung, pancreas and
renal cancer [19-22]. Overexpression of STAT3 can be the result of promoter silencing of
DNMT3a and DNMT3b through hypermethylation, followed by promotor hypomethyl-
ation of the STAT3 gene. Besides, Villagra et al. proposed HDAC11 as a transcriptional
repressor of IL-10 (a STAT3-activating cytokine) through interaction with the IL-10
promotor at the chromatin level, and indicated that elevated levels of STAT3 in APCs
might be associated with the absence of HDAC11 [23]. More recently, HDAC11 has been
described as an essential regulator of IL-10 levels in myeloid cells and its role in the
MDSC expansion was demonstrated [24]. Moreover, Cheng et al. showed that HDAC6
has a regulatory function in STAT3 activation in the MDSC population. Surprisingly,
HDACS6 seems to act as a transcriptional activator of IL-10 expression [25]. Next to their
possible individual implications, HDAC6 and HDAC11 have been reported to interact
and be recruited together towards the IL-10 promoter site where they control IL-10 tran-
scription and subsequent STAT3 expression [25]. Increased STAT3 expression leads to
augmented expression of immunosuppressive factors S100A8 and Arginase 1 (Argl) in
MDSCs. Additionally, the induction of these proteins, together with the STAT3-mediated
induction of SI00A9 expression, has been shown to provide expansion, accumulation
and recruitment of immunosuppressive MDSCs in TME [20,26].
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As abovementioned, this MDSC population represents immature myeloid cells
which fail to differentiate into macrophages and DCs. Several studies already described
the accumulation of immature myeloid cells as a result of retinoblastoma gene (Rb) tran-
scriptional silencing [27,28]. Concordantly, Young et al. proposed that HDAC2 might be
the epigenetic regulator provoking Rb transcriptional silencing in this cell population
through its direct interaction with the Rb1 gene promotor [29].

Taken together, the MDSC population represents a major barrier for immunother-
apy. Accordingly, further research is needed to increase our knowledge on MDSCs in the
TME and be able to improve the ability to revert their immunosuppressive function.

3.3. TAMs

TAMs represent the main component of the immune infiltrates in TME of solid tu-
mors and have frequently been associated with worse prognosis [30]. By continuously
sensing their surrounding environment, this cell population has refined regulatory epi-
genetic mechanisms to manage their polarization state. Depending on their polarization
into classically-activated (M1) or alternatively-activated (M2) macrophages, they inhibit
or promote tumor growth respectively. Epigenetic modifications have been widely
shown to be involved in macrophage differentiation, activation and survival [31].

Yang et al. indicated a significant role for DNMT3b in macrophage polarization.
They showed that DNMT3b knockdown induces elevated expression of M2 macrophage
markers, such as Argl, as well as increased Argl function. In concordance with these
results, Argl activity has been reported to define immunosuppressive subsets of TAMs.
Additionally, DNMT3 knockdown resulted in significantly decreased expression of in-
flammatory genes, such as TNFa and IL-1f, emphasizing the importance of DNMT3b in
the regulation of both macrophage differentiation and inflammation [32,33]. Moreover,
DNMT3b has been reported to methylate the peroxisome proliferator-activated receptor
Y (PPARY) promotor region.

Protein arginine methyltransferase 1 (PRMT1) has been reported as a positive regu-
lator of PPARYy-dependent M2 polarization through methylation of the arginine located
at residue 3 on the tail of histone 4 (H4R3me2a). Furthermore, Ishii et al. demonstrated
that expression of M2 macrophage markers seems to be epigenetically controlled by
convertible changes in H3K4 and H3K27 methylation [34]. Accordingly, H3K4 methyl-
transferase SET and MYND Domain 3 (SMYD3) has been shown to play a role in M2
differentiation. Kittan et al. showed that the increased expression of SMYD3 is associated
with the methylation and activation of the M2 marker arachidonate 15-lipoxygenase
(ALOX15) [35]. The only histone demethylase recognized as a crucial regulator of M2
polarization is Jumonji domain-containing protein D3 (JM]D3), a H3K27 demethylase.
IL-4-induced STAT6 activation leads to STAT6-mediated increased expression of JMJD3,
provoking H3K27me2/3 demethylation and subsequent transcriptional activation of
several M2 marker genes, including Argl [34,36]. IL-4 increased expression has been
found in various tumor types, including breast, lung, pancreatic, colon, bladder and
ovarian carcinomas [37].

Whereas the role of HATs in macrophage polarization remains unclear, the function
of HDAC:s as epigenetic modifiers in the regulation of M2 differentiation and phenotypic
control has been explored by various studies. Mullican et al. indicated that HDAC3 ac-
tivity leads to suppressed IL-4 activity through deacetylation of histone tails at regulatory
sequences. Together with the finding that HDAC3 knockdown resulted in decreased in-
flammatory gene expression, HDAC3 has been proposed to negatively regulate M2 po-
larization [38,39]. HDACO has also been described as a negative regulator of M2 pheno-
type as HDACY deficiency results in PPARy promotor acetylation and increased PPARy
expression levels, promoting M2 polarization and downregulating M1 phenotype in-
flammatory genes [40]. Contrarily, HDAC4 positively regulates the M2 phenotype
through IL-4-activated HDAC4-induced STAT6 signaling and Argl expression [41]. An-
other HDAC, SIRT?2, positively controls M2 polarization through its function in the ex-
pression of M2 macrophage markers, such as Argl, and downregulation of M1 polariza-
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tion by NFkB acetylation, provoking decreased NFkB signaling and suppression of IL-1
expression [42].

Accordingly, targeting these epigenetic enzymes responsible for polarization of
TAMs into M2 macrophages would prevent their tumor supporting function. Neverthe-
less, it should be considered that these regulators disclose secondary functions and that
histone modifying enzymes also affect proteins other than histones.

3.4. TILs

TILs represent the major component of the adaptive immune system in the TME and
can be classified into two main categories: 1) CD4-expressing T cells (CD4+ T cells), which
can differentiate into the Thelperl (Thl) or Thelper2 (Th2) phenotype, and 2)
CD8-expressing T cells (CD8+ T cells), which are able to eliminate tumor cells after dif-
ferentiation into cytotoxic effector T lymphocytes (CTLs).

Whereas the important role of CD8+ cytotoxic T cells in anti-tumor immune re-
sponse has been known for many years, the potential importance of CD4+ Thelper cells in
the generation and maintenance of anti-tumor activity has only recently been reported
[43]. Even though further research is needed to find out whether and, if so, how epige-
netic mechanisms affect CD4+ cells in an immunosuppressive TME, DNA demethylation
has been reported to play an important role in differentiation of CD4+ T cells towards
Th1/Th2 lymphocytes [44].

Additionally, epigenetic modulation has been found to control rapid activation and
differentiation of naive CD8+ into CTLs upon antigen stimulation. For example, Peng et
al. associated DNMT1-mediated DNA methylation and enhancer of zeste homolog 2
(EZH2)-mediated H3K27 trimethylation with impaired T-cell infiltration in the TME
through downregulation of CXCL9 and CXCL10 chemokine expression [45]. Further-
more, Yang et al. reported that whole-genome methylation profiling showed a distinct
methylome pattern for tumor-reactive CD8+ T cells compared to the naive subtype.
Moreover, specific DNA methylation patterns have been discovered in exhausted CD8+ T
cells. PDCD1 and CTLA4 expression in exhausted CD8+ T cells has been found to be ep-
igenetically controlled by DNA demethylation, and the LAG3 gene has been found
methylated in naive cells but demethylated during the activation of naive CD8+ T cells
[46]. Ghoneim et al. found that high PD-1 expressing tumor-infiltrating CD8+ T cells in
prostate cancer display exhaustion-associated DNA methylation patterns [47]. Stephen et
al. further showed that chromatin organizer Satb1 recruits the nucleosome remodeling
deacetylase (NuRD) complex to regulatory regions of the Pdcdl gene, reducing PD-1 ex-
pression levels upon T-cell activation. Nevertheless, Satb1 is known to be downregulated
by Smad proteins under the influence of TGF-{3, an immunosuppressive cytokine found
to play a relevant role in cancer, resulting in elevated PD-1 levels. Accordingly, Satbl
prevents premature T-cell exhaustion by controlling PD-1 expression, a pathway that is
altered in cancer, causing reduced anti-tumor activity [48,49]. Another mechanism un-
derlying tumor-specific T-cell dysfunction in tumor progression is represented by chro-
matin state dynamics. Philip et al. reported that naive T cells differentiate into a dys-
functional but reprogrammable chromatin state upon tumor antigen recognition in
premalignant lesions, which converts into a fixed non-reprogrammable dysfunctional
state during tumor progression. The presence of surface markers CD101 and CD38 has
been associated with reduced reprogrammability of high PD-1 expressing tu-
mor-infiltrating CD8+ T cells, a finding with important clinical relevance as these mark-
ers can be used to discriminate reprogrammable from non-reprogrammable PD-1 high T
cells within the heterogeneous TIL populations [50]. This mechanism might explain why
certain patients do not respond to therapies based on immune-checkpoint blockade as
well as it provides new insights in possible strategies to revert non-reprogrammable
PD-1 high T cells into tumor-reactive CD8+ T cells.

Taken together, impaired CD8+ T cell functions seem to play a major role in the
generation of an immunosuppressive TME. Importantly, the prevention of T-cell ex-



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2021

haustion might represent a potential strategy to reverse a TIL-mediated immunosup-
pressive TME.

3.5. Tregs

Tregs represent a functionally different T cell population which is essential for the
maintenance of homeostasis and immune tolerance. Accordingly, mature Tregs provide a
tumor-supportive microenvironment [51]. Various studies have reported a key role for
Foxp3 in the development of these cells as well as their function, and epigenetic regula-
tion of Tregs through Foxp3 has been emphasized by recent studies [52,53].

Moreover, epigenetic modifications controlling Treg development and function
have been found to play an important role in the establishment of an immunosuppressive
TME. Ohkura et al. reported that Treg maturation involves the generation of ge-
nome-wide CpG DNA hypomethylation pattern, needed for Treg specific gene expres-
sion and immunosuppressive activity [54]. Besides, Foxp3 seems to exert an
EZH2-mediated repressive role upon CD28-mediated Treg activation as target genes
show elevated H2K27me3 levels. As CD28 not only provides a key role in the stimulation
of Tregs, but also in effector T-cell (CD4+/CD8+) activation, this suppressive role of Foxp3
might be essential to preserve the Treg-specific gene expression profile upon T cell stim-
ulation through downregulation of genes involved in the effector T-cell activation [55].
Indeed, Wang et al. showed that inhibition of EZH2 resulted in Treg-mediated
pro-inflammatory activities in the TME, supporting the generation of an effector
T-cell-mediated anti-tumor immune response [56].

Taken together, targeting the maturation of functional Tregs might be a potential
strategy to convert an immunosuppressive TME into a microenvironment able to provide
anti-tumor activity.

3.6. NK cells

The NK cell population forms part of the innate immune system and is able to con-
trol tumor growth by their ability to recognize and eliminate tumor cells. Epigenetic
modification has been reported to play an key role in the NK cell maturation, differenti-
ation and activation [57]. Regulation of the effector function of this cell population mainly
depends on the balance between inhibiting and activating receptors present on NK cell
surface, the activation status of which seems to be epigenetically modulated, as well.
Accordingly, rising evidence indicates the involvement of epigenetic processes in im-
pairing NK-cell mediated anti-tumor immune response.

An impaired NK-cell mediated anti-tumor immune response is highly associated
with NK-cell exhaustion because of diminished expression of activating receptors and
increased expression of inhibitory receptors, amongst others. Specific activating NK-cell
receptors include NKG2D, NKp30, NKp44, NKp46 and DNAM-1/CD226, whereas in-
hibitory receptors are represented by PD-1, TIM-3, TIGIT and CD94-NKG2A. Fernan-
dez-Sanchez et al. reported the involvement of DNA methylation and histone acetylation
in the regulation of NKG2D levels, with NKG2D gene demethylation and H3K9 acetyla-
tion providing NKG2D expression [58]. Nevertheless, whether reduced expression of this
receptor is due to NKG2D hypermethylation remains unknown. Additionally, Ogbomo et
al. proposed that the regulation of NKp30 and NKp46 expression levels is controlled by
histone acetylation [59]. Using an HDAC inhibitor (HDACi), they showed that the sup-
pression of NK-cell activity is caused by decreased expression of NKp30 and NKp46, but
is independent of activating NKG2D, NKp44 and DNAM-1 expression levels as well as
inhibitory NKG2A expression. Finally, Yin et al. revealed that enhanced levels of the ac-
tivating NKG2D receptor are associated with elevated NK cell expansion and cytotoxicity
against the tumor. Inhibition of EZH2 activity has been associated with decreased
H3K27me3 levels, providing increased expression of the NKG2D receptor [60,61].

Although epigenetic modifications affecting NK cell development and function are
widely examined, further studies are needed to increase our knowledge on the epigenetic
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regulation of NK cells and the potential of epigenetic enzymes/markers as therapeutic

targets.
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Figure 2. Epigenetic regulation of immune cells in the tumor microenvironment. Decreased KLF4 and increased SATB1 expression
affect IL-6 (upregulation) and Galectin (downregulation) expression, remodeling anti-tumor DCs into pro-tumor DCs. MDSCs
expansion, accumulation and recruitment is favored by STAT3-induced expression of immunosuppressive factors S1I00A8, Argl
and S100A9. In this cell population, STAT3 expression is controlled by DNMTT3a/b, HDAC6 and HDAC11. Macrophages can
convert into TAMs under the influence of multiple epigenetic factors, including DNMT3b, PRMT1, HDAC3/4, HDAC9 and SIRT?2,
favoring acquisition of the M2 phenotype through various pathways, such as increased PARPy and Argl expression as well as
downregulation of inflammatory factors TNFa and IL-13. SMYD3 activates M2 marker ALOX15. Impaired NK-cell anti-tumor
cytotoxicity can be the result of increased EZH2 expression, which downregulates activing NK-cell receptor NKG2D through en-
hanced H3K27me3 levels. The same way, EZH2 also regulates inhibition of regulatory T-cell pro-inflammatory activities. Naive
CD8+ T-cells differentiate into TILs or exhausted CD8+ cells dependent on epigenetic profile. Whereas specific DNA methylation
patterns of CTLA4, PDCD1 and LAG3 are identified in exhausted CD8+ T-cells, DNMT1 and EZH?2 inhibit CD8+ TILs infiltration
trough downregulation of CXCL9 and CXCL10 chemokines. TGF-p and SATBL1 affect TILs infiltration by controlling PD-1 expres-
sion. DCs, dendritic cells; MDSCs, myeloid-derived suppressor cells; TAMs, tumor-associated macrophages; NK, natural killer;
Tregs, regulatory T-cells; TILs, tumor infiltrating lymphocytes.

4. Inhibition of epigenetic modulators as therapeutic option to modify the immuno-
suppressive TME

A favorable TME, created by tumor cells affecting different immune cell popula-
tions, forms a major barrier for cancer therapy. Nevertheless, the study into epigenetic
mechanisms underlying the generation of this immunosuppressive TME currently rep-
resents subject of utmost interest. As previously stated, a variety of epigenetic modifica-
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tions affects the phenotypes of diverse immune cell populations in the TME to become
immunosuppressive. Accordingly, modifying the TME to become more “receptive” to
the development of an effective anti-tumor response could be achieved by molecular
re-wiring using pharmacologic modulators of epigenetic enzymes. In this regard, when
considering the use of compounds targeting the epigenetic machinery, it is worth con-
sidering that these compounds not only affect tumor cells, but also TME cells. Accord-
ingly, a proper selection of inhibitors could become a two-edge sword to tackle tumors.

For example, SATB1 represents an attractive therapeutic target as it modifies dif-
ferent immune cell populations under tumor’s influence, including DCs and CTLs. The
statins fluvastatin and simvastatin have been found to suppress SATB1 expression,
probably acting at the posttranslational level [62,63]. Additionally, in vivo silencing of
Satb1 expression in tumor-associated DCs was found to diminish immunosuppression in
the TME, boost T-cell mediated anti-tumor activity and delay tumor progression [13]. In
the context of immunotherapy, Satb1 has been described as a possible tumor-associated
antigen that can be recognized by CD8+ T cells. Accordingly, Wang et al. proposed that
Satbl-derived epitope might be used as immune target for cancer vaccine generation [64].

Furthermore, the importance of HDAC activation and IL-6 signaling in controlling
the immunosuppressive function of MDSCs as well as its recruitment to the TME has
been reported by Nair et al. [18]. Various studies demonstrated the potential of entino-
stat, a class I HDACi, as therapeutic compound to modulate the immunosuppressive
TME through inhibition of MDSC activity. Besides, the application of entinostat not only
resulted in decreased MDSC function, but also augmented the effect of checkpoint in-
hibitor treatment [65-68]. Kim et al. reported that entinostat reduces the MDSC popula-
tion and the combination of entinostat with PD-1 and CTLA-4 antibodies resulted in an
elimination of approximately 80% of the tumor, whereas the use of immune checkpoint
inhibitors against PD-1 and CTLA-4 alone did not provide an anti-tumor immune re-
sponse [66]. The potential role of HDACi in priming the TME for enhanced response to
immunotherapy has been further emphasized by Briere et al., who obtained similar re-
sults using a class I/IV HDACi (mocetinostat) in combination with anti-PD-L1 antibody
[67]. Additionally, Orillion et al. observed reduced macrophage population in the TME
after entinostat treatment [65]. Other potential therapeutic targets to suppress MDSCs
function would be HDAC2, HDAC6 and HDAC11. Nevertheless, further studies are
needed to investigate the therapeutic potential of their corresponding inhibitors
[29,68,69].

Regarding the polarization of TAMs into M2 macrophages, targeting the enzymes
responsible for the acquisition of M2 phenotype would attenuate their tumor-promoting
function. Accordingly, Tikhanovich et al. reported the therapeutic potential of AMI-1, a
PRMTT1 inhibitor, inhibiting M2 processes [70]. Additionally, GSK-J4 might diminish the
immunosuppressive, tumor-supporting function of M2 macrophages through KDM6B (a
lysine-specific demethylase that demethylates H3K27me2 or H3K27me3) inhibition.
Nevertheless, in concordance with the essential role of KDM6B in both M1 and M2 po-
larization, GSK-J4 has also been found to inhibit the expression of TNF and other M1 in-
flammatory cytokines [71,72]. Noteworthy is the effect of histone modifying enzymes on
proteins other than histones and the importance of non-histone protein modifications in
macrophage-polarizing process. Moreover, macrophage polarization is a complex dy-
namic process in which most epigenetic enzymes are neither involved exclusively in the
polarization towards M1 or M2 phenotype nor do they all have opposing roles in M1
versus M2 phenotype acquisition [73]. Accordingly, the discovery of therapeutic epige-
netic targets in this cell population is very challenging.

Another attractive therapeutic target is EZH2, responsible for the immunosuppres-
sive phenotype of several immune cell populations in the TME, including TILs, Tregs and
NK cells. This epigenetic regulator has already been extensively studied for its potential
as therapeutic target to convert the immunosuppressive TME into an immune-promoting
microenvironment. Various studies described an enhanced effector-T cell infiltration and
cytotoxic activation in the TME upon EZH2 inhibition as well as functional alterations of
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the Treg population resulting in Treg-mediated pro-inflammatory activities [45,56,74,75].
Additionally, targeting EZH2 has been reported as an attractive strategy to combine with
immunotherapy, as it might overcome resistance to immune checkpoint therapies, in-
cluding CTLA-4, PD-1 and PD-L1 [45,74-76]. Among the EZH2-inhibiting compounds,
small molecule inhibitors of EZH2, GSK-126, PF-06821497, MAK®683, tazemetostat,
CPI-0209, CPI-1205 and DS-3201 have entered into clinical trials, although none of these
has been approved for cancer treatment, yet [75].

Another relevant aspect is the profound interaction between the different immune
cell populations in immune response regulation. Therefore, it is important to take into
account that epigenetic reprogramming of a certain immunosuppressive immune cell
population might positively co-opt other immune cell populations to provoke an effec-
tive anti-tumor immune response. One example is the Treg-mediated pro-inflammatory
function upon EZH?2 inhibition causing increased effector-T cell infiltration and activity.
Furthermore, MDSCs play a central role in the immunosuppressive, tumor-promoting
TME and have been found to interact with many of the other immune cell populations.
Accordingly, epigenetic targeting of this cell type might be sufficient to modify the TME
to become more “receptive” to the development of an effective anti-tumor response.

5. Immunotherapy — an overview

The immune system plays a critical role in cancer development and progression by
both eliminating cancer cells and determining tumor immunogenicity [77]. Thus, cancer
immunoediting helps to understand how tumors escape the immune system by dividing
the process in three distinct phases: “elimination”, “equilibrium” and “escape”. At first,
when cancer cells are present, the immune system can recognize these and eliminate
them. However, when not all cancer cells are eradicated in this process and an equilib-
rium is reached, the adaptive immune system impedes tumor’s growth associated with a
dormancy state and high genomic instability. T cells, IL-12 and IFN-y are needed to
maintain tumor dormancy [78,79]. Subsequently, cancer cells escape from the immune
system by expressing suppressive effects and losing target antigen expression. At this
stage, tumor immune escape occurs, since the adaptive immune system fails to recognize
cancer cells, which became resistant to immune effector mechanisms and induced an
immunosuppressive state [80].

Immune responses are regulated by an interplay of costimulatory and inhibitory
signals that balance the immune response and self-tolerance [81]. Immune checkpoint
inhibitors are essential as negative signals to stop immune response and impede auto-
immunity [82]. Programmed death 1 (PD-1) is expressed in T lymphocytes and prevents
the activation of these cells by binding to its ligands PD-L1 and PD-L2 [83]. Additionally,
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) leads to suppression of T-cells ac-
tivation by competing with the costimulatory signal CD28 for binding to B7-1 and B7-2,
attenuating the activation signals of CD28 [84,85]. Interestingly, PD-L1 is overexpressed
in cancer cells, facilitating cancer cells to escape immune surveillance by T cells [86].

Checkpoint inhibitor immunotherapies consist of monoclonal antibodies that target
CTLA-4 or the programmed cell death protein 1 pathway (PD-L1, PD-1) [86]. When the
antibodies bind to PD-L1/PD-1 or CTLA-4, the inhibitory effect is canceled and an im-
munological response against cancer cells starts by activation of tumor-reactive T cells
[87]. Of note, several clinical trials have demonstrated increased efficacy of combining
anti PD-L1/PD1 and anti-CTLA4, although with increased risk of adverse reactions. The
use of immune checkpoint inhibitors as cancer therapy was firstly approved for treat-
ment of metastatic melanoma. Since then, several antibodies have been approved for
treatment of non-small cell lung cancer, head and neck squamous cell carcinoma, hepa-
tocellular carcinoma and bladder cancer [87].

A significant subset of cancer patients does not respond or respond poorly to im-
mune checkpoint blockage treatments [88]. This can be a consequence of primary re-
sistance that occurs prior to treatment, associated with a reduction of antigen expression
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and changes in metabolic pathways or through acquired resistance during the course of
the treatment [89]. The one and foremost biomarker used for prediction of response to
PD-L1/PD-1 blockade is PD-L1 expression [90]. It seems to be a biomarker of aggressive
disease and it might also be considered a prognostic biomarker. However, the evaluation
of PD-L1 as a single biomarker across clinical trials was shown to be heterogeneous [91].
Several reasons can be appointed for the presence of this heterogeneity: (1) clinical trials
used different PD-L1 immunohistochemistry scoring assays [90]; (2) the scoring com-
partment differs for each specific therapy, namely pembrolizumab and nivolumab use
PD-L1 tumor cell expression whereas atezolizumab use PD-L1 immune cell expression;
(3) intratumoral heterogeneity and (4) the sample available may not represent the full
intratumoral heterogeneity [92]. All these data indicate that PD-L1 expression as a single
biomarker is probably not adequate to accurately predict immunotherapy response and
more reliable biomarkers could help to better predict and improve patient selection for
these therapies [92].

Other approaches have been used to try to predict immunotherapy response in-
cluding tumor mutational burden, tumor mismatch-repair deficiency, grade of tumor
infiltrating lymphocytes [93-95], among others, depending on tumor type. For example,
the TCGA-based molecular subtypes in bladder cancer (BC) have been associated with
response to immune checkpoint blockage. Specifically, the neuronal subtype seems to
display a better response to immunotherapy [96]. However, the criteria to define BC
subtypes has to be uniformed before it may be considered a possible biomarker for im-
munotherapy [97]. Moreover, tumor mutational burden has been proposed to predict
response to immunotherapy [98]. With a high rate of mutations, novel antigens emerge
regularly so it could potentiate the use of immunotherapy. Nonetheless, some patients
with low mutational burden endure response to immunotherapy, which demonstrates
that criteria to define the tumor mutational burden have to be clarified [98]. Interestingly,
pembrolizumab was approved for patients with microsatellite instability and mismatch
repair deficient malignancies showing progression after failure of other approved treat-
ments [95]. Finally, immune expression profiling has the potential to correctly identify
“hot” or “cold” tumors by assessing levels of chemokines, cytokines and cell surface
proteins reflecting the inflammatory status [99]. Also, it can take into account the several
cell types present in the tumor microenvironment, which can be useful in defining im-
munotherapy response [100]. Examples include IFN-y, CXCL9 and CXLC10 whose ex-
pression correlates with response to immunotherapy [99][101].

Epigenetic mechanisms are known to regulate several aspects related to immune
regulation and actions [102]. 5-azacytidine (5-aza), a demethylating agent, was shown to
upregulate innate and adaptative immune-related genes, specifically to immune inva-
sion, such as PD-L1 at both transcript and protein levels without altering CD80 and
CD86. Furthermore, genes related to antigen presentation including HLA class I, B2M,
CD58, TAP1, PMSB9 and PSMBS8 were upregulated after 5-aza treatment [103]. Treatment
of leukemia cells with decitabine (DAC) translated into upregulation of PD-L1, PD-L2,
PD-1 and CTLA-4 in these cells [104]. This topic is thoroughly discussed in a recently
published review [105]. A DNA methylation-based profile - EPIMMUNE signature - of
stage IV non-small cell lung cancer patients treated with anti-PD-1 therapies associated
with improved progression-free and overall survival. EPIMMUNE-negative tumors dis-
closed a TME enriched in TAMs, cancer-associated fibroblasts and neutrophils. Moreo-
ver, unmethylated FOXP1 associated with better progression-free and overall survival
[106]. Promoter methylation of RAD51B seems to associate with PD-L1 expression in lung
cancer patients, with high levels of RAD51B methylation associating with lower risk of
disease progression. Remarkably, combining RAD51B methylation and PD-L1 improved
sensitivity to predict response to anti-PD-1 blockade and associated with a lower risk of
death [107].

Although several studies showed that modulating epigenetic marks can improve
therapeutic response to immune checkpoint inhibitors, the search for biomarkers is on-
going and needs further exploitation.
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6. Bladder cancer

Bladder cancer (BC) is estimated to be the tenth most frequent cancer worldwide
and the ninth cause of death by cancer [108]. About 70% of the patients are diagnosed as a
non-muscle invasive BC (NMIBC), while 30% are diagnosed with muscle invasive BC
(MIBC) [109]. NMIBC is mostly comprised of urothelial papillary neoplasms with vary-
ing propensity for recurrence and progression, which may be predicted based on grading
[110]. According to the 2016 WHO classification, the spectrum of papillary neoplasms
includes urothelial papilloma, papillary urothelial neoplasm of low malignant potential
(PUNLMP), low-grade and high-grade papillary urothelial carcinoma, in ascending or-
der of biological and clinical aggressiveness [111]. On the other hand, urothelial carci-
noma in situ (CIS) represents a high-grade form of non-papillary NMIBC, with substan-
tial risk of progression to invasive disease [111]. Although NMIBC mostly contributes to
the overall BC 5-year survival rate of 77.1%, 80% of high-grade papillary carcinomas and
CIS recur and 20-50% progress to MIBC [112]. In addition to grade, evaluation of disease
stage [by means of clinical examination, cystoscopy, radiographic evaluation and/or
pathological examination using tissue collected by transurethral resection of the bladder
tumor (TURBT)] is mandatory to define the best therapeutic strategy [113,114]. For
NMIBC, treatment mostly consists of TURBT eventually complemented with mitomycin
or Bacillus Calmette-Guérin (BCG) instillation, whereas radical cystectomy with lym-
phadenectomy remains the gold standard for MIBC, complemented with neo-adjuvant or
adjuvant cisplatin-based chemotherapy, which is also the main option for metastatic BC
[114]. Recently, immunotherapies targeting PD-1/PD-L1 immune checkpoint were ap-
proved for BC patients that are refractory or ineligible to cisplatin-based chemotherapy
[115]. Although chemotherapy and immunotherapy have improved the outcome of lo-
cally advanced and metastatic disease, 5-year survival remains poor (36% and 5%, re-
spectively) [112].

BCG, which is a weakened strain of Mycobacterium bovis, was the first form of im-
munotherapy approved for cancer treatment and, specifically, for BC. Currently, it is
administrated by intravesical instillation after TURBT in NMIBC patients with high risk
of recurrence [116]. Although the mechanism is not fully known, BCG leads to localized
innate and adaptative immune responses, including CD4 and CD8 lymphocytes, NK
cells, macrophages, granulocytes and DCs [117]. About 55-75% of the high-risk patients
suffering from papillary tumors to CIS respond to this therapy. However, 25 to 45% of
these eventually relapse and progress to invasive disease. Hypermethylation of CDKN2B
as well as of MUS81a and MSH6 involved in DNA repair and THBS1, important for cell
adhesion, have been associated with response to BCG therapy [115,118]. Likewise, low
methylation levels of PMF1 have been associated with disease recurrence, poor outcome
and lack of response to BCG in BC patients [119].

The immune landscape of BC is composed by different immune populations, in-
cluding CD8+ T lymphocytes and Thl CD4+ T lymphocytes. Interestingly, tu-
mor-infiltrating CD4+ lymphocytes were found to be hypomethylated in four lineage loci
compared to CD4+ lymphocytes in lymph nodes and blood. Patients with complete re-
sponse to neoadjuvant chemotherapy (NACT) showed hypomethylation in CD4+ T cells,
namely in IFN- y. Furthermore, shifts in methylation patterns of Thl CD4+ T cells after
NACT shows a relocation of cells from blood to the tumor [120]. Tissue-resident memory
T cells showed low PRF1 DNA methylation levels concomitantly with increased perforin
expression [121]. The analysis of DNA methylation in neutrophils and lymphocytes pre-
dicted the outcome of BC patients, i.e., high levels of DNA methylation-derived neutro-
phil-to-lymphocyte ratio associated with poor outcome [122].

Demethylating agents lead to reactivation of tumor suppressor genes, inhibition of
cancer cells’ proliferation and migration, increased apoptosis and activation of IFN
pathway in BC [123]. Ramakrishnan et al. showed that low concentrations of DAC lead
to the activation of NOTCH1, which may prevent epithelial-mesenchymal transition of
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tumor cells, thus impairing cancer cell dissemination [124,125]. Moreover, increased IL-6
levels were observed in decitabine-treated cells, and reduction of cytokeratin 5 expres-
sion associated with cell differentiation and impaired BC progression [126]. Another ep-
igenetic inhibitor for G9a, CM-272, in combination with cisplatin caused an increase in
expression of genes associated with immune response, such as TNF-a, IFN-at and IFN-y,
which correlated with an endogenous retrovirus response. Furthermore, an extensive in-
filtration of CD8+ T cells and NK cells was observed in tumors and metastases in an in
vivo immunocompetent model of MIBC. This was also observed with CM-272 in combi-
nation with an anti-PD-L1 antibody, with immune infiltration by CD3+, CD8+ and NK
cells, and the absence of CD4+ and CD163+ cells [127].

Non-muscle invasive bladder cancer Muscle invasive bladder cancer
(NMIBC) (MIBC)
Bacillus Calmette-Guérin (BCG) Inhibition of Immune Response and Cell Death
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Figure 3. Modalities of immunotherapy in bladder cancer. BCG is a weakened strain of Mycobacterium bovis and was the first of
immunotherapy approved for BC. NMIBC patients with high risk of recurrence are subjected to BCG therapy. The administration of
BCG leads to a stimulation of both adaptative and innate immune response by recruiting lymphocytes, macrophages, NK cells and
neutrophils, leading to the elimination of the remaining tumor cells. On the other hand, BC patients with MIBC are candidates for
immune checkpoint blockage. Tumor cells express repression signals that lead to the inhibition of the immune response, namely by
expressing PD-L1/PD-L2 and B7-1/B7-2, that will bind to PD-1 and CTLA-4 present in T lymphocytes, respectively. Nevertheless,
with the administration of antibodies against PD-1, PD-L1 or CTL4-A, this process is reverted, leading to the activation of T cells and
the start of an immune response against tumor cells, leading ultimately to their death.

7. Conclusions

Epigenetic alterations in cells of the TME play a major role in creating an immuno-
suppressive environment ideal for tumor development, which translates in a lack of ef-
fectiveness of immune checkpoint blockage therapies. The inhibition of epigenetic mod-
ulators might be an interesting therapeutic option to modify the immunosuppressive
TME and their potential in combination with immunotherapy has already been dis-
cussed. Additionally, refining patient selection for immunotherapy by exploring new
biomarkers with higher sensitivity and specificity might improve the success rate of this
therapy. Combining these findings, exploring aberrant epigenetic marks in both cancer
cells and in cells of the TME might provide potential biomarkers for this purpose.

Thus, further studies are needed to increase our knowledge on the epigenetic
mechanisms underlying the acquisition of immunosuppressive immune cell phenotypes
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and how these affect immunotherapy response. Additionally, a promising strategy to
generate an immune-promoting TME might be the combination of epigenetic modulator
targeting and immunotherapy.
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