:\' frontiers

In Immunology

REVIEW
published: 24 January 2022
doi: 10.3389/fimmu.2022.809761

OPEN ACCESS

Edited by:

Dipyaman Ganguly,

Indian Institute of Chemical Biology
(CSIR), India

Reviewed by:

Anastasia Mpakali,

National Centre of Scientific Research
Demokritos, Greece

Nahum Puebla-Osorio,

University of Texas MD Anderson
Cancer Center, United States

*Correspondence:
Xinwei Han
fcchanxw@zzu.edu.cn
Lifeng Li
lilifeng0317@163.com

"These authors have contributed
equally to this work and share
first authorship

Specialty section:

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

Received: 05 November 2021
Accepted: 03 January 2022
Published: 24 January 2022

Citation:

Liu Z, Ren'Y, Weng S, Xu H, Li L and
Han X (2022) A New Trend in Cancer
Treatment: The Combination of
Epigenetics and Immunotherapy.
Front. Immunol. 13:809761.

doi: 10.3389/fimmu.2022.809761

Check for
updates

A New Trend in Cancer Treatment:
The Combination of Epigenetics
and Immunotherapy

Zaoqu Liu"?", Yuging Ren*', Siyuan Weng %%, Hui Xu %%, Lifeng Li®®*
and Xinwei Han23*

7 Department of Interventional Radiology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China,

2 Interventional Institute of Zhengzhou University, Zhengzhou, China, S Interventional Treatment and Clinical Research Center
of Henan Province, Zhengzhou, China, 4 Department of Respiratory and Critical Care Medicine, The First Affiliated Hospital of
Zhengzhou University, Zhengzhou, China, © Internet Medical and System Applications of National Engineering Laboratory,
Zhengzhou, China, 6 Medical School, Huanghe Science and Technology University, Zhengzhou, China

In recent years, immunotherapy has become a hot spot in the treatment of tumors. As an
emerging treatment, it solves many problems in traditional cancer treatment and has now
become the main method for cancer treatment. Although immunotherapy is promising,
most patients do not respond to treatment or develop resistance. Therefore, in order to
achieve a better therapeutic effect, combination therapy has emerged. The combination of
immune checkpoint inhibition and epigenetic therapy is one such strategy. In this review,
we summarize the current understanding of the key mechanisms of how epigenetic
mechanisms affect cancer immune responses and reveal the key role of epigenetic
processes in regulating immune cell function and mediating anti-tumor immunity. In
addition, we highlight the outlook of combined epigenetic and immune regimens,
particularly the combination of immune checkpoint blockade with epigenetic agents, to
address the limitations of immunotherapy alone.

Keywords: epigenetics, immunotherapy, epigenetic regulation, T cells, immune checkpoint therapy, cancer therapy

CANCER IMMUNOTHERAPY

With technological advances in cell manufacturing and genetic engineering, as well as advances in
immunology, molecular biology, and virology, immune cell therapy has been rapidly developed.
Since the cellular division of immunological properties was defined, the function of adaptive
immunity of B and T cells has attracted much attention (1). T cells have subsequently been
demonstrated to have the ability to kill malignant cells, and the human immune system can
eliminate cancer cells through acquired immune responses executed by T cells, which suggests that
T cells can be rationally designed to control tumor growth. An increasing number of treatment
modalities revolve around T cells to carry out research. Immunotherapy based on T cells is now
regarded as an integral part of cancer treatment. However, clearing tumor cells by the immune
system is not a simple process, which requires a series of conditions (2). First, cell death tumor-
associated antigens are released from tumor cells into the tumor microenvironment to be captured
by antigen-presenting cell (APC). Antigen-loaded APCs then process and present antigens along
with major histocompatibility complex (MHC) complexes to the cell surface and transport them to
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lymphoid organs. Primitive T cells in lymphoid organs recognize
selected peptide-MHC complexes through the T cell receptor
(TCR), which triggers the priming and activation of effector T
cells. Subsequently, differentiated effector T cells leave lymphoid
organs to infiltrate into tumors through the circulatory system. T
cells recognize cancer cells carrying matching antigens through
TCR interaction with peptide-MHC complexes and kill cancer
cells by direct or indirect immune attack. Immune attack leads to
the release of additional antigens from dead tumor cells, which
triggers a new round of anti-tumor immune response. However,
tumor generation often develops by immune escape through
various mechanisms due to failure of immune surveillance. For
example, if there is a lack of APCs, APCs are inhibited or
immune checkpoints are activated, these result in impaired
capture of antigens released into the tumor microenvironment,
which cannot mediate T cell priming and activation (3, 4). When
T cells migrate or infiltrate into tumor tissue, they may not be
performed due to the lack of appropriate chemokines and
immunosuppressive tumor microenvironment (TME) (5, 6).
The tumoricidal activity of T cells can also be blocked by
regulatory cells in the TME (such as, regulatory T cells,
macrophages, myelosuppressive cells, etc.), or by activating
immune checkpoints on tumor cells or macrophages (7). In
conclusion, the occurrence of any of the above conditions can
lead to immune escape and thus bring about the generation of
tumors. Therefore, immunotherapy has emerged to relieve
immunosuppression and restore anti-tumor immune
responses, which include immune checkpoint blockade
therapy, adoptive cellular immunotherapy (8, 9), cytokine-
based therapy (10, 11), and vaccines (12). The most
remarkable of these is immune checkpoint blocking therapy
(ICBT) against immune checkpoints. In March 2011, immune
checkpoint inhibition was introduced as a new cancer
therapeutic paradigm with FDA approval of the anti-cytotoxic
T lymphocyte-associated antigen-4(CTLA-4) antibody
ipilimumab for the treatment of advanced melanoma. Since
then, inhibitors against the CTLA-4 and PD-1 immune
checkpoints have revolutionized the treatment of not only
melanoma, but also malignant tumors such as non-small cell
lung cancer (NSCLC), renal cell carcinoma (RCC), and
Hodgkin’s lymphoma. Arguably, the success of ICBT is the
most significant advance in the field of cancer treatment in the
past decade.

Immune checkpoint activation, which is the interaction of
receptors between T cells and on tumor cells (13-15) and APCs
(16-18). Currently the most extensively studied are PD-1 and
CTLA-4, as well as their respective ligands PD-L1 and CD80 or
CD86. Therefore, the basic principle of immune checkpoint
inhibition is to use antibodies against PD-1, PD-L1, or CTLA-
4 for treatment to reverse the inhibitory effect of immune
checkpoints and promote anti-tumor effects by preventing the
interaction of these receptors. However, the clinical response of
immune checkpoints depends on the immune status of the
tumor. The presence of antigen-specific CD8" lymphocytes
within the TME is a primary condition (19-21). Second, the
composition of nearby immune cell populations must

differentiate into an immune-permissive state (22-25). Third,
tumors must have MHC class I-mediated antigen presentation
functions (26). Only tumors with these characteristics can
receive immune attack, otherwise it will be a state of immune
evasion (27, 28), which allows cancer to evade immune detection
and grow freely. These conditions make ICBT clinically limited,
and most patients do not respond to treatment or develop
resistance. Therefore, it is necessary to find a new mode of
immunotherapy to overcome the dilemma, and the combination
of immune checkpoint inhibition and epigenetic therapy is one
such strategy. It has been shown that epigenetics can improve
immune recognition and immunogenicity and thus play an
important role in immune evasion (29-31). Although the
concept of cooperation between epigenetic therapy and
strategies such as immune checkpoint therapy has only
recently emerged, many studies have highlighted the potential
of this combination approach in many different cancer types
(31-34). In addition, some ongoing clinical trials are currently
exploring the effectiveness of this combination approach. In this
review, we address the current understanding of the key
mechanisms of how epigenetic mechanism influences cancer
immune responses and reveal the key role of epigenetic processes
in regulating immune cell function and mediating anti-tumor
immunity. In addition, we highlight the outlook of combined
epigenetic and immune regimens, particularly the combination
of immune checkpoint blockade with epigenetic drugs, to
address the limitations of immunotherapy alone.

ROLE OF EPIGENETICS IN
CANCER THERAPY

Epigenetic dysregulation is a major mechanism in cancer
development and progression (35, 36). Epigenetic regulation is
a DNA-heritable modification that alters chromatin structure
and gene expression without altering the underlying nucleotide
sequence (37, 38). The modification process is mainly through
changing the three-dimensional distribution of nucleosomes
throughout the genome so that the way DNA is packaged is
changed. This packaging process is fine-tuned by covalent
labeling of amino acids on histones in the context of
nucleosomes and methylation-mediated interactions of
genomic DNA at CpG sites (38-40). In addition to DNA
methylation, histone post-translational modifications, such as
acetylation, methylation, and generalization, are also key
regulators of chromatin structure that affect gene expression.
There are also a variety of mechanisms that regulate the
transcriptional state of genes: chromatin remodeling; histone
variant exchange; and the role of non-coding RNAs. Epigenetic
modifications of DNA and histones dynamically and reversibly
regulate transcription, allowing chromatin to interconvert in
both closed (heterochromatin) and open (euchromatin) states.
The chromatin structure in the open state can allow access of
transcriptional activators such as RNA polymerase and DNA-
binding transcription factors to target genes and promote active
transcription. In contrast, closed state chromatin is usually
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associated with transcriptional silencing (41). Over the past few
decades, attention has been paid to the development of
epigenetic therapies as anticancer agents based on their direct
effects on cancer cells. While recent studies have elucidated how
epigenetic mechanisms acts on immune evasion, they have
revealed the role of epigenetic drugs in modulating immune
pathways to improve immune recognition and immunogenicity
(29-31). A full understanding of the role of epigenetic regulatory
mechanisms in cancer immunity is essential to exploit the
potential of epigenetic drugs.

Epigenetic Alterations in Tumor Cells
Aberrant DNA methylation may be an important event leading
to tumor development. In the 1980s, hypomethylation of
genome-wide DNA was first observed in cancer cells (42),
which may cause genomic instability, chromatin structure
changes, as well as some gene expression rises. The specific
methylation level of the gene promoter showed an elevated state.
Aberrant methylation patterns are often associated with frequent
mutations in genes that regulate DNA methylation (such as
DNMT3a and TET2) in human cancers, leading to abnormal
gene expression in human cancers. For example, local
hypermethylation of tumor suppressor gene promoters silences
their expression, which is directly associated with tumorigenesis
(43). Abnormal patterns of histone modifications are also
common in tumor cells. The number of modifications and
modifications at different sites of histones is of great interest
for transcriptional regulation of genes in tumor cells. For
example, H3K4me3, which is widely studied, mediates the
activation of transcription. On the other hand, H4K20me3 is
closely related to the silencing of repetitive DNA and
transposons (44) and mediates transcriptional repression (45).
Loss of H4K20me3 is considered an important feature of
cancer (46). Histone H4K16 acetylation and loss of H4K20
trimethylation have been reported as common hallmarks of
human cancer (46). Post-translational modifications of
histones together with DNA methylation determine the fate
of gene expression which leads to the development of tumors.
Moreover, epigenetics also affect anti-tumor immune responses,
such as inducing neoantigen production, disrupting antigen
presentation mechanisms, promoting inflammatory factor
production and inducing immunosuppressive effects, thereby
exacerbating tumor development.

Epigenetic alterations may lead to the reactivation of genes,
which brings about the formation of new antigens in most
cancers (47). The most typical example is the generation of
Cancer/testis antigens (CTAs). CTA is an ideal target for cancer
immunotherapy, especially for cancer vaccines and adoptive cell
therapy, which is encoded by a set of genes that are mainly
expressed in male germ cells under healthy conditions (48).
However, CpG demethylation associated with these genes, as
well as other epigenetic dysregulations, can re-express the gene
encoding CTA in tumors. When CTAs, protein products of these
genes, are reactivated in tumor tissues without immune privilege,
they can induce adaptive immune responses, whose strong
immunogenicity and tumor specificity make it a priority target
for cancer immunotherapy (49).

Epigenetics can also cause dysregulation of antigen
presentation mechanisms in tumor cells, making T cells unable
to effectively recognize tumor cells. The presentation of tumor
antigens requires the expression of MHC class I on the cell
surface, which can be inhibited by DNA methyltransferase
enzymes (DNMT) and histone deacetylase (HDAC). It has
been demonstrated by the re-expression of MHC class I after
DNMTi and HDACi treatment of cells (50, 51). Treatment of
tumor cells and patients with DNMTi results in increased
expression of genes required for antigen presentation (52).
Histone methylation is also an important epigenetic
mechanism leading to silencing of immunogenic factor
expression, and its most obvious role is to inhibit MHC class I
antigen presentation. In SCLC and neuroblastoma, targeted
inhibition of histone methyltransferases can upregulate the
expression of MHC class I in tumor cell lines. Similar findings
have been observed in lymphomas (53).

Inflammatory cytokines are essential for the immune system.
The differentiation, activation, entry of immune cells and immune
attack on tumor cells are inseparable from inflammatory
cytokines. Epigenetic mechanisms can regulate specific genes to
promote the production of proinflammatory cytokines in tumor
cells. Endogenous retroviruses (ERVs) are transposon elements
in the genome that are silenced by DNA methylation in the
human genome. ERV promoter DNA demethylation restores
ERV expression. Activation of ERV brings about a “viral
mimicry” state (54), in which tumor cells behave like virus-
infected cells and initiate an innate immune response, leading
to the production of type I and type III interferons (54, 55)
(Figure 1). Autocrine and paracrine type I interferon signaling in
TME promotes the production of proinflammatory cytokines and
chemokines, resulting in enhanced tumor cell immunogenicity,
and these changes can improve the effectiveness of immune
checkpoint inhibitors (54, 55).

Tumor-induced immunosuppressive effect is one of the main
reasons for tumor immune escape, and tumor-produced
immunosuppressive molecules, such as PD-L1, can directly
inhibit the immune response as well as recruit regulatory T
cells that secrete immunosuppressive cytokines by themselves.
Epigenetic mechanisms contribute to the regulation of PD-L1
expression, such that it is upregulated in tumor cells. For
example, in glioblastoma multiforme and prostate cancer, PD-
L1 expression and prognosis are inversely correlated with
methylation of the PD-L1 gene promoter (56, 57). Studies have
shown that in patients with metastatic melanoma treated with
anti-PD-1 therapy, circulating exosome PD-L1 levels are
positively correlated with interferon-y (IFN-y) signaling, which
can stimulate PD-L1 expression (58). Inhibition of BET protein,
the reader of histone acetylation, inhibits IFN-y-induced PD-L1
expression (59, 60) In addition, in mouse models of ovarian
cancer, BET inhibitors can reduce PD-L1 expression in tumor
cells, tumor-associated dendritic cells and macrophages, thereby
limiting tumor progression (61).

Epigenetic Effects on Immune Cells
Over the past decade, some studies have shown that the fate of
cell differentiation during lymphocyte development is largely

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 13 | Article 809761


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Liu et al.

Combination of Epigenetics and Immunotherapy

®
Vesicle v

| Type I/III
\ interferons

® Cancer cell
e o ©

CD4+ T cell

influenced by epigenetic mechanisms (62). To some extent,
epigenetic mechanisms can determine the functional and
phenotypic changes of cells during activation of the adaptive
immune system. For example, the function of dendritic cell (DC)
is regulated by chromatin structure and histones. It has been
shown that the activation of bone marrow-derived DCs is
inhibited by the histone-H3K4-specific demethylase KDM5B,
resulting in T cell responses that cannot proceed normally (63).
Epigenetic regulation of cell differentiation has been studied in
several major immune cell populations, including CD8" T cells,
CD4" T cells, and myeloid cells.

Naive CD8 T cell responses in lymph nodes require the
initiation of an autonomous program of differentiation and
proliferation, which is the result of stimulation after antigen
presentation by specialized antigen-presenting cells. During
these processes, the epigenetic landscape of T cells changes
(64). Under acute stimulation, naive T cell proliferates and
differentiates into effector T cells to remove antigens. After
antigen removal, a small proportion of memory effector cells
survive the immune response stage and develop into functional
memory T cells. Consequently, functional memory T cells can
rapidly differentiate into effector T cells to perform immune
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FIGURE 1 | DNA demethylation restores ERV expression to induce viral mimicry. DNA demethylating drugs reactivate ERV promoters by inhibiting their methylation,
resulting in bidirectional transcription of ERVs to produce dsRNAs, which are exported to the cytoplasm and sensed by pattern recognition receptors, such as
MDAS5. MDA5 binding to dsRNA induces recruitment of TANK-binding kinase 1 (TBK1) and aggregation of mitochondrial antiviral signaling protein (MAVs), which
activate interferon regulatory factor 7(IRF7) by phosphorylation. Then, activated IRF7 moves into the nucleus and induces transcription of interferon-responsive genes
(IRG). Consequently, type I/l interferons are produced, transported, and secreted into the tumor microenvironment. Secreted type I/lll interferons increase the
expression of antigen processing and antigen presentation mechanisms, improving the ability of cancer cells to present antigens.
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effector function when they meet antigens again. However, under
continuous antigen stimulation, the sensitivity of T cells to
antigen response is reduced, and finally effector response
cannot be produced to achieve a state of nonfunctional
differentiation, which is called T cell depletion. Epigenetic
programs influence each of these stages of differentiation.
Gains and losses in genome-wide DNA methylation and
histone modifications were observed during the differentiation
of primitive CD8" T cells into CD8" effector T cells (65-67) The
production of key effector genes by antigen-stimulated naive
CD8" T cells, as well as the transcription start site (TSS) of
transcription factors expressed in activated lymphocytes are
demethylated, while genes associated with naive T cells, such
as CCR7 and Tcf7, evolve T cell differentiation by increased
methylation of the TSS to promote gene silencing (68, 69).
Similarly, epigenetic mechanisms also regulate CD8" effector T
cell dedifferentiation into memory T cells (70, 71). Memory-
precursor CD8 T cells complete the reversal of epigenetic
suppression of naive T cell-associated genes by demethylating
key genes expressed in CD8" effector T cells (66, 70). It has been
demonstrated that the DNA methylase DNMT?3a is involved in
inhibiting memory CD8 T cell production (70). Epigenetic
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mechanisms are responsible for T cell exhaustion as well (66, 72).
HDAC inhibitors can reverse the functional status of T cell
exhaustion (73).

Regulatory T cells (Treg) associated with cancer progression
that come from the transformation of traditional CD4" T cells
have the ability to suppress immune responses and accumulate in
both animal models and cancer patients (74). The growth and
development of Treg cells are tightly regulated by epigenetics.
EZH2 histone methylases deposit H3K27me3 marks in the
regulatory elements of genes down-regulated in Treg cells in
order to regulate the development of Treg cells (75, 76). EZH2
inhibition may prevent the accumulation of Treg cells in cancer
thereby relieving their suppression of immune responses.
Epigenetics also controls the expression and activity of Treg
cell-specific genes, including Foxp3, a key transcription factor
used to identify Treg cells (77). The gene encoding Foxp3, which
controls development and function of Treg cells, is usually
methylated (78-80), and silenced in naive T cells or activated
CD4" T cells, but methylated and expressed in Tregs (81). Foxp3
protein promotes Treg development through acetylation of
HDACY. Thus, effector differentiation of CD4 T helper cell
lines is plastic and can be reversed in response to appropriate
environmental stimuli with the participation of dynamic changes
in epigenetics and transcription (82). The transcriptionally active
mark H3K4me3 can be found at the locus of cytokine genes
unique to each TH, while the repressed H3K27me3 mark turns
other genes off (83).

Myeloid-derived suppressor cells (MDSCs) are a cell
population known to induce peripheral blood T cell tolerance
and inhibit T cell activation and proliferation (84-86), whose fate
is also modulated by epigenetic modifications. Differentiation
and activation of MDSCs mainly involves various histone
modifications that regulate the binding of specific transcription
factors to their target genes mainly by keeping the chromatin
structure in an open state (87, 88). Sahakian et al. found that
knockdown of histone deacetylase 11 (HDAC11) gene showed
more inhibition of MDSC number in a mouse tumor model,
suggesting that MDSC expansion and function is negatively
regulated by HDAC11 (89). Zhang et al. also demonstrated
that in addition to DNA methylation and histone acetylation,
miRNAs and siRNAs can also eliminate cancer cells by altering
the properties of MDSCs (90).

METABOLIC DYSREGULATIONS ARE
LINKED TO EPIGENETIC CHANGES IN
CANCER AND IMMUNE CELLS

Previously, there were limitations in our understanding of
cancer, and it was believed that from tumor initiation, growth
to metastasis, they were dominated by genetic mutations. In
recent years, cellular metabolic remodeling and epigenetics, as
one of the characteristics of cancer, are gradually well-known for
the importance of tumor development. Tumor cells will show
tightly regulated metabolic plasticity during tumorigenesis and

metastasis. Like tumor cells, cellular metabolism is also a key
factor in the maintenance of viability and function of immune
cells. The advent of immunotherapy has made it increasingly
important to understand more about the metabolic relationship
between infiltrating tumor cells and immune cells. It has been
shown that certain metabolic changes occur at the epigenetic
level, and that many metabolites can act as substrates or cofactors
for chromatin-modifying enzymes, which closely link epigenetics
and metabolism and regulate each other. In some cases, various
metabolic alterations and epigenetic modifications can prompt
impeding immune surveillance or immune escape, thus playing
an important role in tumor progression.

The most important cellular mechanism affecting the
epigenetic landscape of tumor cells is the reprogramming of
metabolic pathways, during which the characteristics of
metabolites are changed (91, 92), producing the main players
and regulators of epigenetic modifications. Accumulating
evidence suggests that cellular intermediate metabolites drive
the expression of epigenetic mechanisms through chemical post-
translational modifications that alter chromatin structure and
function (93, 94). The intertwined relationship between
epigenetic modifications and metabolomes plays a very
important role in the development and progression of tumor
cells. First, metabolites in tumor cells affect the epigenetic
modification landscape as cofactors of modification enzymes.,
modification donors, or antagonistic molecules. Almost all
epigenetic modification processes require the participation of
metabolites. acetyl-CoA produced from glycolysis, NAD+
produced from the combination of glycolysis and oxidative
phosphorylation, and S-adenosyl methionine (SAM) generated
from a carbon cycle as a substrate or cofactor involved in DNA
methylation and posttranslational modification processes of
histone (95). Moreover, metabolic enzymes also have a great
impact on the regulation of epigenetics. For example, DNMT
mediates DNA methylation using SAM as a methyl donor, and
histone methylation catalyzed by histone methyltransferase
(HMT) also requires the participation of SAM (96). The
metabolic enzyme nicotinamide N-methyltransferase (NNMT)
can catalyze the transfer of the methyl moiety from SAM to
nicotinamide, thereby decomposing SAM into 1-Methyl
Nicotinamide (1IMNA). Cancer cells overexpressing NNMT
have shown alterations in their SAM and histone methylation
levels while acquiring a more aggressive phenotype (97). The
reaction catalyzed by NNMT hinders the SAM mediated DNA
and histone methylation process. Therefore, metabolites and
metabolic enzymes play a very wide and important role in
epigenetic modification of tumors. Second, epigenetic
modifications can directly alter the expression of metabolic
enzymes and transporters or regulate cellular metabolism by
affecting the expression of signal transducers and transcription
factors. For example, the hypomethylation state of genomic
DNA allows the expression of PKM2, the rate-limiting enzyme
of glycolysis, to be up-regulated in a variety of tumors (98).

Metabolic reprogramming of cancer cells has emerged as a key
immunosuppressive mechanism to modulate anti-tumor immune
responses. Metabolic status plays multiple roles in determining
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innate immune cell function and fate (99). Infiltrating CD8" T cell
metabolism in the tumor microenvironment is often characterized
by functional disorders and unique epigenetic manifestations in
tumors or other tissues (100), which are all major factors affecting
anti-tumor immunotherapy. It has been reported that tumor cells
can affect epigenetic modification of T cells by regulating
metabolites in their microenvironment. Tumor cells disrupt
methionine metabolism in CD8" T cells, thereby reducing
intracellular levels of methionine and the methyl donor SAM
and leading to loss of dimethylation at lysine 79 of histone H3
(H3K79me2), which leads to low expression of STAT5 and
impaired T cell immunity (101). Since T cell function requires
activation of many metabolic pathways to provide energy and raw
materials, metabolic reprogramming is essential for T cell
activation and differentiation. Among them, polyamine synthesis
is a marker of T cell activation and proliferation. Puleston et al.
reported that polyamine-hypusine deficiency leads to extensive
epigenetic remodeling driven by altered histone acetylation and a
re-wired tricarboxylic acid (TCA) cycle, which has an impact on
the ability of CD4" helper T cells to differentiate into different
functional fates (102). Accumulating evidence suggests that
metabolism affects cell signaling and epigenetics, thereby
controlling the lifespan of T cells and converting T cells to an
exhaustion state, which inhibits effector function and leads to
adverse effects on immune checkpoint molecules (ICM) targeted
therapies. How metabolic stress affects T cell exhaustion remains
an active area of research (103).

EPIGENETIC DRUGS ENHANCE ANTI-
TUMOR IMMUNE RESPONSES

The ability of epigenetic drugs to upregulate the expression of
immune signaling components in cancer cells has been established
(29, 34, 104), such as histone deacetylase inhibitors (HDACi) and
DNA methyltransferase inhibitor (DNMTi). DNMTi, commonly
known as demethylating agents, is the most widely used epigenetic
therapy for the treatment of cancer. They are analogues of
nucleoside cytidine that irreversibly sequester DNMT proteins
from DNA, leading to global DNA hypomethylation. HDACis
interfere with the function of histone deacetylases and act by
controlling the degree of tightness of DNA wrapped around
histones. Treatment of affected tumor animals with DNMTi
and/or HDACIi can alter immunosuppressive TME and
enhance tumor-infiltrating lymphocytes (50, 105-107). These
effects are the result of enhanced tumor antigen expression
and/or presentation, “viral mimicry” effects, inhibition of
T-cell exhaustion, induction of chemokine expression, or a
combination thereof.

The methylation effect of DNMTis can lead to CTA re-
expression in cancer cells of many different solid tumors (108-
110). And 5-Azacytidine can increases the anti-tumor T cell
profile in patients with Hodgkin’s lymphoma, suggesting that
inhibition of DNMT improves new antigen presentation capacity
and immunogenicity in tumor cells. In addition to CTA, other
TAAs are also regulated by epigenetic drugs, such as high

molecular melanoma-associated antigens (HMW-MAAs). 5-
AZA-CdR demethylates the HMW-MAAs gene promoter in
melanoma cells, resulting in the re-expression of HMW-MAAs
at the mRNA and protein levels (111). Although the induction of
CTA up-regulation by HDACIi is much lower than that by
DNMTis (112), it can induce the expression of MHC class I to
increase antigen presentation. In the mouse melanoma model,
inhibition of HDAC-I with romidepsin enhanced MHC- I
expression and enhanced killing activity of CD8" T cells.
Moreover, HDAC inhibition also induces the expression of
MHC class I antigen processing and presentation genes,
including TAP1, TAP2, LMP2, LMP7 and B2M (113-115).

A key pathway by which DNMTi upregulates immune
signaling in cancer is through the viral mimicry pathway. In
ovarian cancer cell lines, DNMTis promotes transcription of
dsRNA by repressing the silent expression of hypermethylated
endogenous retroviruses (ERVs), upregulates dsRNA activates
cytoplasmic dsRNA sensors and activates downstream signaling
pathways, and induces IFN-B signaling (55). The production of
type I and type III interferons induced by the viral mimicry
pathway would increase antigen presentation and processing of
cancer cells in the tumor microenvironment. Roulois et al. had
similar findings in colon cancer cells treated with 5-AZA-CdR
(54). The ERVs represent a large fraction of repetitive elements
in the human genome that are silenced by DNA methylation.
Treatment with DNMT inhibitors allows cancer cells to enter a
“viral mimicry” state in which they behave like virus-infected
cells, leading to activation of the interferon pathway. These
changes were shown to enhance the effectiveness of immune
checkpoint inhibitors (54, 55). Further studies revealed that
histone deacetylases (HDACs) and KDMIA, the “eraser” of
H3K4mel/2 also have similar effects in inhibiting ERV and
ERV-induced interferon pathway activation (105, 116).

T cell exhaustion is one of the major causes of immune
evasion. A state of T cell differentiation induced by continuous
antigen stimulation, resulting in impaired cell function. It is
characterized by reduced production of effector molecules and
expression of multiple inhibitory receptors including PD-1 (117,
118). T cell exhaustion may be responsible for rendering patients
treated with checkpoint inhibitors unresponsive or relapsing.
Blockade of PD-1 can only partially and temporarily reverse the
phenotype of these T cells that have undergone chronic
stimulation with antigen, and epigenetic interventions may help
revitalize exhausted T cells. Indeed, treatment of exhausted T cells
with HDAC inhibitors restores their functional status (119). In a
mouse model of melanoma, the combined use of anti-PD-1 and
HDACi therapy was shown to improve survival in mice (120). In
the context of chronic antigen exposure, DNMT3a performs
methylation of a program associated with exhaustion in CD8"
T cells. Inhibition of DNMT3a reverses the phenomenon and
prevents T cell exhaustion (66).

Epigenetically suppressed chemokines have recently been
found to have an important role in tumor immune escape.
These chemokines would protect tumor cells from immune
responses, affecting immune cell infiltration of TME mainly by
inhibiting the trafficking of T cells. In ovarian cancer, H3K27me3
and DNMT1 epigenetically regulate the Thelperl (Thl) type

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 13 | Article 809761


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Liu et al.

Combination of Epigenetics and Immunotherapy

chemokines CXCL9 and CXCL10, which determine their
production (121). Epigenetic regulation using DNMTi is able
to induce expression of chemokines and infiltration of Thl
tumors. In lung cancer, HDACis have also been shown to have
similar effects that can enhance the expression of T cell
chemokines and the infiltration of TME (65). In addition,
epigenetic drugs can also increase immune-mediated cytolysis
and tumor cell recognition through the action of the innate
immune system. For example, HDACI treatment can increase
the expression of NK cell surface activating receptor NKG2D by
increasing the binding of H3 acetylation on gene promoters,
thereby enhancing NK-mediated tumor cell targeting (122).
Several different HDACIs have also been shown to increase
NK cell killing of tumor cells by upregulating the stress-
inducing ligands, such as MICA, MICB, and ULBP1-3, in
tumor cells from many different solid malignancies (123-125).
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COMBINATION THERAPY OF EPIGENETIC
DRUGS AND IMMUNE CHECKPOINT
INHIBITORS

As mentioned above, epigenetic mechanisms have an important
impact on both host immune cells and tumor cells, and
epigenetic drugs have been demonstrated to improve cancer
immunotherapy efficacy in many aspects. The combination of
immunotherapy and epigenetic drugs is an upsurge in the study
of cancer treatment in recent years, the most remarkable of
which is the combination of immune checkpoint blockade
therapy and epigenetics (Figure 2). The classical epigenetic
drugs HDACi and DNMTi have been approved by the FDA
for cancer therapy. In the animal model of ovarian cancer, the
addition of the demethylating drug azacitidine to anti-CTLA-4
antibody therapy significantly elevated the expression of

BETi
5 Anti-PD1

1
1

;:J\\7\

FIGURE 2 | Combining epigenetic drugs with immune checkpoint inhibitors. Persistent antigen stimulation and inflammatory factors in chronic inflammation can
cause dysfunction of tumor-infiltrating T cells, up-regulation of immune checkpoints, and production of immune evasion, which are associated with epigenetic
modifications. Anti-PD-1 relieves the inhibitory effect of the epidemic checkpoint on tumor cells and antigen presenting cells by blocking the binding of PD-1 to its
ligands PD-L1 and PD-L2 in the tumor microenvironment. Epigenetic modifiers can enhance antigen presentation by tumor cells, thereby enhancing the immune
effects of T cells. Moreover, epigenetic modifiers inhibitors, such as BET, can also inhibit the expression of PD-L1 on the surface of tumor cells and tumor-infiltrating
immune cells. Moreover, EZH2 inhibitors prevent the conversion of CD4 T cells into Treg cells to up-regulate the immune response of other cells. Therefore, the
combination therapy of epigenetic modifiers with immune checkpoint inhibitors embodies great advantages.
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chemokines by NK cells and CD8" T cells, inhibited tumor
growth and prolonged survival in ovarian cancer models
compared with immune checkpoint inhibition alone (126).
Other studies have provided evidence that the use of DNMT
inhibitors can also enhance the effectiveness of anti-PD-1
antibodies. Yu et al. described the mechanism by which
decitabine enhanced the expression of immune-related genes
such as major histocompatibility complex genes and cytokine-
related genes in a syngeneic mouse CT26 colon cancer model
and found an increased accumulation of cytolytic CD8" T cells in
the tumor, demonstrating the sensitizing effect of decitabine
against PD-1 antibody therapy (127). In addition, azacytidine
was able to up-regulate the expression of PD-L1 gene at the
transcriptional level and also directly on the cell surface in an in
vitro cell lung cancer cell line model. Identifying the use of
epigenetic therapies in checkpoint inhibitor therapy may elicit
more potent immune responses (128).

The regulation of HDAC is multifaceted, which involves NK
cell ligand activation and increased cytotoxicity, regulation of
MHC class I and class I molecules, elevation of proinflammatory
cytokines, and regulation of Treg and Treg Foxp3 gene
expression (129). It has been shown that panobinostat is able
to modulate different serum cytokines associated with T cell
activation in patients with Hodgkin’s lymphoma while entinostat
can induce immune-related genes associated with antigen
presentation in breast cancer (130). PD-L1 expression of tumor
antigen presenting cells and T cells was upregulated after
treatment of various solid tumor arterial models with HDAC
and CTLA-4 inhibitors. Inhibition of HDAC, PD-1, and CTLA-4
can lead to complete tumor rejection. In addition, the HDAC
inhibitor entinostat induces depletion of MDSCs and enhances
the efficacy of anti-PD-1 therapy (131, 132). Studies have shown
that the up-regulation of immune checkpoints is epigenetically
regulated through the action of HDACi that regulate PD-L1
expression in melanoma. In the mouse melanoma cell model,
mice treated with a combination of panobinostat and anti-PD-1
showed slower tumor progression and higher survival (120).

In recent years, epigenetic drugs with new targets have also
gradually entered the horizon of researchers and are approved
for cancer treatment. In 2020, the EZH2 inhibitor, Tazverik, was
approved for the treatment of epithelioid sarcoma, making it the
first approved histone “writer” inhibitor and the first to be used
to treat solid tumors (133). Goswami et al. found that peripheral
blood T cells from patients treated with anti-CTLA-4 antibody
increased EZH2 expression (121, 134). Subsequently, they
demonstrated that EZH2 inhibitor alone enhanced the
cytotoxic activity of human CD8" effector T cells, altered the
phenotype and function of human Treg cells, and had an
immunotherapy-sensitizing effect against CTLA-4 in mouse
bladder cancer and melanoma models (121, 134). In addition,
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