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Chronic inflammation promotes tumor development, progression, and metastatic dissemination and causes treatment resistance.
The accumulation of genetic alterations and loss of normal cellular regulatory processes are not only associated with cancer growth
and progression but also result in the expression of tumor-specific and tumor-associated antigens that may activate antitumor
immunity. This antagonism between inflammation and immunity and the ability of cancer cells to avoid immune detection affect
the course of cancer development and treatment outcomes. While inflammation, particularly acute inflammation, supports T-cell
priming, activation, and infiltration into infected tissues, chronic inflammation is mostly immunosuppressive. However, the main
mechanisms that dictate the outcome of the inflammation-immunity interplay are not well understood. Recent data suggest that
inflammation triggers epigenetic alterations in cancer cells and components of the tumor microenvironment. These alterations can
affect and modulate numerous aspects of cancer development, including tumor growth, the metabolic state, metastatic spread,
immune escape, and immunosuppressive or immunosupportive leukocyte generation. In this review, we discuss the role of
inflammation in initiating epigenetic alterations in immune cells, cancer-associated fibroblasts, and cancer cells and suggest how

and when epigenetic interventions can be combined with immunotherapies to improve therapeutic outcomes.
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INTRODUCTION

The traditional definition of inflammation, established by the
nineteenth and twentieth century pathologists, is the activation of
innate immune cells by damage- and microbe-associated
molecular patterns, and inflammation is indicated by macrophage
and neutrophil recruitment and manifestation of the five cardinal
signs: rubor (redness), calor (heat), tumor (swelling), dolor (pain),
and functio laesa (loss of function). In contrast, T-cell inflamma-
tion, which is used to describe tumors as “hot” or “cold”, is a new
term coined by tumor immunologists. Although pathogenic T cells
are important components of many chronic inflammatory
diseases, their presence within a tumor does not necessarily
reflect classical inflammation, and their number or density does
not always correlate with the outcome of immunotherapy.
Moreover, fibrosis, a frequent consequence of chronic inflamma-
tion, may directly or indirectly affect T-cell recruitment and
responses. Finally, what we refer to as epithelial or cancer cell-
intrinsic inflammation pertains to the inflammatory signaling
pathways that are activated in these cells in response to stress,
pathogen exposure or oncogene activation. In summary, inflam-
mation can profoundly modify gene expression profiles and cause
epigenetic changes that can be long lasting, resulting in memory
development not only in adaptive immune cells but also in innate
immune cells (trained immunity) and epithelial cells, as well as

perturbed tissue homeostasis [1-3]. This review will detail the
interactions between inflammation and epigenetics and their
effects on tumor immune evasion, focusing on cancer cells and
cellular components of the tumor microenvironment. We also
discuss how these connections can be targeted to improve cancer
prevention and treatment.

ROLE OF INFLAMMATION IN INITIATING EPIGENETIC
ALTERATIONS

Histone modifications, DNA methylation and noncoding RNAs
(ncRNAs) have emerged as master regulators of gene expression.
DNA is organized into structures called nucleosomes, which
contain DNA wrapped around an octamer of histone proteins.
Each histone has a long tail that can be posttranslationally
modified by phosphorylation, acetylation, methylation, SUMOyla-
tion, and ubiquitinoylation, and these modifications affect
chromatin compaction and gene transcription [4]. Lysine acetyla-
tion neutralizes positive charges, whereas phosphorylation adds
negative charges, resulting in reduced chromatin compaction and
enhanced transcription [5, 6]. Histone acetyltransferases (HATS),
such as p300/CBP, catalyze the acetylation of specific lysine
residues in the histone tail. p300/CBP, in particular, cooperates
with the Trithorax group of proteins to acetylate histone 3 at lysine
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27 (H3K27), a modification that ultimately promotes the activation
of specific genes during development [7]. Histone deacetylases
(HDAGs) antagonize the effects of HATs by removing acetyl
groups from lysine residues in the histone tail to result in
transcriptional repression. HDACs include classical family mem-
bers, which have a zinc-dependent catalytic site, and “silent
information regulator 2-related proteins” (sirtuins) [8], which are
NAD™ dependent. Methylation of histones can be repressive or
activating, depending on the residue being methylated. Trimethy-
lation of histone H3 at lysine 27 (H3K27me3) mediated by the
histone methyltransferase (HMT) enhancer of zeste homolog 2
(EZH2), a member of the polycomb repressive complex 2, is
associated with transcriptional repression [9]. These modifications
influence the recruitment of proteins, including transcription
factors (TFs), and interfere with the binding of protein complexes
that modulate chromatin density and accessibility [10]. DNA
methylation at cytosine residues adjacent to guanine residues
(CpG sites) occurs frequently throughout the genome. This
reaction is catalyzed by DNA methyltransferases (DNMTs), such
as DNMT3a and DNMT3b, which are responsible for de novo
methylation of unmethylated DNA. In addition to preventing TFs
from binding to promoters, DNA methylation can lead to the
binding of DNA methyl-binding domain-containing proteins,
which further inhibit gene transcription by recruiting repressive
complexes containing HDACs and HMTs [11].

The immune system can support or suppress cancer initiation
and progression. Epigenetic alterations, which are changes in
chromatin structure and gene expression without DNA sequence
changes, play a fundamental role in tumorigenesis through
silencing tumor suppressor genes or activating oncogenic
signaling. Epithelial cells and cancer cells affected by chronic
inflammation undergo changes in DNA methylation and histone
modifications, indicating that inflammation results in epigenetic
alterations. Furthermore, epigenetic modifications occur during
immune cell differentiation, activation and particularly memory
development and have pronounced effects on the production of
inflammatory cytokines. Moreover, cancer cells were observed to
epigenetically silence immune-related genes to evade immune
recognition and rejection.

MOLECULAR MECHANISMS UNDERLYING INFLAMMATION-
INDUCED EPIGENETIC ALTERATIONS

There are a substantial amount of epidemiological data, as well as
in vivo and vitro studies, that confirm a connection between
inflammation and epigenetic alterations [12-17]. One mechanism
by which inflammation can affect the epigenome is by altering the
metabolic state of the cell. Moreover, the effects of diets or caloric
restriction on longevity, cancer, and the immune system have
been associated with the histone modification abilities of these
factors [18-20]. The metabolism of immune cells is altered when
they are activated, and in turn, activated immune cells modulate
metabolic processes in the surrounding tissue [21]. Altered DNA
methylation, histone modifications, and dysregulated miRNA
expression have each been linked to impaired metabolic functions
in organs actively involved in glucose/lipid homeostasis [22]. Such
alterations have also been found in obese and type 2 diabetic
(T2DM) individuals [23, 24], in whom they were shown to support
chronic inflammation and cancer development. Hepatic steatosis
is associated with signal transducers and activators of transcrip-
tion (STAT) 3 activation, and activated STAT3 can regulate
metabolism by inducing aerobic glycolysis and decreasing
mitochondrial activity [25]. Many epigenetic enzymes require
metabolic intermediates for their activity [26]. S-adenosyl methio-
nine (SAM) is a required cofactor for DNMTs and HMTs, whereas
S-adenosyl homocysteine is an inhibitor. SAM is produced by
1-carbon metabolism and through dietary consumption of methyl
group donors (i.e, folate). Recently, it was shown that cancer cells
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disrupt methionine metabolism in CD8" T cells by consuming
methionine and outcompeting T cells for this amino acid through
high expression of the methionine transporter SLC43A2. Lower
intracellular levels of methionine and the methyl donor SAM in
CD8™' T cells were shown to result in loss of H3K79me2, which
decreased STATS5 levels and impaired T-cell immunity [27].

HDMs and ten-eleven translocation methylcytosine dioxygen-
ase proteins use alpha-ketoglutarate, a TCA cycle intermediate, as
a cofactor [28, 29]. Acetyl-CoA (Ac-CoA) is produced by glucose
metabolism and is an important cofactor for HATs. NAD" is an
essential cofactor for the HDAC SIRT1, and SIRT1 has been linked
to metabolic disorders. In this regard, lactate dehydrogenase A
(LDHA) is induced in activated T cells to support aerobic glycolysis
and promote IFNy production. LDHA maintains high concentra-
tions of Ac-CoA to enhance histone acetylation and Ifng
transcription [30].

Moreover, the introduction of double-stranded DNA breaks,
which accumulate during aging and chronic inflammation, results
in recruitment of the epigenetic modulators SIRT1, EZH2, DNMT1,
and DNMT3b to sites of DNA damage [9, 17, 31, 32].

EPIGENETIC REGULATION OF TUMOR MICROENVIRONMENT
COMPONENTS

Innate immune cells, macrophages, and antigen-presenting
cells

The immediate response to infection, cell damage or perturbation of
tissue structure is mounted by the innate immune system, which
consists of epithelial cell barriers and immune cells, including
macrophages, neutrophils, dendritic cells (DCs), and natural killer (NK)
cells. This response results in classical inflammation, consisting of the
five signs described above [33-35]. Tissue-resident macrophages,
DCs, and mast cells usually initiate acute inflammatory responses
upon recognition of pathogen- or damage-associated molecular
patterns by Toll-like and Nod-like receptors (NLRs) via production of
chemoattractants, cytokines, and inflammatory mediators, which
induce the cardinal signs of inflammation and recruit innate immune
cells to the site of injury or infection [36]. These cells, particularly DCs,
differentiate after taking up antigens, which can then be presented
to adaptive immune cells, leading to the activation and recruitment
of those cells. At this point, the inflammatory response may be
sustained by adaptive immune cells, which also maintain immune
memory. Epigenetic programs control the molecular mechanisms
that regulate immunological memory. Recently, it was shown that
epigenetic programming can also regulate a memory-like phenotype
in innate immune cells. The initial inflammatory response produced
by innate cells also affects epithelial, endothelial, and mesenchymal
cells in the surrounding microenvironment and contributes to
chromatin reprogramming in those cells [2, 3, 37]. Cytokines activate
specific signaling pathways in epithelial and mesenchymal cells that
result in the production of more chemokines and cytokines as well as
epithelial or mesenchymal cell proliferation. Reactive oxygen species
and reactive nitrogen species damage lipids, proteins, and DNA
within affected epithelial cells, causing activation of various stress
response pathways. The main TFs activated by these response
pathways are members of the AP-1 and CREB families of bZIP
proteins, STATs such as STAT1 and STAT3, and NF-kB family
members, which also regulate and are frequently regulated by
HDACs and HATs. Moreover, epigenetic processes play fundamental
roles in the development and differentiation of innate immune cells,
although knowledge concerning these roles is limited compared to
that on the roles that affect the development and differentiation of
adaptive immune cells. Two examples are the roles of epigenetic
factors in macrophage polarization [31, 38] and the development of a
memory-like phenotype in innate immune cells, which are attributed
to epigenetic reprogramming [1]. Active and repressive chromatin
marks are known to regulate the expression of key cytokine
genes according to the macrophage polarization phenotype [39].

Cellular & Molecular Immunology (2022) 19:59 - 66



Another study suggested that conversion from the M2-like to the
M1-like phenotype is controlled by DNMT3b in obesity [40].
Specifically, in response to stearic acid, DNMT3b expression is
induced in macrophages and followed by binding of DNMT3b to the
promoter of peroxisome proliferator-activated receptor gamma 1
(PPARy1), a key regulator of macrophage polarization. This leads to
hypermethylation of the Ppary1 promoter and likely contributes to
the phenotypic switch[40].

Moreover, in macrophages, ornithine decarboxylase, which is an
essential enzyme in polyamine synthesis, controls the antimicro-
bial M1-like response during Helicobacter pylori and Citrobacter
rodentium infections by regulating histone modifications at both
the enhancers and promoters of proinflammatory cytokine genes
[41]. Lack of glucose availability reduces the cytoplasmic NADH:
NAD™ ratio and promotes binding of the NAD(H)-sensitive
transcriptional corepressor CtBP to p300, which in turn blocks
the binding of p300 and NF-kB to proinflammatory gene
promoters through regulation of p65/RelA acetylation[42]. NAD™"
levels also modulate sirtuin (e.g., SIRT1 and SIRT2) activity, which
affects NF-kB p65/RelA activation via deacetylation of p65/RelA at
lysine 310 [43, 44]. These modifications, which also affect NLRP3
inflammasome activity, demonstrate how metabolites regulate
innate immunity through epigenetic mechanisms[31, 44].

Adaptive immune cells: T cells and B cells

Adaptive immune responses are highly specific and provide long-
term protection due to immune memory that enables recall
responses. Naive B and T lymphocytes expressing antigen receptors
(BCR and TCR, respectively) reside in the lymph nodes. Antigen-
presenting cells of the innate immune system activate lymphocytes
specific to the presented antigen, triggering proliferation of the
lymphocytes and their differentiation into effector cells. Naive CD4"
and CD8" T cells recognize antigens that are presented by major
histocompatibility complex (MHC) Il or |, respectively. When naive
CD4™ T cells encounter MHC ll-bound antigens, a cascade of events is
initiated, including activation and relocalization of various TFs. These
changes in gene expression determine whether naive T helper (h)
cells become Th1, Th2, Th17, or Treg cells. Although TFs are pivotal in
T-cell fate determination, more stable control of these transcriptional
alterations is achieved via epigenetic mechanisms, including DNA
methylation, histone modifications, ncRNAs, and chromatin remodel-
ing[45]. Naive CD4" T cells and Th2 cells are characterized by the
presence of H3K27me3, a repressive histone modification, at the Ifng
locus, whereas Th1 cells show increased levels of H3K4me2, a histone
marker associated with actively transcribed chromatin, at the same
locus[46]. Memory CD8" T cells have increased levels of diacetylated
histone H3 at the Ifng locus compared to naive CD8" T cells, with the
degree of gene-specific acetylation directly proportional to the
efficiency of the recall response[47]. Moreover, treatment of T-cell
lines with the DNMT inhibitor 5-azacytidine was shown to lead to the
production of IL-2 and IFN-y [48, 49]. Binding of T-bet to the Ifng
promoter leads to displacement of HDACs and recruitment of HATs,
thereby permitting /fng transcription and contributing to Th1 cell
differentiation[50]. With regard to the Th17 cell lineage, STAT3 has
been shown to bind at the /[177a and ll17b promoters and induce
histone acetylation, thereby stimulating transcription of these genes
[51]. B cell proliferation and differentiation are also controlled by
histone modifications, as suggested by the ability of the HDAC
inhibitor (HDACi) panobinostat to control B cell numbers in a lupus-
prone mouse model [52, 53]. Moreover, EZH2 is required for germinal
center formation, B cell differentiation regulation, plasma cell
metabolism and antibody production [54, 55]. Nutritional and energy
states also influence the epigenome of immune cells. Variable levels
of different metabolites affect the chromatin state and DNA
methylation by influencing the enzymatic activity of chromatin
modifiers and DNMTs. Increased glycolysis and [-oxidation in
immune cells lead to elevated intracellular levels of Ac-CoA, which,
when used as a group donor by HATs, causes a relaxed, more
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transcriptionally active chromatin state[53]. Moreover, EZH2 epigen-
etically regulates T-cell differentiation and Treg cell function, and its
modulation in T cells was shown to improve the efficacy of immune
checkpoint therapy (ICT) [56-58].

Chromatin organization also has a central role in T-cell exhaustion.
In addition to the chronic LCMV infection model, tumor models have
confirmed the role of epigenetic modifications in T-cell exhaustion.
ATAC-seq showed that a consistent chromatin remodeling program
dominated the conversion of effector T cells into exhausted T cells,
which was absent from the memory T-cell formation program[59]. In
fact, there are two discrete exhaustion-associated chromatin states,
one in which T-cell exhaustion can be reversed and one in which
T cells become permanently exhausted[59].

Fibroblasts

Tissue-resident fibroblasts are emerging as one of the key cell types
that regulate local immune cell responses during persistent infections,
inflammation, and cancer [60-62]. Fibroblasts are heterogeneous cells
with functionally distinct populations. Interestingly, their widely
ranging abilities to regulate immune responses seem to vary in a
context-dependent manner. Moreover, their phenotypes differ
according to their tissue of origin, the disease and the type of
inflammation. The immunological properties of fibroblasts are also
diverse, ranging from maintenance of the inflammatory environment
in chronic inflammation, immune cell recruitment, and activation of a
robust immune response to immunosuppression, immune cell
exclusion, and encapsulation of infected cells [60, 63-66]. Cancer-
associated fibroblasts (CAFs) can recruit adaptive and innate immune
cells to the tumor microenvironment by producing chemokines and
cytokines, such as CC-chemokine ligand (CCL) 2, CCL5, CXC-
chemokine ligand (CXCL) 8, CXCL12, chitinase 3-like protein 1
(CHI3L1) and IL-6 [61, 62, 67-69]. CAFs can contribute to T-cell
dysfunction via antigen-dependent deletion, in which CAFs present
antigens via MHC class | while engaging their PD-L1/2 and FAS
ligands with PD-1 and FAS on T cells, respectively. CAFs also actively
exclude T cells from tumors by producing transforming growth factor-
B and CXCL12 [61, 67, 70]. Finally, CAFs contribute to the
immunosuppressive tumor environment by retaining and recruiting
regulatory T cells (Tregs) and IgA* cells, polarizing macrophages
toward a suppressive phenotype, and reducing the ability of DCs to
present antigens and activate adaptive immunity [61, 68]. Moreover,
hypoxia induces chemokine expression by prostate cancer fibroblasts
[67] and epigenetic reprogramming of normal fibroblasts in breast
cancer, resulting in a proglycolytic, CAF-like transcriptome[71]. These
CAFs exhibit a metabolic shift toward lactate and pyruvate production
and fuel biosynthetic pathways of cancer cells[71]. Moreover, lactate-
mediated epigenetic reprogramming regulates the formation of
human pancreatic CAFs and regulates their cytokine expression[72].
CAFs generally exhibit a profound alteration in gene expression
compared to tissue-resident fibroblasts, which is attributed to the
epigenetic changes in CAFs during cancer development, as no
genetic alterations are usually found in CAFs isolated from solid
tumors[73-75]. However, in childhood and infant acute lymphoblastic
leukemia, bone marrow mesenchymal stem cells were shown to
harbor some genetic alterations[76, 77]. Similar to that observed in
inflammatory diseases, maintenance of the unique characteristics of
each CAF subpopulation may be driven by epigenetic imprinting of
tumor fibroblasts. Indeed, CAFs display distinct DNA methylation
patterns, which maintain their pathological properties[78, 79]. There-
fore, targeting CAFs by using epigenetic modifiers may be a
promising tool to alter the CAF phenotype from immunosuppressive
to immunostimulatory.

Epigenetic regulation of cancer cells

Aberrant epigenetic changes contribute to the pathogenesis of
various diseases, including cancer[80]. Aberrant DNA methylation
has been shown to be involved in the initiation and progression of
cancer. In particular, there is a global loss of DNA methylation in
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Table 1. Clinical trials using histone modification in combination with immunotherapy, particularly immune checkpoint inhibitor therapy (ICIT)

Treatment Sample
Pathway Agents Mechanism icIT ICIT Tumor type Phase, Status, o NCT Identifier
and
AML 1I, recruiting ) NCT03769532
Pancreatic cancer 1I, recruiting ® NCT03264404
Metastatic Melanoma 1I, recruiting [ ) NCT02816021
MDS 1I, recruiting ® NCT03094637
11, completed
Chemorefractory -
metastatic colorectal PFS: 2.1 months ) NCT02260440
cancer (n-30)
OR: 3%
‘Advanced or metastatic 1T, active; not
NSCLC recruiting [ ) NCT02546986
Platinum-resistant 1T, active; not °
ovarian cancer recruiting NCT02900560
Advanced solid tumors 1l, completed [ ) NCT02811497
1f, active; not
recruiting
MD!
Azacitidine DNMTi Durvalumab R ze%s(n-u)
High-risk MDS and AML : 20% (1 NCT02775903
SD: 6%
AML:
OR: 20% (n=64)
CR: 9%
DNA Durvalumab +
methylation- romidepsin + Lymphoma /1, recruiting . NCT03161223
targeted
therapy
Recurrent and resectable | 1 1o qnfing [ ) NCT03628209
’ osteosarcoma
Nivolumab
Childhood
o J AML I/, recruiting ° NCT03825367
1I, recruiting
Refractory/relapsed AML OR: 33% (n=70) . NCT02397720
Nivolumab + SD: 9%
ipilimumab
MDS II, recruiting . NCT02530463
o b NSCLC Il recruiting . NCT01928576
entinostat
Recurrent ovarian, 0} Gt et
Pembrolizumab primary peritoneal, or "recruitin [ ] NCT02901899
fallopian tube cancer 9
Pembrolizumab | - »yanced lung cancer Jlactive ot ° NCT03220477
recruiting
A, — Durvalumab | Advanced kidney cancer | ”;:C";‘J‘fr;g“"' ® NCT03308396
Refractory or resistant II, active; not . NCT03179943
urothelial carcinoma recruiting
Atezolizumab
Advanced MDS and 1111, active; not
CMML recruiting ([ ) NCT02935361
Atezolizumab + Recurrent ovarian, I
CDX-1401 fallopian tube, or primary SCiYe: ) NCT03206047
! I recruiting
vaccine peritoneal cancer
alproic aci i welumal irus-associated cancer , recruitin
Valproic acid HDACI Avelumab Vi d Il g ) NCT03357757
I/11, recruiting
PR: 13% (n=30)
Vorinostat HDAGI Pembrolizumab | Stage IV non-small cel SD: 53% [ ) NCT02638090
lung cancer (NSCLC) - 23
PD: 33%
PFS: 7.5 months
A(ezoh;umab + Advanceq renal cell /I, recruiting . NCT03024437
bevacizumab carcinoma
Relapsed and refractory | - o0 jing () NCT03179930
Stage III/IV melanoma 11, recruiting ) NCT03765229
I/11, active; not
recruiting
Pembrolizumab - ":?5'—(5 i
NSCLC, melanoma, and SOl o=
Histone colorectal cancer MEIaromEA NCICZS7iEE
acetylation- ORE223:((2313)
targeted Entinostat HDAGI :
(hegrapy PR: 6% (n=13)
SD: 31%
I ey I, recruiting . NCT03838042
malignancies
Nivolumab Metastatic .
cholangiocarcinoma and 1I, active; not
pancreatic recruiting NETEELS
Nivolumab + 1I, active; not
it Renal cell carcinoma bl ] NCT03552380
NIElmED<> 1I, active; not
Mocetinostat HDACI glesatinib + NSCLC vrecruillyn NCT02954991
sitravatinib 9
Romidepsin HDACI Pembrolizumab | -YMPhoid hematopoietic |y oo jiing ® NCT03278782
(MEED i [ty I, completed ] NCT02220842
methylation- | Tazemetostat ML " ‘Advanced urothelial
targeted Pembrolizumab e /1, recruiting Y NCT03854474
Uy 45C-202 HDMi P i Malignant /1, recruiting ) NCT03278665

Patient sample size: <50.50—1oo.1o1-2oo >200

AML acute myeloid lymphoma, MDS myelodysplastic syndrome, NSCLC non-small cell lung cancer, CMML chronic myelomonocytic leukemia, CRC colorectal cancer, i
inhibitor, DNMTs DNA methyltransferases, HDACs histone deacetylases, HMTs histone methyltransferases, HDM histone demethylase, BRD (BET) bromodomain and
extraterminal motif, Pembrolizumab anti-PD-1 monoclonal antibody, durvalumab anti-PD-L1 monoclonal antibody, avelumab anti-PD-L1 monoclonal antibody, nivolumab
anti-PD-1 monoclonal antibody, atezolizumab anti-PD-1 monoclonal antibody, OR overall response, PFS progression-free survival, PR partial response, SD stable disease
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cancer cells along with simultaneous focal hypermethylation,
particularly at promoter CpG islands[81-83]. Hypermethylation of
CpG islands in tumor suppressor genes can lead to their silencing
and ultimately contribute to cancer development. However,
herein, we focused our discussion on epigenetic alterations that
allow cancer cells to evade immune surveillance and rejection. The
ability to evade destruction by the immune system is a cancer
hallmark[84, 85]. Both innate and adaptive immune cells can
engage in direct killing of cancer cells. Epigenetic mechanisms are
critical for many processes in the so-called cancer-immunity cycle
[86, 87]. Here, we discuss the impact of cancer cell-intrinsic
epigenetic modifications. Immune cell-mediated killing requires
cancer cells to express certain molecular features, including death
receptors, stress-induced ligands, MHC-I molecules, intact antigen
presentation machinery, and tumor-associated antigens. Immune
cell-mediated cancer cell killing involves antigen-dependent and

T cell exhaustion

PD1 gt

M. Karin and S. Shalapour

antigen-independent processes. The former are carried out
primarily by CD8" and CD4" T cells, whereas the latter are
executed primarily by NK cells[32, 88]. For T cells to effectively kill
a cancer cell, the latter must process and present tumor-
associated immunogenic peptides on its surface via MHC
molecules. To do this, cancer cells must possess fully active
antigen processing and presentation machinery (AgPPM). NK cell-
mediated cancer cell killing is activated when a cancer cell is MHC-
I negative and requires the cancer cell to express death receptors,
such as the Fas ligand receptor and TNF receptor, and various
stress-induced ligands on its surface[89]. Epigenetic processes play
an important role in the ability of cancer cells to evade immune
recognition and killing. For instance, DNA methylation and certain
histone modifications contribute to silencing of various genes
involved in antigen processing and presentation, as well as tumor-
associated antigen genes, MHC class | and Il genes and

Response to cytotoxic

N Ter IFNy attack
. aPD1 .
PD-L1 expression uPDU ?mm - %g
IFNyR2
MHC |
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Major epigenetic regulation in antitumor immunity. Histone posttranslational modifications and DNA methylation play crucial roles in

adaptive immune responses, including dendritic cell development, antitumor cytokine silencing or expression, and T-cell priming and
activation. However, such modifications also control the exhausted phenotype in tumor-infiltrating CD8" T cells. In cancer cells, histone and
DNA modifications affect tumor antigen production, antigen processing and presentation machinery components and PD-L1 induction.
Chromatin remodeling also regulates the response to cytotoxic attack in cancer cells. Epigenetic modifying agents (EMAs) can enhance

multiple aspects of the antitumor immune response
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costimulatory molecule genes[90, 91]. In this regard, treatment of
cancer cells with epigenetic therapies such as HDACis or HAT
activators leads to upregulation of NK cell ligands [92] and AgPPM
components, including tumor-associated antigens, cancer testis
antigens, immunoproteasome subunits, peptide transporters,
NLRC5, and MHC class | and Il molecules[90]. For instance,
colorectal cancer cells deficient in DNMTs show decreased
methylation and increased expression of MHC class | genes and
NK cell ligands [93]. Moreover, we found that two distinct DNA-
damaging drugs, the platinoid oxaliplatin and the topoisomerase
inhibitor mitoxantrone, strongly upregulate the MHC-1 AgPPM in a
manner dependent on the activation of NF-kB and p300/CBP
through an incompletely understood mechanism dependent on
the release of mitochondrial DNA. Ablation or inhibition of NF-kB
and p300 prevented chemotherapy-induced MHC-I AgPPM
upregulation, abrogating rejection of low MHC-I-expressing
tumors by reinvigorating CD8" CTLs. Both loss- and gain-of-
function mutations in the human EP300 locus were described to
enhance tumor progression, suggesting context-dependent
tumor-suppressive or oncogenic functions [94, 95]. EP300 down-
regulation in human cancer was associated with reduced MHC-I
AgPPM expression and changes in neoantigen amounts and
presentation [90]. Collectively, these studies confirm that epige-
netic processes play pivotal roles in the immune evasion
capabilities of cancer cells.

Other epigenetic modifications resulting in DNA hypermethyla-
tion or hypomethylation in cancer cells, which are associated with
overexpression of DNMTs and EZH2, particularly in melanoma
patients, correlate with PD-L1 expression and T-cell function and
control the response to immunotherapy [96]. EZH2 also regulates
immunogenicity and antigen presentation[97].

CONCLUDING REMARKS AND RELEVANCE TO CANCER
PREVENTION AND TREATMENT

Epigenetic silencing of immune-related genes is an important
feature of the cancer genome that enables immune evasion
during early tumor growth, metastatic dissemination, and
acquisition of resistance to immunotherapies. This phenomenon
impacts antigen processing and antigen presentation by malig-
nant cells, while its reversal potentiates immunosurveillance and
immune rejection, which would be useful in both cancer
prevention and cancer treatment. Further modulation of the
tumor microenvironment by altered expression of immunosup-
pressive cytokines impairs antigen-presenting cells and cytotoxic
T-cell function. The potential reversal of immunosuppression by
epigenetic modulation is a promising and versatile therapeutic
approach to reinstate endogenous immune recognition and
tumor lysis. Recent efforts have been made to determine whether
epigenetic therapies can be used to enhance the efficacy of
cancer immunotherapies. Drugs such as oxaliplatin and mitoxan-
trone or HDACis and HAT activators might be able to potentiate
the response to immunotherapy. Epigenetic modifying com-
pounds (EMCs) and chemotherapeutics can boost tumor antigen
expression and endogenous antigen processing, increase the
presentation of surface antigens by MHC molecules, and boost
T-cell priming through increased expression of costimulatory
molecules. EMCs may also enhance both cellular and cytokine-
mediated effector T-cell functions and tumor lysis. EMCs can alter
checkpoint inhibition targeting the PD-1/PD-L1 and CTLA-4/CD28
axes, resulting in more efficient effector T-cell function and
subsequent tumor rejection. Table 1 provides a summary of
ongoing clinical trials that combine histone modifiers and ICT [98,
99]. Most of these trials are still recruiting or not yet completed;
thus, it is too early to conclude which combination will be the
most effective in increasing antigen presentation and T-cell
activation and supporting a strong antitumor immune response.
Furthermore, changes in food composition, caloric restriction, and
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usage of particular metabolites that regulate histone modification
[18-20] provide promising strategies for the treatment and
prevention of cancer and improvement of immunotherapy.
However, deeper mechanistic studies are needed to fully under-
stand this complex interplay (Fig. 1).
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