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Abstract: Epigenetic alterations are associated with major pathologies including cancer. Epigenetic
dysregulation, such as aberrant histone acetylation, altered DNA methylation, or modified
chromatin organization, contribute to oncogenesis by inactivating tumor suppressor genes and
activating oncogenic pathways. Targeting epigenetic cancer hallmarks can be harnessed as
an immunotherapeutic strategy, exemplified by the use of pharmacological inhibitors of DNA
methyltransferases (DNMT) and histone deacetylases (HDAC) that can result in the release from
the tumor of danger-associated molecular patterns (DAMPs) on one hand and can (re-)activate
the expression of tumor-associated antigens on the other hand. This finding suggests that
epigenetic modifiers and more specifically the DNA methylation status may change the interaction
of chromatin with chaperon proteins including HMGB]1, thereby contributing to the antitumor
immune response. In this review, we detail how epigenetic modifiers can be used for stimulating
therapeutically relevant anticancer immunity when used as stand-alone treatments or in combination
with established immunotherapies.
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1. Introduction

Epigenetic modifications involve all molecular mechanisms affecting gene expression in a
reversible, transmissible, and adaptive way without altering the DNA sequence. Defined in 1942 by
Conrad Hal Waddington, epigenetic modifications were first described in the cellular differentiation
process [1]. Although all cells of a multicellular organism possess close-to-identical genomes, gene
expression varies according to tissue, allowing functional and phenotypical changes from one cell type
to another. This fundamental observation explains how environmental factors govern gene activity
and allow the expression of differential phenotypes from the same genetic code. Transgenerational
epigenetic inheritance may also explain the loss or the gain of inherited phenotypic characteristics
that are passed on to subsequent generations [2]. These phenomena are illustrated by biological and
physical differences that develop between cloned animals or twins [3,4].
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Epigenetic alterations compose a natural and fundamental regulatory system of the genetic
information contained in the DNA sequence of normal cells. This program is essential for terminal
differentiation processes as well as for the maintenance of homeostasis. Epigenetic modifications
occur physiologically at several levels and play a regulatory role in various cellular functions such
as transcription, RNA splicing, and nuclear export as well as translation. Three mechanisms are
considered to induce epigenetic changes, namely DNA methylation, histone modification, and
non-coding RNA-associated gene silencing. DNA methylation occurs in healthy cells via the addition
of methyl groups by DNA methyltransferases (DNMT1, DNMT2, DNMT3) on position 5 of cytosine
residues at CpG-rich promoter regions in order to silence specific genes (in the case of parental genomic
imprinting, repeated, or deleterious genes) [5,6]. Post-translational modifications of histones including
methylation, acetylation, phosphorylation, and ubiquitination also impact on the accessibility of
chromatin and on transcription [7,8] (Figure 1).
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Figure 1. Epigenetic modifications occur at several levels including transcription, translation, splicing,
and nuclear RNA release. Several mechanisms are considered to induce epigenetic changes, such as
DNA methylation, histone modification, and non-coding RNA-associated gene silencing. Epigenetic
modifiers from the group of histone deacetylase inhibitors (HDACi) and DNA methyltransferase
inhibitors (DNMTi) can (partially) revert such changes with multiple effects on tumors and the
immune system.

Epigenetic dysregulation can have severe consequences and may play a key role in the
manifestation of complex diseases such as cancer by inactivating tumor suppressor genes and
by activating oncogenic pathways. Aberrant DNA methylation is the major epigenetic change
leading to oncogenesis and can be subdivided into (i) transition of methylcytosine into thymine after
deamination leading to DNA mismatch [9], (ii) inactivation of suppressor genes by methylation of
CpG islands [10,11], (iii) changes in expression of genomic imprinting, (iv) genome instability after
demethylation of repeated sequences and transposon reactivation [12,13]. In addition, modifications
to RNA molecules contribute to cellular transformation, even if such changes occur in non-coding
functional RNAs. Indeed, microRNAs and other non-coding RNAs post-transcriptionally regulate
mRNA transcripts involved in all major cellular processes. Thus, the repression or overexpression of
microRNAs targeting tumor suppressor genes or oncogenes, respectively, promotes tumorigenesis [14].

Epigenetic modifications of histone proteins that play a main role in the process of transcription
have major repercussions on DNA replication, the detection and repair of DNA damage, and
consequently the susceptibly to malignant transformation. In line with this, the loss of acetylation
at Lys16 and loss of trimethylation at Lys20 residues of histone H4 associated with DNA repetitive
sequences, or allelic deletion of the H2AX variant, changes the interaction between chaperon proteins
and chromatin, thus impacting on genomic integrity and eventually the occurrence of cancer [15-17].
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In addition, epigenetic dysregulations can reinforce preexisting or induce genetic abnormalities such
as a decrease in the abundance of the tumor suppressor p53 that leads to the induction of allelic
mutations [10,11]. On the contrary, the transformation of cells with the K-ras oncogene can have as a
consequence epigenetic adaptations including DNA methylation, chromatin remodeling, and histone
modification [13].

Epigenetic regulators are strongly interconnected. Thus, the DNA methyltransferase DNMTT1 acts
synergistically with DNMT3a and b, with histone methyltransferases SUV39H1 and EHMT?2 as well as
with the histone deacetylase HDAC2 [18]. Nevertheless, this complex network includes some regulatory
checkpoints that can be detected, such as the hypermethylation of certain promoters, and can be
directly or indirectly targeted by therapeutic agents, such as the DNMT inhibitor 5-aza-2’-deoxycytidine
(decitabine) that is used for the treatment of myelodysplasia and acute myeloid leukemia [19,20].
Moreover, epigenetic variations are less stable than genetic modifications and are theoretically reversible.

Epigenetic modifiers exert various anticancer activities including the induction of apoptosis
and the inhibition of angiogenesis. However, several studies showed that epigenetic modifiers
have immunomodulatory properties, which impact on both innate and adaptive immune responses.
They may affect immune effectors at different levels through the upregulation of MHCI and 1II
expression, the production of cytokines, the elevated transcription of immuno-regulatory genes, and
the expression of costimulatory molecules [21-24]. Finally, some groups demonstrated that HDACi
may induce immunogenic cell death characterized by calreticulin exposure, ATP production, and
HMGBI1 release [25].

Interestingly, pharmacological or genetic DNMT inhibition also results in the translocation
of the chromatin-binding protein high mobility group box 1 (HMGB1) from the nucleus to the
cytoplasm [26,27]. In the nucleus, HMGB1 serves a key role in chromatin opening and gene transcription;
once released (first to the cytoplasm and later to the extracellular milieu) HMGB1 ligates TLR4 on
dendritic cells and stimulates the presentation of antigens to T lymphocytes [28]. Epigenetic changes
are also implicated in the control of T cells exemplified by the finding that the methylation status
of IL-4 and INFY genes is associated with the activation of CD4" T cells [29,30]. Similarly, the
methylation status of CNS2, an intronic regulatory element, improves Foxp3 stability [31]. Altogether,
epigenetic agents acting on DNA methylation may exhibit clinical efficacy not only due to the impact
on chromatin remodeling but also via modulating gene expression and thus impinging on the activity
of immune effectors.

Thus, epigenetic therapy offers new medical perspectives to control and eradicate tumor cells in
clinical routine.

In this review, we provide an overview on epigenetic modifiers used as stand-alone agents
or in combination with antitumor therapies, focusing on their capacity to induce anticancer
immune responses.

2. Epigenetic Modifiers Used as Single Therapy

2.1. Histone Deacetylase Inhibitors (HDACi)

The histone acetylation status depends on the equilibrium between histone acetyltransferases
(HAT) and histone deacetyltranferases (HDAC), which add and remove, respectively, acetyl groups
on lysine residues. Acetylated histones increase chromatin accessibility and facilitate the binding of
transcription factors to DNA sequences. The imbalance between HAT and HDAC in favor of the latter,
which manifests in most types of cancer and is associated with an alteration in gene expression [32,33],
spurred the clinical development of HDACi with the aim to re-adjust the HAT/HDAC ratio. HDACi
can be grouped into four different chemical families according to their structures: Butyric acid
derived (such as valproic acid), hydroxamic acid derived (such as suberoylanilide hydroxamic acid
(SAHA)), benzamids (such as entinostat) and cyclic tetrapeptides (such as romidepsin). HDACi
have effects on cancer cell proliferation and differentiation, and certain HDAC], including vorinostat,
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romidepsin, belinostat, and panobinostat, have been approved by regulatory agencies for the treatment
of T-cell lymphoma and multiple myeloma [34]. Other HDACi] are evaluated in clinical trials for the
treatment of hematological and solid malignancies. Besides ongoing advancements, HDACi exhibit
immunomodulatory activity by controlling cytokine secretion by tumor cells as well as by impacting
on macrophage and dendritic cell functions.

2.1.1. Selective Histone Deacetylase Inhibitors

In different models of solid and hematopoietic tumors, the use of selective HDACi targeting class I
HDAC (mocetinostat, entinostat, and romidepsin) as single agent elicited beneficial effects on different
antitumor effectors, increasing T lymphocyte infiltration or upregulation of MICA/MICB on the tumor
cell surface, thus enhancing natural killer (NK) cell activity through an increase in the ligation of the
activating receptor NKG2D, which interacts with MICA and MICB [35-38] (Table 1). Moreover, several
cytokines that bridge innate and adaptive immune responses are upregulated by HDACi altogether
contributing to anticancer immunity [35,39,40].

Table 1. Selective histone deacetylase inhibitor.

Epigenetic Modifiers Type of Cancer Effect on Immune System Notes Reference
Upregulation of CD252 surface
Mocetinostat, entinostat Hodgkin lymphoma expression by inhibition of HDAClL In vitro: HL human Hodgkin lymphoma [39]
Repression of the production of cells.
IL-10-producing type-1 Treg cells.
In vitro: HCT-15 human colon
Colon neuroblastoma Increased expression of MICA and adenocarcinoma cells,
Entinostat osteosarcoma. ! MICB on tumor cells and NKG2D on COL human neuroblastoma cells, [38]
fibrosarcoma’ primary human NK cells. CCH-0OS-D human osteosarcoma cells, i
Enhanced tumor cell lysis. CCH-OS-T human osteosarcoma cells,
HT1080 human fibrosarcoma cells.
Enhanced non-specific immune
response of exosomes with
upregulation of HSP70 and MICB In vitro: Exosomes in HepG2 human
Entinostat Liver mRNA levels and proteins. : hepatoma G2 cells [37]
Increased NK cell cytotoxicity and P .
peripheral blood mononuclear cell
proliferation.
Upregulation of multiple T cell
chemokines in tumor cells, In vitro: LKR mouse K-ras mutant lung
Romidepsin Lun macrophages and T cells. adenocarcinoma cells. [35]
P g Upregulation of T cell chemokines, In vivo: LKR cells implanted in o
enhanced T cell infiltration and T-cell 129S4/Sv]ae] mice.
dependent tumor regression.
Enhanced melanocyte protein Pmel-1
expression}i]:\ cancer cells‘ prom(?ti?'\g In vitro: B16/F10 mouse melanoma cells.
Romidepsin Melanoma tumor specific T-Fell-medlated Lilling In vivo: B16/F10 inoculated in C57BL/6 [36]
of B16/F10 murine melanoma cells. mi
Enhanced CTL-mediated B16/F10 cell ce.
killing in vivo.
In vitro: HEMn-LP, SKMEL21, WM793:
. Human melanocyte cells, WM164 and
Tubastatin A Nexturastat Upregulation of MHC class I WMO983A: Two BRAF-mutated )
A Melanoma [41]

Mocetinostat

expression and melanocyte antigens

melanoma cells
In vivo: B16-F10-luc murine melanoma
cells injected into C57BL/6 mice.

CTL, Cytotoxic; T, lymphocyte; HL, Hodgkin lymphoma; IL, interleukine; MICA/B, MHC class I-related chain A/B;

NK, natural killer.

2.1.2. Non-Selective Histone Deacetylase Inhibitors

Most HDAC: are not specific and target several classes of HDAC. Thus, the antitumor activity of
these non-selective HDAC] often cannot be clearly associated with the inhibition of a specific set of
HDAC. Trichostatin A (TSA) is a class I and II HDACi known to interfere with cell cycle progression in
the G1 and G2-M phases, leading to growth arrest and eventually cell death. TSA was ascribed with
antitumor activity due to the induction of apoptosis-related genes.
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Most malignant cells evade the immune system due to a loss or dysfunction of the
antigen-presenting machinery. HDACi showed relevant immunomodulatory properties at
non-apoptotic doses. Several data suggest that HDACi may impact on the regulation of both
innate and adaptive immune responses. Indeed, certain HDACi are known to alter dendritic cells
function by decreasing the expression of costimulatory molecules, reducing general cytokine secretion
and enhancing indoleamine 2,3-dioxygenase (IDO), an immunomodulatory molecule that is produced
by activated antigen-presenting cells (APCs) and is responsible for tryptophan catabolism and thus
T-cell activation [42,43]. TSA demonstrated the potential to increase antitumor immune responses
both in solid cancers and leukemia in vitro via the expression of components belonging to the antigen
processing machinery such as MHC class I and class II, facilitating the activation of cytotoxic T
lymphocyte (CTL) [21,22,44,45]. Similarly, in a model of neuroblastoma, retinoic acid has been shown
to act as a key modulator of the MHCI presentation process [46]. TSA-treated B16 melanoma cells,
which were employed as a therapeutic vaccine in a murine model, induced a specific anticancer
immune response that depended on enhanced antigen cross-presentation [21].

In addition, TSA (as well as valproic acid, VPA) had the capacity to promote an innate immune
response by enhancing NK cell-mediated cytotoxicity, both in carcinoma and leukemia models via the
inhibition of HDACS3, a well-known repressor of NKG2D ligands, which is necessary for the recognition
and elimination of cancer cells by NK and CD8" CTL [47]. TSA also increases the acetylation of
histone H3 and thus decreases the association between HDACT at the promoters of MICA and MICB.
As a consequence, TSA upregulates MICA/MICB expression on malignant cells, enhancing their
susceptibility to the cytotoxicity of NKG2D-expressing lymphocytes [48-51] (Table 2).

HDAC: can also exhibit effects on the polarization of naive T cells. In mice, dendritic cells treated
by HDACi were unable to induce Th1 responses and downstream immune pathway [52].

In a model of hepatocarcinoma, vorinostat and sodium valproate suppressed miRNAs (such
as miR-17, miR-18a, miR-19a, miR-20a, miR-93, miR-106b, and miR-889) that target MICA/B. As a
consequence, MICA and MICB are upregulated, which improves tumor cell recognition by innate
immune effectors and thus the sensitivity to natural killer cell-mediated killing [53,54].
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Table 2. Non-selective histone deacetylase inhibitor.
Epigenetic Modifiers Type of Cancer Effect on Immune System Observations Reference
. . . . In vitro: TAP-expressing cell line, derived from murine lung cells transformed with
TSA Carcinoma Increased expression of antigen processing machinery. HPV16 [44]
Enhanced surface expression of MHC I and susceptibility to CTL-mediated killing. D11 and A9: TAP-deficient cell line.
Enhanced expression of MHC class II, CD40, CD80, and CD86 on B16 melanoma
cells. In vitro: B16 mouse melanoma cells
TSA Melanoma Vaccination with TSA-treated cells induces tumor-specific immunity that involves In vivo: T lati P’ " ith TSA-treated B16 '11 ( ination) [21]
CD4*, CD8* T cells, and NK cells. vivo: Inoculation of mice wi reate cells (vaccination).
TSA-treated cells become APCs in vitro and in vivo.
In vitro: Jurkat E6-1 human leukaemic T cell lymphoblasts,
MCF-7 human breast adenocarcinoma cells,
HeLa human cervix carcinoma cells,
Daudi human B lymphoblast cells,
Aml193 human leukemic cells,
TSA Glycogen synthase kinase-3-dependent induction of MHC Class I-related chain A Arh77 human plasma cell leukemia cells,
. Multiple and B on cancer cells, which become targets for NK-cell mediated killing through DOHH-2 human B cell lymphoma cells, [23]
SAHA, Belinostat .
NKG2D. Cem human T cell leukemia cells,
Granta human B cell lymphoma cells,
U266 human multiple myeloma cells,
K562 human chronic myelogenous leukemia cells,
HT29 human colon adenocarcinoma cells,
DLD-1 human colon adenocarcinoma cells.
Neuroblastoma .
Sodium butyrate, TSA Plasmacytoma Induction of expression of MHC Class I, II, and CD40 on tumor cells. In vitro: SK-N-MC human neuroblalstoma cells, J. 5.58 mouse B myeloma cells, CT26 [22]
Colon mouse colon adenocarcinoma.
Enhanced expression of genes involved in antigen processing and presentation via
the MHC class I pathway. . y
T5A Melanoma Enhanced cell surface expression of MHC class I, CD40 and CD86 in tumor cells. In vitro: B16/F10 mouse melanoma cells. (]
Increased antigen presentation by tumor cells.
In vitro: HeLa, human cervix carcinoma cells
HEK 293 human embryonic kidney cells,
TSA Epithelial + U lati £ UL16-bindi teins (NKG2D ligands) MCF?7, human breast adenocarcinoma, [47]
prihelialtumor preguiation o nding protemns 1gands). SW480 human colon adenocarcinoma cells, HCT116 human colon carcinoma cells,
U937 human histiocytic lymphoma cells,
HT29 M6 human colon adenocarcinoma cancer cells.
) Increased expression of MICA and MICB. In vitro: BALL1 human B cell leukemia cells, Jurkat human lymphoid leukemia
TsA Leukemia Increased tumor cells lysis by NK cell cells, (48]
w yeisby : K562 human myeloid leukemia cells and patient leukemic cells.
. Enhanced expression of MICA and MICB. In vitro: Hep3B human hepatocellular carcinoma cells, HepG2 human )
VPA Liver . [49]
Increased tumor cells lysis by NK cell. hepatocellular cells.
VPA Osteosarcoma Increased MICA and MICB expression. Increased tumor cells lysis by NK cell. In vitro: Human osteosarcoma cancer cell lines MG-63, HOS, U20S and SaOS-2. [50]
VPA AML Induction of transcription and expression of NKG2D ligands on tumor cells. In vivo: In patients with AML. [51]

Induction of lytic granule exocytosis by autologous CD8* T and NK lymphocytes.
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Epigenetic Modifiers Type of Cancer Effect on Immune System Observations Reference
Vorinostat Brain Induction of CALR exposure in tumor cells. In vitro: PFSK human neuroectodermaclecﬁ:ils and DAOY human medulloblastoma [55]
. Malignant Induction of moderate lymphocyte infiltration of tumors. . . . . . .
Vorinostat mesothelioma Increased CD8 T cell infiltration. In vivo: AK7 mouse malignant mesothelioma cells injected in C57BL/6 mice. [56]
Vorinostat (SAHA) Breast Decreased MDSC frequency in the P leen, blood, and tumor bed. Increased In vivo: 4T1 mouse breast cancer cells injected in BALB/c mice. [57]
proportion of T cells.
TSA, sodium butyrate, Ovar‘y Increased levels of cell surface MICA/MICB in cancer. In vitro: UCI-101, SKOV-33, OvcarTS hun}an ovarian carcinoma cells. HeLa, human 58]
VPA Cervix cervix carcinoma cells.
L N . . In vitro: DU145 human prostate cancer cells (an HDACi-sensitive cell line) and PC3
VPA Vorinostat Prostate Upregulation of MHC genes. human prostate cancer cells (a relatively HDACi-resistant cell line). (5]
Reduction in PD-L1 and PD-L2 expression and ornithine decarboxylase in tumor
cells .
AR42 Melanoma Increased expression of class I MHC. In vitro: TPF-12-293 human melanoma cells. [60]
Extracellular release of HMGB1 and HSP70 from tumor cells.
Panobinostat Hodgkin lymphoma Reduction of serum cytokines levels and suppression of T-cell PD-1 expression. Phase II clinical trial. [61]
Panobinostat Melanoma Increased expression of MHC class I, MHC class II, and costimulatory molecules  In vitro: B16 mouse melanoma cells, WM793 and WM983A human melanoma cells. [62]
(LBH589) CD40, CD80, and CD86. In vivo: B16 cells inoculated in C57BL/6 mice.

AML, acute myeloid leukemia; APC, antigen-presenting cell; CALR, calreticulin, MHC, major histocompatibility complex; MICA/B, MHC class I-related chain A/B; NK, natural killer; TSA,
Trichostatin A; VPA, valproic acid; MDSC, myeloid-derived suppressor cells; TSA, Trichostatin A.
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Interestingly, vorinostat induced the exposure of calreticulin (CALR) on the surface of childhood
brain tumors [55]. The exposure of CALR is a hallmark of immunogenic cell death and facilitates
DC-mediated phagocytosis of (parts of) the dying tumor cells and thus tumor antigen transfer to
antigen-presenting cells (APC) [63]. This finding suggests that certain HDACi may actively and
sustainably stimulate the immune system by inducing immunogenic cell death, resulting in adaptive
immune responses and the establishment of immunological memory (Table 2).

Finally, some HDAC] target all HDACs inducing several effects on the immune system. For instance,
AR42 and panobinostat provoke an upregulation of MHC class I/Il and of MICA/MICB on tumor
cells, an increase in tumor infiltration by T cells and a decrease in the number of immunosuppressive
MDSC [56-60,62]. These findings were evaluated in a phase II clinical trial enrolling Hodgkin
lymphoma patients. In this study, a significant decrease of serum cytokines levels and the suppression
of T-cell PD-1 expression after the use of panobinostat was reported, further underlining the immune
effects of panobinostat [61] (Table 2, Figure 2).

HMGB1 CALR NKG2D ligand

2 Increased
release exposure expression

adjuvanticity

l / U NK cell-dependent
[ ( ’ responses
[ MHC Chemokine HSP70
- \ expression release release
Direct effects on immune cells

DNMTi Chemokine Cancer testis antigen
release expression Increased

Ll isgeeney
SO l

T cell-dependent
MHC Endogenous immune responses
upregulation  retroviruses

Figure 2. Epigenetic modifiers from the group of histone deacetylase inhibitors (HDACi) affect the
accessibility of chromatin and therefore impact on transcription. HDAC]i induce the release and
exposure at the cellular surface of danger-associated molecular patterns (DAMPs) such as high mobility
group box 1 (HMGB1), calreticulin (CALR), heat shock protein 70 (HSP70), and a range of chemokines.
In addition, the expression of KLRK1 (better known as NKG2D) ligands and major histocompatibility
complex (MHC) is increased. DNA methyltransferase inhibitors (DNMTi) affect the antigenicity of
tumors by the de novo expression of cancer testis antigens, the availability of MHC molecules, and
the concomitant release of chemokines. Independent from tumor specific effects, epigenetic modifiers
also exert direct stimulatory effects on immune cells, including macrophages and T cells. Altogether, a
combination treatment employing epigenetic modifiers together with immune checkpoint targeting
might potentiate the immune response against cancer.

2.2. DNMT Inhibitor

DNMT inhibitors (DNMTi) such as 5-azacytidine (azacytidine) and decitabine are the most
frequently used epigenetic modulators employed in clinical routine for the treatment of malignant
diseases. Synthetized 40 years ago, these agents show an effective anti-metabolic activity on cancer
cells, especially in the setting of acute myeloid leukemia (AML). After administration, DNMTi inhibit
DNA methylation and silence regulatory genes critical for diverse metabolic circuitries. DNMTi also
induce complex biological effects on the immune system as shown in vitro in different models of solid
tumors in which decitabine increased the expression of cancer-testis antigens and MHC class I on
cancer cells and enhanced tumor cells lysis by CTL [64-69] (Table 3).
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Epigenetic Modifiers Type of Cancer Effect on Immune System Observations Reference
In vitro: Human ovarian cancer lines
Increased expression of cancer-testi CAOV-3, CAOV-4, COV413, ES-2, OV-90,
Decitabine Ovary creased exp s; on of cancer-testis OVCAR-3, SK-OV-3, SW626, TOV-21G, [64]
antigens. TOV-112D, and TTB-6, C1R-A2, and
CIR-A3.
. Upregulation of cancer-testis antigens. In vitro: Rhabdomyosarcoma,
Decitabine Sarcoma Enhanced tumor cells lysis by CTL. osteosarcoma and Ewing’s sarcomas. 165]
Decitabine Prostate Induced expression of a prostate In vitro: LAPC4, MDA-PCa-2b human [70]
cancer-testis antigen SSX2. prostate cancer cells.
Induced MAGEAL expression and tumor
Decitabine Melanoma cell lysis by MAGEAT1 specific major In vitro: 888-mel human melanoma cells. [66]
histocompatibility complex restricted CTL.
Upregulation of MHC class I antigens and
Decitabine Melanoma of ICAM-1, mcrease_d lysis of tum(_)r_ cells by In vitro: Mel 275 human melanoma cells. [71]
melanocyte protein Pmel-1 specific CTL
with enhanced IFNYy release.
o . . . In vivo: Melanoma cells grafted into
Decitabine Melanoma Induction of cancer-testis antigens. BALB/c and nu/nu mice. [67]
Upregulation of HLA-A and -B
. transcription, cell surface expression of .
Decitabine Melanoma MEC class I antigens, and enhanced tumor In vitro: MSR3-mel human melanoma cells. [72]
cell recognition by MAGE-specific CTL.
Upregulation of MAGEA1, MAGEA3, and  In vitro: BE2C, NBL-S, Kelly, NGP, SHSY5Y,
Decitabine Neuroblastoma CTAGI1B and CTL-mediated tumor cell EB2M17, IMR32SKN-AS, SKN-SH, SKNMC, [68]
killing. CHP134 neuroblastoma cells.
Upregulation of MAGEA1, MAGEA3, In vitro: U937, human myeloid leukemia,
Decitabin Leukemia MAGEB2, and CTAGIB. Increased HL60 human promyelocytic leukemia cells, [69]
ec ¢ euke susceptibility of tumor cells to THP-1 human monocytic leukemia cells, ’
antigen-specific recognition by CTL. and Kasumi-1 human leukemia cells.
MDS In vitro: KG-1, HL-60, NB4, THP1, U937,
o 4 Enhanced PD-L1, PD-L2, PD-1, CTLA4 ML1, OCI-AML3, and HEL human acute
Decitabine CMML, o L - [73]
AML expression in tumor cells. myeloid leukemia cells and cells from MDS,
CMML, and AML patients.
Induced CD80 expression in cancer cells
o that stimulates specific Tlymphocyte In vitro: EL4 mouse lymphoma cells.
Decitabine Lymphoma responses. In vivo: EL4 cells injected into mice C57Bl/6 741
Infiltration of IFN-y producing T : ) :
lymphocytes into tumors.
Upregulation of IFN signaling, antigen
s Breast colorectal processing and presentation, In vitro: Breast, colorectal and ovarian
Azacitidine ; . . [75]
ovary cytokines/chemokines, and cancer testis cancer cells.
antigens.
Decreaseir:}li]:rr:) b:;;)fi:re;gﬁa;ci:—helpers In vitro: Treg and T-helpers isolated from
Azacitidine MDS > In patients. MDS patients. [76]
Reduced suppressive function of Treg Peripheral blood T cells from patients
Increased production of IL-17. P P .
Azacitidine NSCLC Upregulatlonl of genes nAwolved ininnate  Invitro: NSCLC hpman non-small cell lung 7]
and adaptive immunity and PD-L1. carcinoma cells.
Osteosarcoma In vitro: U20S human osteosarcoma cells
Azacitidine, Decitabine fibrosarcoma 4 Increased plasma HMGBI levels. and MCA205 mouse fibrosarcoma cells. [27]

In vivo: C57BL/6 mice.

CTL, cytotoxic T lymphocyte; ICAM, intracellular cell adhesion molecule-1; IFN, interferon. AML, acute myeloid
leukemia; CMML, chronic myelomonocytic leukemia; MDS, myelodysplastic syndrome; NSCLC, non-small cell

lung cancer.

Azacytidine also exhibited clinically relevant immunomodulatory effects in myelodysplastic

syndrome (MDS). In vitro, azacytidine induced the demethylation of the Foxp3 promoter, which in
turn decreased the proliferation and the suppressive function of Treg. More interestingly, the number of
Treg observed in the peripheral blood of MDS patients was significantly lower in patients responding
to 5-azacytidine treatment as compared to non-responders [76]. In a model of NSCLC that commonly
exhibits DNA hypermethylation, the upregulation of PD-L1 transcripts and protein was observed
upon treatment with 5-azacytidine [77] and similarly an induction of PD-L1, PD-1, PD-L2, and CTLA-4
expression was noticed in a cohort of leukemia treated with decitabine [73]. This important finding
allows us to hypothesize that epigenetic modifiers could be combined with immune checkpoint
blockers targeting CTLA-4, PD-1, or PD-L1 to potentiate the immune response against cancer (Table 3).

Interestingly, some groups have demonstrated that DNMTi were able to induce HMGBI release

from the nucleus in osteosarcoma and fibrosarcoma models. HMGBI1 release is a hallmark of



Cancers 2019, 11, 1911 10 of 20

immunogenic cell death, a specific cell death modality which stimulates adaptive anticancer immune
responses [63]. This finding implies that the epigenetic status may not only change the interaction of
chromatin with chaperon proteins but contribute to antitumor immune response. DNMTi could be
used in combination with agents that induce only partial immunogenic cell death, to compensate a
lack of HMGBI release and boost anticancer immune responses [27] (Table 3, Figure 2).

2.3. Combination of DNMT and HDAC Inhibitors

Some studies addressed the possibility of combining several epigenetic agents. The combination
of DNMT and HDAC inhibitors allowed the restoration of MHC class I molecule expression, as well
as reactivation of other parts of the antigen-presenting machinery in a model of HPV16-associated
tumors deficient for MHC class I molecules. This upregulation was efficient enough to induce tumor
lysis by CTL after tumor antigen recognition [78]. Another immunoepigenetic approach combining
promoter demethylation and histone acetylation by means of decitabine and TSA, respectively, revealed
induction of MAGE gene family members [79]. Several alternative combinations of DNMTi and HDACi
induced the expression of tumor-associated antigens, promoted lymphocyte infiltration of cancers, and
promoted immune response against malignant cells [80]. Moreover, some combinations potentiated
the expression of PD-1, PD-L1, PD-L2, and CTLA-4 [73,81]. In summary, these data suggest that
immunoepigenetic manipulations might be combined with immunotherapies for optimal therapeutic
response (Table 4).

Table 4. Combination of DNMT and HDACI.

Epigenetic Modifiers Type of Cancer Effect on Immune System Observations Reference
Induction of surface re-expression Of In vitro: TC-1/A9, murine tumor cell line
. MHC class I molecules leading to lysis X
s HPV16-associated expressing the oncogenes E6 and E7 from
TSA + Azacytidine by CTL. . > - [78]
tumor Upreeulation of antigen-presentin human papilloma virus 16 and deficient
preg nHgenp 5 in MHC class I expression.
machinery.
In vitro: WiDr human colorectal
. adenocarcinoma cells, MCF-7 human
Decitabine + TSA C(ﬁ:ﬁzz; 1 Upregulaet)l(orrle(;iilg/[:GE gene breast adenocarcinoma cells, [79]
P . MDA-MB-231 triple-negative breast
cancer cells.
In vitro: BE-3 human esophageal
. . carcinoma cells, H2373 human pleural
Increased expression of tumor antigen )
s Esophagus, pancreas, . ° mesothelioma cells, Panc-1 human
Decitabine + . CTAGIB on tumor cells, resulting in .
depsipeptide ovary, mesothelioma, IENy responses by antigen specific T pancreatic cancer cells, OVCAR-3 human [82]
p osteosarcoma, lung ovarian cancer cells, LNZAT3WT4
cells.
human osteosarcoma cells, H1299
non-small cell lung carcinoma cells.
Tumor antigen expression and tumor In vitro: Human epithelioid
VPA. SAHA cell killing by CTL; decitabine + VPA mesothelioma cells (established from
dec/' tabine ! MPM inhibit promote lymphocyte infiltration pleural effusion). [83]
Habt and enhance T-cell antitumor response  In vivo: AK7 murine mesothelioma cells
in vivo. injected into C57BL/6 mice.
vo:::l))si:(:,st\z: fﬁ’ TNBC Upregulation of PD-L1 mRNA and In vitro: TNBC triple-negative breast 81]
P entinostat protein expression in tumor cells. cancer cells.
In vitro: HBL-2 human mantel cell
lymphoma cells, TK and B104 human
. . . diffuse large B-cell lymphoma cells, y
VPA + Romidepsin Lymphoma Increased CD20 expression. Daudi, BJA-B, Namalwa, Raji and Ramos, [84]
five human Burkitt lymphoma-derived
cells.
Increased expression of cell surface
CD95, cell surface MICA, and MICB. In vitro: Human osteosarcoma cell lines
VPA + Hydralazine Osteosarcoma Enhanced susceptibility of tumor cells HOS, [80]
to CD95 and NK cell-mediated cell U20S and Sa0S-2.
death.
Vorinostat + /I;/[I\]z]‘f/ Upregulation of PD-L1, PD-L2, PD-1, Phase II clinical trial: CD34+ cells from 73]
Azacitidine CMMT: and CTLA-4 expression. MDS, CMML, and AML patients. -

AML, acute myeloid leukemia; CLC, chronic myelomonocytic leukemia; CTL, cytotoxic T lymphocyte; HPV, human
papilloma virus; IFN, interferon; MDS, myelodysplastic syndrome; MPM, malignant pleural mesothelioma; NK,
natural killer; SAHA, suberoylanilide hydroxamic acid; TNBC, triple-negative breast cancer. CMML, chronic
myelomonocytic leukemia.



Cancers 2019, 11, 1911 11 of 20

3. Epigenetic Modifiers Combined with Immunotherapies
3.1. Histone Deacetylase Inhibitors and Immunotherapies

3.1.1. Selective Histone Deacetylase Inhibitors

Increasing evidence suggests that epigenetic agents boost the immune system by enhancing the
expression of tumor antigens and cytokines including chemokines involved in the antitumor response.
It is thus tempting to speculate, yet needs to be formally proven, that the combination of epigenetic
modifiers with immunotherapies such as checkpoint blockers would achieve optimal immune response
against tumor cells.

Class I HDAC inhibitors induce PD-L1 and PD-L2 expression in tumors cells. This durable and
stable upregulation is facilitated by the histone acetylation of the PD-L1 and PD-L2 genes and was
observed in vitro and in vivo in different solid tumor models [85,86]. Tumor-bearing mice receiving
class I HDACi combined with PD-1 blockade exhibited a significant reduction in tumor growth and a
better overall survival compared to mice receiving single agents [85-88] (Table 5).

Table 5. Selective histone deacetylase inhibitors combined with immunotherapies.

Epigenetic Modifiers +

Another Drug Reference

Type of Cancer Effect on Inmune System Observations

In vivo: Murine renal cell carcinoma

Entinostat + IL-2 or (RENCA) model or a survivin-based

entinostat + survivin-based Il’<r ir'::t); Reduction of Foxp3 levels in Treg. vaccine therapy in castration-resistant [89]
vaccine therapy prostate cancer (CR Myc-CaP, mouse
prostate cancer cells).
Enhanced oncolytic activity of vesicular
. - stomatitis virus, preserved secondary o .
Entinostat + oncolytic virus Melanoma tumor-specific CTL and antibody responses, ¥n vivo: Mlce bearing 5-day-old [90]
therapy . . intracranial B16/F10 melanoma.
enhanced viral vector-induced
lymphopenia, and reduce Treg.
In vivo: Murine renal cell carcinoma
+ +
Entinostat + IL-2 Kidney InCYEas]e)dez\::;t;edrr?ériE; o(f:?rzes T cells (RENCA) luciferase-expressing cells [91]
g implanted in BALB/c mice.
Enhanced response to PD-1 blockade and In vivo: LKRm 13 lune cancer cells
Romidepsin + anti PD-1 Lung IFNYy-dependent tumor rejection; enhanced in‘ec}e din 12954 /Svg]ae] mice [35]
activation of tumor-infiltrating T cells. ) ’
Deps1p§pt1de + immune cell Melanoma Enhanced CTL—medlafed tumor cell lysis; In vivo: BI6/F10 injected in C57BL/6 mice. 136]
adoptive transfer therapy decreased metastatic tumor growth.
Mocetinostat + In vitro: MDA-MB-231, BT-20,
N t‘; th‘fm o TNBC Increased PD-L1 expression. MDA-MB-468, BT-549, HS-578T human [86]
breast cancer cells.
Increased CD8 cells and decreased Treg In vivo: CT26 mou lon carcinoma
ocetinostat + anti - olon cells. Increased anti-tumor activity an L. N .
Moceti iPD-L1 Col lls. d anti ivity and ce(ﬁs inj ec‘ced0 ;%:)L(])B/cc;nfce ’ 87
clonality of the T-cell repertoire. ) .
Inhibition of immunosuppressive function
Lun. of polymorphonuclear- and In vivo: Renal carcinoma mouse model
Entinostat + anti PD-1 Ki dng monocytic-myeloid derived suppressor (RENCA), LLC: Murine Lewis lung [92]
Y cells, down-regulation of Treg Increased carcinoma.
infiltration of CD8.
Enhanced infiltration of immune cells.
Increased T cell memory.
Nexturastat A + anti PD-1 Melanoma Reduced pro-tumorigenic M2 macrophages. SM1 mouse melanoma cells. [88]
Neutralized the upregulation of PD-L1
Increased expression of MHC class II.
Ricolinostat + bromodomain Enhanced activation of tumor infiltrating In vivo model: Lung tumor induction in
inhibitor JQ1 NSCLC CD8 T cells and secretion of effector mice with Cre-encoding adenovirus [93]
cytokine IFNYy, Increased CD8/Treg ratio. intranasally injection.
Panobinostat Melanoma Upregulation of PD-L1 and PD-L2 In vivo: C57BL/6 mice inoculated with 85]
+ anti PD-1 expression in melanoma cells. B16/F10 melanoma cells. N

CTL, cytotoxic T lymphocyte; IFN, interferon; NSCLC, non—small cell lung cancer; TNBC, triple-negative breast
cancer; LLC, Lewis lung carcinoma.

Entinostat as stand-alone treatment exhibited efficient responses by suppressing Treg and
increasing CD8 T cell infiltration into the tumor microenvironment. Combined with IL-2 or peptide
vaccine therapies in a model of kidney cancer or in a castration resistant prostate cancer, this immune
effect resulted in tumor growth inhibition and improved overall survival [89,91]. HDACi are known to
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modulate innate antiviral responses. Surprisingly, coadministration of entinostat and an oncolytic
booster vaccine suppressed the primary response against the vaccine vector and extended oncolytic
activity. However, it enhanced the secondary response against tumor antigen, reduced the frequency
of Treg expressing high level of Foxp3, and improved the outcome [90] (Table 5).

3.1.2. Non-Selective Histone Deacetylase Inhibitors

The family of non-selective HDACi is able to increase the expression of tumor-associated antigens.
For instance, the treatment of murine melanoma with non-selective HDACi combined with the adoptive
transfer of gp100 melanoma antigen-specific T cells improved the antitumor immune response and
reduced tumor growth. The immune response to the combination treatment was characterized by (i)
an increase in MHC and tumor-associated antigen expression on the tumor cell surface facilitating
tumor cells lysis by CTL, (ii) a decrease in Treg in the tumor microenvironment, and (iii) an improved
activity and expansion of adoptively transferred T cells [94,95] (Table 6).

Table 6. Non-selective histone deacetylase inhibitors combined with immunotherapies.

Epigenetic Modifiers +

Another Drug Type of Cancer Effect on Inmune System Observations Reference
Vorinostat and panobinostat . . In vivo: Mice with established tumors:
+ . Stimulation of uptake of dead tumor cells
. Solid tumors 4T1.2 (breast), MC38 (colon), or renal [24]
anti CD40 and by APCs. (RENCA) X .
anti CD137 murine carcinoma.
Dacinostat + Melanoma Increased expression of MHC and In vivo: B16/F10 mouse melanoma [94]
Pmel-1 immunotherapy tumor-associated antigen on tumor cells. (C57BL/6 mice).
Reduced Treg.
Panobinostat + Pmel-1 Melanoma Induction of the expression of IL-2 receptor In vivo: B16/F10 mouse melanoma [95]
immunotherapy and the co-stimulatory molecule CD134 in (C57BL/6 mice). N
T cells.
TSA + cytokine induced Increased expression Of.MlCA a““! MICB m In vivo: UCI-101 implanted .
4 Ovary tumor. Increased antitumor activity of . . [58]
killer cells g . subcutaneously into nu/nu mice.
cytokine induced killer cells.
Vorinostat + anti PD-1 TNBC Increased T cell_an_d cle.creased Treg tumor  In vivo: Triple-negative 4T1 breast cancer [81]
infiltration. mouse model.
Increased expression of class  MHC .
AR42 + pazopanib Melanoma molecule and enhanced HMGB1 and In vivo: MEL.ZS_R human mglanoma [60]
tumors isolated from mice.
HSP70 release.
Increased levels of CCL2, CCL5, CXCL9,
AR42 or VPA + and CXCL2. Improved activated T cell, M1 .
anti PD-1 Melanoma macrophages, neutrophils, and NK cell In vivo: B16 mouse melanoma model. [60]
infiltration.
Panobinostat + Increased CD38 expression and .
: . . 9
daratumumab Myeloma antibody-dependent cellular cytotoxicity. In vitro: MM1.S human myeloma cells el
Increased cytotoxicity activity of rituximab  In vivo: BJA-B cells injected in non-obese
VPA + Rituximab Lymphoma through upregulated expression of CD20by  diabetic immunodeficiency (NOD/SCID) [84]
VPA. mice.

APC, antigen-presenting cell; CTL, cytotoxic T lymphocyte; HMGBI, high mobility group box 1; HSP, heat shock
protein; MHC, major histocompatibility complex; NK, natural killer; TNBC, triple-negative breast cancer; VPA,

valproic acid.

Combination of non-selective HDACi with immune-activating antibodies such as anti-CDA40,
anti-CD137, or with immune checkpoint blockers allowed researchers to obtain tumor eradication
through similar biological mechanisms such as exacerbated phagocytosis of dead tumor cells, the
optimization of antigen presentation by APC, an increase in T cells and a decrease of Tregs in the tumor
microenvironment [24,60,81] (Table 6).

In myeloma and lymphoma, HDACi treatment was shown to activate the expression of CD20
and CD38 subsequent to histone hyperacetylation and to increase their abundance on the cell surface.
HDACI potentiates the therapeutic effects of rituximab and daratumumab to slow down tumor growth.
This strategy may be useful in case of daratumumab or rituximab resistance in myeloma or lymphoma
diseases [84,96].
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3.2. DNMT Inhibitor

Few studies evaluated the impact of immunotherapy effect in synergy with DNMTi. In
a murine model for HPV16-associated tumor, 5-azacytidine combined with unmethylated CpG
oligodeoxynucleotides or with IL-12-producing cellular vaccine demonstrated additive effects
improving CD8-mediated immune responses [97]. Decitabine and anti CTLA-4 potentiated the
recruitment of innate and adaptive immune effectors [98]. The co-administrated with photodynamic
therapy, which leads to the production of reactive oxygen species, vascular damage, and cell death,
DNMTi potentiated antitumor effects by inducing the expression of a silence tumor-associated antigen
called P1A [99]. Finally, in a phase II clinical trial, the combination of DNMTi with conventional
treatment for multiple myeloma (lenalidomide and autologous stem cell transplantation) followed by
autologous lymphocyte infusion induced a high immunogenic cancer testis antigen expression in bone
marrow or in CD138 cells allowing specific T lymphocytes response. This finding raised the possibility
of triggering a protective immune response decreasing the risk of progression in multiple myeloma
patients [100] (Table 7).

Table 7. DNMT inhibitors combined with immunotherapies.

Epigenetic Modifiers +

Another Drug Type of Cancer Effect on Inmune System Observations Reference
5-azacytidine + non-specific Induction of CD8 cell-dependent
immunotherapy CpG HPV16 mechanisms. In vivo: TC-1/A9 tumors cells
oligodeoxynucleotides or associated tumors Increased cell surface expression of MHC I,  (HPV16-associated tumors) transplanted [97]
IL-12-producing cellular antigen-presenting machinery and into C57BL/6 mice.
vaccine IFNy-signaling pathway.
Decitabine + Upregulation of chemokines recruiting NK  In vivo: BRSFVB1-Akt mouse epithelial
anti CTLA-4 Ovary and CD8 T cells, enhancing production of ~ ovarian cancer cells inoculated into FVB [98]
IFNy and TNF«. mice.
Lung, Induced expression of a silenced In vivo: Lewis lung carcinoma, 4T1 and
Decitabine + PDT Breast, pre . EMT6 mouse mammary carcinoma, CT26 [99]
tumor-associated antigen P1A. X
Colon mouse colon carcinoma.
Azacitidine + Lenalidomide Upregulation of cancer testis antigen
+ autologous stem cell Multiple myeloma preguiation of cancer testis antigens Phase II clinical trial. [100]

transplantation

inducing specific T cell response.

IEN, interferon; MHC, major histocompatibility complex; NK, natural killer; PDT, photodynamic therapy; TNF,

tumor necrosis factor.

3.3. Combination of DNMT and HDAC Inhibitors

IFNo potentiates the growth inhibitory activity of azacytidine and romidepsin. In a model of
colorectal cancer, cotreatment of cells with inhibitors of both DNMT and HDAC combined with IFN
type I triggered several hallmarks of immunogenic cell death (calreticulin exposure and HMGB1 release)
enhancing the recruitment into tumor bed of dendritic cells and their maturation into antigen-presenting
cells thus facilitating tumor cell lysis by CTL [101]. This novel combination promises a new approach

for colorectal cancer (Table 8).

Table 8. DNMT and HDAC inhibitors combined with immunotherapies.

Epigenetic Modifiers +

‘Another Drug Type of Cancer Effect on Inmune System Observations Reference
5-azacytidine + entinostat + . . . . . .
anti PD-T/anti CTLA-4 Breast Circulating MDSC decrease. In vivo: 4T1 tumor-bearing mice. [102]
Azacitidine + romidepsin + CALR translocation, fnvite: Swgazll(')\;:i:rTcSe(lzlﬁls colorectal
p Colorectal HMGBI release, DC-mediated : [101]

IFN«

phagocytosis of drug-treated cancer cells.

In vivo: SW620, CTSC#18 developing in
NOD-SCID mice.

CALR, calreticulin; DC, dendritic cell; HMGBI, high mobility group box 1; IFN, interferon; MDSC, myeloid-derived

suppressor cell.

4. Conclusions

Epigenetic variations are at the origin of changes in gene expression involved in the manifestation
of fatal diseases such as cancer. New findings reveal the evidence that epigenetic regulation may
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also influence the immune system through several pathways. The renewed interest in epigenetic
research focuses on pharmacological interventions that reverse epigenetic cancer hallmarks. Such
treatments may involve epigenetic modifiers as single agents or combined with various established
immunotherapies, as DNMT and HDAC inhibition can result in the release of DAMP and the expression
of tumor-associated antigens, respectively. Thus, combination therapies consisting of immunotherapy
in conjunction with epigenetic modifiers that increase both the adjuvanticity and the antigenicity of
cancer are promising approaches to reactivate T-cell mediated adaptive immunity against cancer and
to reinstate tumor immunosurveillance.
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. . ICAM intracellular cell adhesion molecule-1
AML acute myeloid leukemia . .
IL interleukine
APC antigen-presenting cell IDO indoleamine 2,3-dioxygenase
IEN Interferon
CALR calreticulin LLC Lewis lung carcinoma
MDSC myeloid derived suppressor cell
CLC chronic myelomonocytic leukemia MHC major histocompatibility complex
CMML chronic myelomonocytic leukemia MPM malignant pleural mesothelioma
CTL cytotoxic T lymphocyte MIC MHC class I-related chain A and B
DC dendritic cell NK natural killer
DNA deoxyribonucleic acid PDT photodynamic therapy
DNMT DNA methyltransferase RNA ribonucleic acid
FDA Food and Drug Administration SAHA suberoylanilide hydroxamic acid
HDAC histone deacetylase
HL Hodgkin lymphoma TNBC triple-negative breast cancer
HMG high mobility group
HPV human papilloma virus TNF Tumor necrosis factor
HSP heat shock protein TSA Trichostatin A
VPA valproic acid
References

1.  Waddington, C.H. Canalization of development and genetic assimilation of acquired characters. Nature 1959,
183, 1654-1655. [CrossRef] [PubMed]

2. Daxinger, L.; Whitelaw, E. Understanding transgenerational epigenetic inheritance via the gametes in
mammals. Nat. Rev. Genet. 2012, 13, 153-162. [CrossRef] [PubMed]

3. Humpbherys, D.; Eggan, K; Akutsu, H.; Hochedlinger, K.; Rideout, WM., 3rd; Biniszkiewicz, D.;
Yanagimachi, R.; Jaenisch, R. Epigenetic instability in ES cells and cloned mice. Science 2001, 293, 95-97.
[CrossRef]


http://dx.doi.org/10.1038/1831654a0
http://www.ncbi.nlm.nih.gov/pubmed/13666847
http://dx.doi.org/10.1038/nrg3188
http://www.ncbi.nlm.nih.gov/pubmed/22290458
http://dx.doi.org/10.1126/science.1061402

Cancers 2019, 11, 1911 15 of 20

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Fraga, M.F,; Ballestar, E.; Paz, M.E; Ropero, S.; Setien, F.; Ballestar, M.L.; Heine-Suner, D.; Cigudosa, ].C.;
Urioste, M.; Benitez, J.; et al. Epigenetic differences arise during the lifetime of monozygotic twins. Proc Natl.
Acad. Sci. USA 2005, 102, 10604-10609. [CrossRef] [PubMed]

Bolden, A.H.; Nalin, C.M.; Ward, C.A.; Poonian, M.S.; Weissbach, A. Primary DNA sequence determines
sites of maintenance and de novo methylation by mammalian DNA methyltransferases. Mol. Cell. Biol. 1986,
6, 1135-1140. [CrossRef] [PubMed]

Smith, S.S.; Kan, J.L.; Baker, D.J.; Kaplan, B.E.; Dembek, P. Recognition of unusual DNA structures by human
DNA (cytosine-5)methyltransferase. . Mol. Biol. 1991, 217, 39-51. [CrossRef]

Bartolomei, M.S.; Ferguson-Smith, A.C. Mammalian genomic imprinting. Cold Spring Harb Perspect Biol.
2011, 3. [CrossRef]

Cowley, M.; Oakey, R.J. Retrotransposition and genomic imprinting. Brief. Funct. Genomics 2010, 9, 340-346.
[CrossRef]

Rideout, WM., 3rd; Coetzee, G.A.; Olumi, A.F,; Jones, P.A. 5-Methylcytosine as an endogenous mutagen in
the human LDL receptor and p53 genes. Science 1990, 249, 1288-1290. [CrossRef]

Klose, R.J.; Bird, A.P. Genomic DNA methylation: the mark and its mediators. Trends. Biochem. Sci. 2006, 31,
89-97. [CrossRef]

Deltour, S.; Chopin, V.; Leprince, D. [Epigenetics and cancer]. Med. Sci. 2005, 21, 405-411. [CrossRef]
Chen, R.Z.; Pettersson, U.; Beard, C.; Jackson-Grusby, L.; Jaenisch, R. DNA hypomethylation leads to elevated
mutation rates. Nature 1998, 395, 89-93. [CrossRef]

Gazin, C.; Wajapeyee, N.; Gobeil, S.; Virbasius, C.M.; Green, M.R. An elaborate pathway required for
Ras-mediated epigenetic silencing. Nature 2007, 449, 1073-1077. [CrossRef] [PubMed]

Kumar, M.S; Lu, J.; Mercer, K.L.; Golub, T.R.; Jacks, T. Impaired microRNA processing enhances cellular
transformation and tumorigenesis. Nat. Genet. 2007, 39, 673—-677. [CrossRef] [PubMed]

Grignani, F.; De Matteis, S.; Nervi, C.; Tomassoni, L.; Gelmetti, V.; Cioce, M.; Fanelli, M.; Ruthardt, M.;
Ferrara, EF,; Zamir, L; et al. Fusion proteins of the retinoic acid receptor-alpha recruit histone deacetylase in
promyelocytic leukaemia. Nature 1998, 391, 815-818. [CrossRef]

Fraga, M.E,; Ballestar, E.; Villar-Garea, A.; Boix-Chornet, M.; Espada, J.; Schotta, G.; Bonaldi, T.; Haydon, C.;
Ropero, S.; Petrie, K.; et al. Loss of acetylation at Lys16 and trimethylation at Lys20 of histone H4 is a
common hallmark of human cancer. Nat. Genet. 2005, 37, 391-400. [CrossRef]

Celeste, A.; Difilippantonio, S.; Difilippantonio, M.J.; Fernandez-Capetillo, O.; Pilch, D.R.; Sedelnikova, O.A.;
Eckhaus, M.; Ried, T.; Bonner, WM.; Nussenzweig, A. H2AX haploinsufficiency modifies genomic stability
and tumor susceptibility. Cell 2003, 114, 371-383. [CrossRef]

Groth, A.; Rocha, W.; Verreault, A.; Almouzni, G. Chromatin challenges during DNA replication and repair.
Cell 2007, 128, 721-733. [CrossRef]

Esteller, M. Epigenetic gene silencing in cancer: the DNA hypermethylome. Hum. Mol. Genet. 2007, 16,
R50-R59. [CrossRef]

Ruter, B.; Wijermans, P.W.; Lubbert, M. DNA methylation as a therapeutic target in hematologic disorders:
recent results in older patients with myelodysplasia and acute myeloid leukemia. Int. J. Hematol. 2004, 80,
128-135. [CrossRef]

Khan, A.N.; Magner, W.J.; Tomasi, T.B. An epigenetic vaccine model active in the prevention and treatment
of melanoma. J. Transl. Med. 2007, 5, 64. [CrossRef]

Magner, W.J.; Kazim, A.L.; Stewart, C.; Romano, M.A.; Catalano, G.; Grande, C.; Keiser, N.; Santaniello, F.;
Tomasi, T.B. Activation of MHC class I, II, and CD40 gene expression by histone deacetylase inhibitors. J.
Immunol. 2000, 165, 7017-7024. [CrossRef] [PubMed]

Skov, S.; Pedersen, M.T.; Andresen, L.; Straten, P.T.; Woetmann, A.; Odum, N. Cancer cells become susceptible
to natural killer cell killing after exposure to histone deacetylase inhibitors due to glycogen synthase
kinase-3-dependent expression of MHC class I-related chain A and B. Cancer Res. 2005, 65, 11136-11145.
[CrossRef]

Christiansen, A.].; West, A.; Banks, K.M.; Haynes, N.M.; Teng, M.W.; Smyth, M.].; Johnstone, R.W. Eradication
of solid tumors using histone deacetylase inhibitors combined with immune-stimulating antibodies. Proc.
Natl. Acad. Sci. USA 2011, 108, 4141-4146. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.0500398102
http://www.ncbi.nlm.nih.gov/pubmed/16009939
http://dx.doi.org/10.1128/MCB.6.4.1135
http://www.ncbi.nlm.nih.gov/pubmed/3023872
http://dx.doi.org/10.1016/0022-2836(91)90609-A
http://dx.doi.org/10.1101/cshperspect.a002592
http://dx.doi.org/10.1093/bfgp/elq015
http://dx.doi.org/10.1126/science.1697983
http://dx.doi.org/10.1016/j.tibs.2005.12.008
http://dx.doi.org/10.1051/medsci/2005214405
http://dx.doi.org/10.1038/25779
http://dx.doi.org/10.1038/nature06251
http://www.ncbi.nlm.nih.gov/pubmed/17960246
http://dx.doi.org/10.1038/ng2003
http://www.ncbi.nlm.nih.gov/pubmed/17401365
http://dx.doi.org/10.1038/35901
http://dx.doi.org/10.1038/ng1531
http://dx.doi.org/10.1016/S0092-8674(03)00567-1
http://dx.doi.org/10.1016/j.cell.2007.01.030
http://dx.doi.org/10.1093/hmg/ddm018
http://dx.doi.org/10.1532/IJH97.04094
http://dx.doi.org/10.1186/1479-5876-5-64
http://dx.doi.org/10.4049/jimmunol.165.12.7017
http://www.ncbi.nlm.nih.gov/pubmed/11120829
http://dx.doi.org/10.1158/0008-5472.CAN-05-0599
http://dx.doi.org/10.1073/pnas.1011037108
http://www.ncbi.nlm.nih.gov/pubmed/21368108

Cancers 2019, 11, 1911 16 of 20

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

West, A.C.; Mattarollo, S.R.; Shortt, J.; Cluse, L.A.; Christiansen, A.].; Smyth, M.].; Johnstone, R.W. An intact
immune system is required for the anticancer activities of histone deacetylase inhibitors. Cancer Res. 2013,
73,7265-7276. [CrossRef] [PubMed]

Liu, P.; Zhao, L.; Loos, F,; Iribarren, K.; Kepp, O.; Kroemer, G. Epigenetic anticancer agents cause HMGB1
release in vivo. Oncoimmunology 2018, 7, €1431090. [CrossRef]

Liu, P,; Zhao, L.; Loos, E,; Iribarren, K.; Lachkar, S.; Zhou, H.; Gomes-da-Silva, L.C.; Chen, G.; Bezu, L.;
Boncompain, G.; et al. Identification of pharmacological agents that induce HMGBI release. Sci. Rep. 2017,
7,14915. [CrossRef]

Apetoh, L.; Ghiringhelli, F; Tesniere, A.; Obeid, M.; Ortiz, C.; Criollo, A.; Mignot, G.; Maiuri, M.C,;
Ullrich, E.; Saulnier, P; et al. Toll-like receptor 4-dependent contribution of the immune system to anticancer
chemotherapy and radiotherapy. Nat. Med. 2007, 13, 1050-1059. [CrossRef]

Kwon, N.H.; Kim, J.S.; Lee, ].Y.; Oh, M.J.; Choi, D.C. DNA methylation and the expression of IL-4 and
IFN-gamma promoter genes in patients with bronchial asthma. J. Clin. Immunol. 2008, 28, 139-146. [CrossRef]
Santangelo, S.; Cousins, D.J.; Winkelmann, N.E.; Staynov, D.Z. DNA methylation changes at human Th2
cytokine genes coincide with DNase I hypersensitive site formation during CD4(+) T cell differentiation. J.
Immunol. 2002, 169, 1893-1903. [CrossRef]

Someya, K.; Nakatsukasa, H.; Ito, M.; Kondo, T.; Tateda, K.I.; Akanuma, T.; Koya, I.; Sanosaka, T.; Kohyama, J.;
Tsukada, Y.I; et al. Improvement of Foxp3 stability through CNS2 demethylation by TET enzyme induction
and activation. Int. Immunol. 2017, 29, 365-375. [CrossRef] [PubMed]

Dokmanovic, M.; Clarke, C.; Marks, P.A. Histone deacetylase inhibitors: overview and perspectives. Mol.
Cancer Res. MCR 2007, 5, 981-989. [CrossRef] [PubMed]

Marks, P.A.; Richon, V.M.; Breslow, R.; Rifkind, R.A. Histone deacetylase inhibitors as new cancer drugs.
Curr. Opin. Oncol. 2001, 13, 477-483. [CrossRef] [PubMed]

Gao, X; Shen, L.; Li, X.; Liu, J. Efficacy and toxicity of histone deacetylase inhibitors in relapsed/refractory
multiple myeloma: Systematic review and meta-analysis of clinical trials. Exp. Ther. Med. 2019, 18, 1057-1068.
[CrossRef] [PubMed]

Zheng, H.; Zhao, W.; Yan, C.; Watson, C.C.; Massengill, M.; Xie, M.; Massengill, C.; Noyes, D.R.; Martinez, G.V,;
Afzal, R,; et al. HDAC Inhibitors Enhance T-Cell Chemokine Expression and Augment Response to PD-1
Immunotherapy in Lung Adenocarcinoma. Clin. Cancer Res. 2016, 22, 4119-4132. [CrossRef] [PubMed]
Murakami, T.; Sato, A.; Chun, N.A.; Hara, M.; Naito, Y.; Kobayashi, Y.; Kano, Y.; Ohtsuki, M.; Furukawa, Y.;
Kobayashi, E. Transcriptional modulation using HDACi depsipeptide promotes immune cell-mediated
tumor destruction of murine B16 melanoma. J. Invest. Dermatol. 2008, 128, 1506-1516. [CrossRef] [PubMed]
Xiao, W.; Dong, W.; Zhang, C.; Saren, G.; Geng, P.; Zhao, H.; Li, Q.; Zhu, J.; Li, G.; Zhang, S.; et al. Effects of the
epigenetic drug MS-275 on the release and function of exosome-related immune molecules in hepatocellular
carcinoma cells. Eur. |. Med. Res. 2013, 18, 61. [CrossRef]

Zhu, S.; Denman, C.J.; Cobanoglu, Z.S.; Kiany, S.; Lau, C.C.; Gottschalk, S.M.; Hughes, D.P; Kleinerman, E.S.;
Lee, D.A. The narrow-spectrum HDAC inhibitor entinostat enhances NKG2D expression without NK cell
toxicity, leading to enhanced recognition of cancer cells. Pharm. Res. 2015, 32, 779-792. [CrossRef]

Buglio, D.; Khaskhely, N.M.; Voo, K.S.; Martinez-Valdez, H.; Liu, Y.J.; Younes, A. HDAC11 plays an essential
role in regulating OX40 ligand expression in Hodgkin lymphoma. Blood 2011, 117, 2910-2917. [CrossRef]
Cheng, E; Lienlaf, M.; Wang, H.-W.; Perez-Villarroel, P.; Lee, C.; Woan, K.; Rock-Klotz, J.; Sahakian, E;
Woods, D.; Pinilla-Ibarz, J.; et al. A novel role for histone deacetylase 6 in the regulation of the tolerogenic
STAT3/IL-10 pathway in APCs. J. Immunol. 2014, 193, 2850-2862. [CrossRef]

Woan, K.V,; Lienlaf, M.; Perez-Villaroel, P; Lee, C.; Cheng, E; Knox, T.; Woods, D.M.; Barrios, K.; Powers, J.;
Sahakian, E.; et al. Targeting histone deacetylase 6 mediates a dual anti-melanoma effect: Enhanced antitumor
immunity and impaired cell proliferation. Mol. Oncol. 2015, 9, 1447-1457. [CrossRef] [PubMed]

Frikeche, J.; Peric, Z.; Brissot, E.; Gregoire, M.; Gaugler, B.; Mohty, M. Impact of HDAC inhibitors on dendritic
cell functions. Exp. Hematol. 2012, 40, 783-791. [CrossRef] [PubMed]

Frikeche, J.; Simon, T.; Brissot, E.; Gregoire, M.; Gaugler, B.; Mohty, M. Impact of valproic acid on dendritic
cells function. Immunobiology 2012, 217, 704-710. [CrossRef] [PubMed]

Setiadi, A.F,; Omilusik, K.; David, M.D.; Seipp, R.P,; Hartikainen, J.; Gopaul, R.; Choi, K.B.; Jefferies, W.A.
Epigenetic enhancement of antigen processing and presentation promotes immune recognition of tumors.
Cancer Res. 2008, 68, 9601-9607. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/0008-5472.CAN-13-0890
http://www.ncbi.nlm.nih.gov/pubmed/24158093
http://dx.doi.org/10.1080/2162402X.2018.1431090
http://dx.doi.org/10.1038/s41598-017-14848-1
http://dx.doi.org/10.1038/nm1622
http://dx.doi.org/10.1007/s10875-007-9148-1
http://dx.doi.org/10.4049/jimmunol.169.4.1893
http://dx.doi.org/10.1093/intimm/dxx049
http://www.ncbi.nlm.nih.gov/pubmed/29048538
http://dx.doi.org/10.1158/1541-7786.MCR-07-0324
http://www.ncbi.nlm.nih.gov/pubmed/17951399
http://dx.doi.org/10.1097/00001622-200111000-00010
http://www.ncbi.nlm.nih.gov/pubmed/11673688
http://dx.doi.org/10.3892/etm.2019.7704
http://www.ncbi.nlm.nih.gov/pubmed/31363365
http://dx.doi.org/10.1158/1078-0432.CCR-15-2584
http://www.ncbi.nlm.nih.gov/pubmed/26964571
http://dx.doi.org/10.1038/sj.jid.5701216
http://www.ncbi.nlm.nih.gov/pubmed/18185535
http://dx.doi.org/10.1186/2047-783X-18-61
http://dx.doi.org/10.1007/s11095-013-1231-0
http://dx.doi.org/10.1182/blood-2010-08-303701
http://dx.doi.org/10.4049/jimmunol.1302778
http://dx.doi.org/10.1016/j.molonc.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25957812
http://dx.doi.org/10.1016/j.exphem.2012.06.008
http://www.ncbi.nlm.nih.gov/pubmed/22728031
http://dx.doi.org/10.1016/j.imbio.2011.11.010
http://www.ncbi.nlm.nih.gov/pubmed/22209114
http://dx.doi.org/10.1158/0008-5472.CAN-07-5270
http://www.ncbi.nlm.nih.gov/pubmed/19047136

Cancers 2019, 11, 1911 17 of 20

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Khan, A.N.; Gregorie, C.J.; Tomasi, T.B. Histone deacetylase inhibitors induce TAP, LMP, Tapasin genes
and MHC class I antigen presentation by melanoma cells. Cancer Immunol. Immunother. 2008, 57, 647—-654.
[CrossRef] [PubMed]

Vertuani, S.; De Geer, A.; Levitsky, V.; Kogner, P; Kiessling, R.; Levitskaya, J. Retinoids act as multistep
modulators of the major histocompatibility class I presentation pathway and sensitize neuroblastomas to
cytotoxic lymphocytes. Cancer Res. 2003, 63, 8006-8013. [PubMed]

Lopez-Soto, A.; Folgueras, A.R.; Seto, E.; Gonzalez, S. HDAC3 represses the expression of NKG2D ligands
ULBPs in epithelial tumour cells: potential implications for the immunosurveillance of cancer. Oncogene
2009, 28, 2370-2382. [CrossRef]

Kato, N.; Tanaka, J.; Sugita, J.; Toubai, T.; Miura, Y.; Ibata, M.; Syono, Y.; Ota, S.; Kondo, T.; Asaka, M.; et al.
Regulation of the expression of MHC class I-related chain A, B (MICA, MICB) via chromatin remodeling and
its impact on the susceptibility of leukemic cells to the cytotoxicity of NKG2D-expressing cells. Leukemia
2007, 21, 2103-2108. [CrossRef]

Armeanu, S.; Bitzer, M.; Lauer, U.M.; Venturelli, S.; Pathil, A.; Krusch, M.; Kaiser, S.; Jobst, J.; Smirnow, I.;
Wagner, A.; et al. Natural killer cell-mediated lysis of hepatoma cells via specific induction of NKG2D
ligands by the histone deacetylase inhibitor sodium valproate. Cancer Res. 2005, 65, 6321-6329. [CrossRef]
Yamanegi, K.; Yamane, J.; Kobayashi, K.; Kato-Kogoe, N.; Ohyama, H.; Nakasho, K.; Yamada, N.; Hata, M.;
Nishioka, T.; Fukunaga, S.; et al. Sodium valproate, a histone deacetylase inhibitor, augments the expression
of cell-surface NKG2D ligands, MICA/B, without increasing their soluble forms to enhance susceptibility of
human osteosarcoma cells to NK cell-mediated cytotoxicity. Oncol. Rep. 2010, 24, 1621-1627. [CrossRef]
Poggi, A.; Catellani, S.; Garuti, A.; Pierri, I.; Gobbi, M.; Zocchi, M.R. Effective in vivo induction of NKG2D
ligands in acute myeloid leukaemias by all-trans-retinoic acid or sodium valproate. Leukemia 2009, 23,
641-648. [CrossRef] [PubMed]

Jung, I.D; Lee, ].S.; Jeong, Y.I; Lee, C.M.; Chang, ].H.; Jeong, S.K.; Chun, S.H.; Park, W.S.; Han, J.; Shin, YK;
etal. Apicidin, the histone deacetylase inhibitor, suppresses Th1 polarization of murine bone marrow-derived
dendritic cells. Int. J. Immunopathol. Pharmacol. 2009, 22, 501-515. [CrossRef] [PubMed]

Xie, H.; Zhang, Q.; Zhou, H.; Zhou, ].; Zhang, J.; Jiang, Y.; Wang, J.; Meng, X.; Zeng, L.; Jiang, X. microRNA-889
is downregulated by histone deacetylase inhibitors and confers resistance to natural killer cytotoxicity in
hepatocellular carcinoma cells. Cytotechnology 2018, 70, 513-521. [CrossRef]

Yang, H.; Lan, P; Hou, Z,; Guan, Y.; Zhang, J.; Xu, W,; Tian, Z.; Zhang, C. Histone deacetylase inhibitor
SAHA epigenetically regulates miR-17-92 cluster and MCMY to upregulate MICA expression in hepatoma.
Br. J. Cancer 2015, 112, 112-121. [CrossRef]

Sonnemann, J.; Gressmann, S.; Becker, S.; Wittig, S.; Schmudde, M.; Beck, ].F. The histone deacetylase inhibitor
vorinostat induces calreticulin exposure in childhood brain tumour cells in vitro. Cancer chemother. Pharmacol.
2010, 66, 611-616. [CrossRef]

Guillot, F; Boutin, B.; Blanquart, C.; Fonteneau, J.F,; Robard, M.; Gregoire, M.; Pouliquen, D. Vaccination
with epigenetically treated mesothelioma cells induces immunisation and blocks tumour growth. Vaccine
2011, 29, 5534-5543. [CrossRef]

Wang, H.F,; Ning, F,; Liu, Z.C.; Wu, L.; Li, Z.Q.; Qi, Y.F; Zhang, G.; Wang, H.S.; Cai, S.H.; Du, J. Histone
deacetylase inhibitors deplete myeloid-derived suppressor cells induced by 4T1 mammary tumors in vivo
and in vitro. Cancer Immunol. Immunother. 2017, 66, 355-366. [CrossRef]

Huang, B.; Sikorski, R.; Sampath, P.; Thorne, S.H. Modulation of NKG2D-ligand cell surface expression
enhances immune cell therapy of cancer. J. Immunother 2011, 34, 289-296. [CrossRef]

Kortenhorst, M.S.; Wissing, M.D.; Rodriguez, R.; Kachhap, S.K.; Jans, ].J.; Van der Groep, P.; Verheul, H.M.;
Gupta, A; Aiyetan, P.O.; van der Wall, E.; et al. Analysis of the genomic response of human prostate cancer
cells to histone deacetylase inhibitors. Epigenetics 2013, 8, 907-920. [CrossRef]

Booth, L.; Roberts, ].L.; Poklepovic, A.; Kirkwood, J.; Dent, P. HDAC inhibitors enhance the immunotherapy
response of melanoma cells. Oncotarget 2017, 8, 83155-83170. [CrossRef]

OKi, Y.; Buglio, D.; Zhang, J.; Ying, Y.; Zhou, S.; Sureda, A.; Ben-Yehuda, D.; Zinzani, P.L.; Prince, H.M.;
Harrison, S.J.; et al. Inmune regulatory effects of panobinostat in patients with Hodgkin lymphoma through
modulation of serum cytokine levels and T-cell PD1 expression. Blood Cancer ]. 2014, 4, e236. [CrossRef]


http://dx.doi.org/10.1007/s00262-007-0402-4
http://www.ncbi.nlm.nih.gov/pubmed/18046553
http://www.ncbi.nlm.nih.gov/pubmed/14633733
http://dx.doi.org/10.1038/onc.2009.117
http://dx.doi.org/10.1038/sj.leu.2404862
http://dx.doi.org/10.1158/0008-5472.CAN-04-4252
http://dx.doi.org/10.3892/or_00001026
http://dx.doi.org/10.1038/leu.2008.354
http://www.ncbi.nlm.nih.gov/pubmed/19151770
http://dx.doi.org/10.1177/039463200902200227
http://www.ncbi.nlm.nih.gov/pubmed/19505402
http://dx.doi.org/10.1007/s10616-017-0108-1
http://dx.doi.org/10.1038/bjc.2014.547
http://dx.doi.org/10.1007/s00280-010-1302-4
http://dx.doi.org/10.1016/j.vaccine.2011.05.029
http://dx.doi.org/10.1007/s00262-016-1935-1
http://dx.doi.org/10.1097/CJI.0b013e31820e1b0d
http://dx.doi.org/10.4161/epi.25574
http://dx.doi.org/10.18632/oncotarget.17950
http://dx.doi.org/10.1038/bcj.2014.58

Cancers 2019, 11, 1911 18 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Woods, D.M.; Woan, K.; Cheng, E; Wang, H.; Perez-Villarroel, P; Lee, C.; Lienlaf, M.; Atadja, P; Seto, E.;
Weber, J.; et al. The antimelanoma activity of the histone deacetylase inhibitor panobinostat (LBH589)
is mediated by direct tumor cytotoxicity and increased tumor immunogenicity. Melanoma Res. 2013, 23,
341-348. [CrossRef]

Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic cell death in cancer therapy. Annu Rev.
Immunol. 2013, 31, 51-72. [CrossRef] [PubMed]

Adair, S.J.; Hogan, K.T. Treatment of ovarian cancer cell lines with 5-aza-2’-deoxycytidine upregulates the
expression of cancer-testis antigens and class I major histocompatibility complex-encoded molecules. Cancer
Immunol. Immunother. 2009, 58, 589-601. [CrossRef]

Krishnadas, D.K.; Bao, L.; Bai, F.; Chencheri, S.C.; Lucas, K. Decitabine facilitates immune recognition of
sarcoma cells by upregulating CT antigens, MHC molecules, and ICAM-1. Tumour Biol. 2014, 35, 5753-5762.
[CrossRef]

Weber, J.; Salgaller, M.; Samid, D.; Johnson, B.; Herlyn, M.; Lassam, N.; Treisman, J.; Rosenberg, S.A.
Expression of the MAGE-1 tumor antigen is up-regulated by the demethylating agent 5-aza-2’-deoxycytidine.
Cancer Res. 1994, 54, 1766-1771.

Coral, S.; Sigalotti, L.; Colizzi, E.; Spessotto, A.; Nardi, G.; Cortini, E.; Pezzani, L.; Fratta, E.; Fonsatti, E.; Di
Giacomo, A.M,; et al. Phenotypic and functional changes of human melanoma xenografts induced by DNA
hypomethylation: immunotherapeutic implications. . Cell. Physiol. 2006, 207, 58—-66. [CrossRef]

Bao, L.; Dunham, K.; Lucas, K. MAGE-A1, MAGE-A3, and NY-ESO-1 can be upregulated on neuroblastoma
cells to facilitate cytotoxic T lymphocyte-mediated tumor cell killing. Cancer Immunol. Immunother. 2011, 60,
1299-1307. [CrossRef]

Almstedt, M.; Blagitko-Dorfs, N.; Duque-Afonso, J.; Karbach, J.; Pfeifer, D.; Jager, E.; Lubbert, M. The DNA
demethylating agent 5-aza-2’-deoxycytidine induces expression of NY-ESO-1 and other cancer/testis antigens
in myeloid leukemia cells. Leuk. Res. 2010, 34, 899-905. [CrossRef]

Dubovsky, J.A.; McNeel, D.G. Inducible expression of a prostate cancer-testis antigen, SSX-2, following
treatment with a DNA methylation inhibitor. Prostate 2007, 67, 1781-1790. [CrossRef]

Fonsatti, E.; Nicolay, H.J.; Sigalotti, L.; Calabro, L.; Pezzani, L.; Colizzi, F; Altomonte, M.; Guidoboni, M.;
Marincola, FM.; Maio, M. Functional up-regulation of human leukocyte antigen class I antigens expression
by 5-aza-2’-deoxycytidine in cutaneous melanoma: immunotherapeutic implications. Clin. Cancer Res. 2007,
13, 3333-3338. [CrossRef] [PubMed]

Serrano, A.; Tanzarella, S.; Lionello, I.; Mendez, R.; Traversari, C.; Ruiz-Cabello, F.; Garrido, F. Rexpression
of HLA class I antigens and restoration of antigen-specific CTL response in melanoma cells following
5-aza-2’-deoxycytidine treatment. Int. J. Cancer 2001, 94, 243-251. [CrossRef] [PubMed]

Yang, H.; Bueso-Ramos, C.; DiNardo, C.; Estecio, M.R.; Davanlou, M.; Geng, Q.R.; Fang, Z.; Nguyen, M.;
Pierce, S.; Wei, Y.; et al. Expression of PD-L1, PD-L2, PD-1 and CTLA4 in myelodysplastic syndromes is
enhanced by treatment with hypomethylating agents. Leukemia 2014, 28, 1280-1288. [CrossRef]

Wang, L.X.; Mei, Z.Y.; Zhou, ]. H.; Yao, Y.S,; Li, YH.; Xu, Y.H,; Li, ].X,; Gao, X.N.; Zhou, M.H.; Jiang, M.M.;
et al. Low dose decitabine treatment induces CD80 expression in cancer cells and stimulates tumor specific
cytotoxic T lymphocyte responses. PloS. One. 2013, 8, €62924. [CrossRef]

Li, H.; Chiappinelli, K.B.; Guzzetta, A.A.; Easwaran, H.; Yen, R.W.; Vatapalli, R.; Topper, M.].; Luo, J.;
Connolly, RM.; Azad, N.S; et al. Immune regulation by low doses of the DNA methyltransferase inhibitor
5-azacitidine in common human epithelial cancers. Oncotarget 2014, 5, 587-598. [CrossRef]

Costantini, B.; Kordasti, S.Y.; Kulasekararaj, A.G.; Jiang, J.; Seidl, T.; Abellan, P.P; Mohamedali, A.;
Thomas, N.S.; Farzaneh, F; Mufti, G.J. The effects of 5-azacytidine on the function and number of regulatory
T cells and T-effectors in myelodysplastic syndrome. Haematologica 2013, 98, 1196-1205. [CrossRef]
Wrangle, J.; Wang, W.; Koch, A.; Easwaran, H.; Mohammad, H.P.,; Vendetti, F.; Vancriekinge, W.; Demeyer, T.;
Du, Z.; Parsana, P; et al. Alterations of immune response of Non-Small Cell Lung Cancer with Azacytidine.
Oncotarget 2013, 4, 2067-2079. [CrossRef]

Manning, J.; Indrova, M.; Lubyova, B.; Pribylova, H.; Bieblova, J.; Hejnar, J.; Simova, J.; Jandlova, T,;
Bubenik, J.; Reinis, M. Induction of MHC class I molecule cell surface expression and epigenetic activation of
antigen-processing machinery components in a murine model for human papilloma virus 16-associated
tumours. Immunology 2008, 123, 218-227. [CrossRef]


http://dx.doi.org/10.1097/CMR.0b013e328364c0ed
http://dx.doi.org/10.1146/annurev-immunol-032712-100008
http://www.ncbi.nlm.nih.gov/pubmed/23157435
http://dx.doi.org/10.1007/s00262-008-0582-6
http://dx.doi.org/10.1007/s13277-014-1764-9
http://dx.doi.org/10.1002/jcp.20540
http://dx.doi.org/10.1007/s00262-011-1037-z
http://dx.doi.org/10.1016/j.leukres.2010.02.004
http://dx.doi.org/10.1002/pros.20665
http://dx.doi.org/10.1158/1078-0432.CCR-06-3091
http://www.ncbi.nlm.nih.gov/pubmed/17545540
http://dx.doi.org/10.1002/ijc.1452
http://www.ncbi.nlm.nih.gov/pubmed/11668505
http://dx.doi.org/10.1038/leu.2013.355
http://dx.doi.org/10.1371/journal.pone.0062924
http://dx.doi.org/10.18632/oncotarget.1782
http://dx.doi.org/10.3324/haematol.2012.074823
http://dx.doi.org/10.18632/oncotarget.1542
http://dx.doi.org/10.1111/j.1365-2567.2007.02689.x

Cancers 2019, 11, 1911 19 of 20

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Wischnewski, F,; Pantel, K.; Schwarzenbach, H. Promoter demethylation and histone acetylation mediate
gene expression of MAGE-A1, -A2, -A3, and -A12 in human cancer cells. Mol. Cancer Res. 2006, 4, 339-349.
[CrossRef]

Yamanegi, K.; Yamane, J.; Kobayashi, K.; Kato-Kogoe, N.; Ohyama, H.; Nakasho, K.; Yamada, N.; Hata, M.;
Fukunaga, S.; Futani, H.; et al. Valproic acid cooperates with hydralazine to augment the susceptibility of
human osteosarcoma cells to Fas- and NK cell-mediated cell death. Int. J. Oncol. 2012, 41, 83-91. [CrossRef]
Terranova-Barberio, M.; Thomas, S.; Ali, N.; Pawlowska, N.; Park, J.; Krings, G.; Rosenblum, M.D.;
Budillon, A.; Munster, PN. HDAC inhibition potentiates immunotherapy in triple negative breast cancer.
Oncotarget 2017, 8, 114156-114172. [CrossRef]

Wargo, ].A.; Robbins, PF; Li, Y.; Zhao, Y.; El-Gamil, M.; Caragacianu, D.; Zheng, Z.; Hong, ].A.; Downey, S.;
Schrump, D.S; et al. Recognition of NY-ESO-1+ tumor cells by engineered lymphocytes is enhanced by
improved vector design and epigenetic modulation of tumor antigen expression. Cancer Immunol. Immunother.
2009, 58, 383-394. [CrossRef]

Leclercq, S.; Gueugnon, F,; Boutin, B.; Guillot, F; Blanquart, C.; Rogel, A.; Padieu, M.; Pouliquen, D.;
Fonteneau, J.F.; Gregoire, M. A 5-aza-2’-deoxycytidine/valproate combination induces cytotoxic T-cell
response against mesothelioma. Eur. Respir. . 2011, 38, 1105-1116. [CrossRef] [PubMed]

Shimizu, R.; Kikuchi, J.; Wada, T.; Ozawa, K.; Kano, Y.; Furukawa, Y. HDAC inhibitors augment cytotoxic
activity of rituximab by upregulating CD20 expression on lymphoma cells. Leukemia 2010, 24, 1760-1768.
[CrossRef]

Woods, D.M.; Sodre, A.L.; Villagra, A.; Sarnaik, A.; Sotomayor, E.M.; Weber, ]. HDAC Inhibition Upregulates
PD-1 Ligands in Melanoma and Augments Immunotherapy with PD-1 Blockade. Cancer Immunol. Res. 2015,
3, 1375-1385. [CrossRef]

Mohan, N.; Hosain, S.; Zhao, J.; Shen, Y.; Luo, X,; Jiang, J.; Endo, Y.; Wu, W.J. Atezolizumab potentiates
Tcell-mediated cytotoxicity and coordinates with FAK to suppress cell invasion and motility in PD-L1(+)
triple negative breast cancer cells. Oncoimmunology 2019, 8, €1624128. [CrossRef]

Briere, D.; Sudhakar, N.; Woods, D.M.; Hallin, J.; Engstrom, L.D.; Aranda, R.; Chiang, H.; Sodre, A.L.;
Olson, P.; Weber, ].S.; et al. The class I/IV HDAC inhibitor mocetinostat increases tumor antigen presentation,
decreases immune suppressive cell types and augments checkpoint inhibitor therapy. Cancer Immunol.
Immunother. 2018, 67, 381-392. [CrossRef]

Knox, T.; Sahakian, E.; Banik, D.; Hadley, M.; Palmer, E.; Noonepalle, S.; Kim, J.; Powers, J;
Gracia-Hernandez, M.; Oliveira, V.; et al. Selective HDAC6 inhibitors improve anti-PD-1 immune checkpoint
blockade therapy by decreasing the anti-inflammatory phenotype of macrophages and down-regulation of
immunosuppressive proteins in tumor cells. Sci. Rep. 2019, 9, 6136. [CrossRef]

Shen, L.; Ciesielski, M.; Ramakrishnan, S.; Miles, K.M.; Ellis, L.; Sotomayor, P.; Shrikant, P.; Fenstermaker, R.;
Pili, R. Class I histone deacetylase inhibitor entinostat suppresses regulatory T cells and enhances
immunotherapies in renal and prostate cancer models. PloS. One. 2012, 7, e30815. [CrossRef]

Bridle, BW.; Chen, L.; Lemay, C.G.; Diallo, J.S.; Pol, J.; Nguyen, A.; Capretta, A.; He, R.; Bramson, J.L.;
Bell, J.C.; et al. HDAC inhibition suppresses primary immune responses, enhances secondary immune
responses, and abrogates autoimmunity during tumor immunotherapy. Mol. Ther. 2013, 21, 887-894.
[CrossRef]

Kato, Y.; Yoshimura, K.; Shin, T.; Verheul, H.; Hammers, H.; Sanni, T.B.; Salumbides, B.C.; Van Erp, K,;
Schulick, R.; Pili, R. Synergistic in vivo antitumor effect of the histone deacetylase inhibitor MS-275 in
combination with interleukin 2 in a murine model of renal cell carcinoma. Clin. Cancer Res. 2007, 13,
4538-4546. [CrossRef] [PubMed]

Orillion, A.; Hashimoto, A.; Damayanti, N.; Shen, L.; Adelaiye-Ogala, R.; Arisa, S.; Chintala, S.; Ordentlich, P;
Kao, C.; Elzey, B.; et al. Entinostat Neutralizes Myeloid-Derived Suppressor Cells and Enhances the
Antitumor Effect of PD-1 Inhibition in Murine Models of Lung and Renal Cell Carcinoma. Clin. Cancer Res.
2017, 23, 5187-5201. [CrossRef]

Adeegbe, D.O,; Liu, Y,; Lizotte, PH.; Kamihara, Y.; Aref, A.R.; Almonte, C.; Dries, R;; Li, Y,; Liu, S.; Wang, X.;
et al. Synergistic Inmunostimulatory Effects and Therapeutic Benefit of Combined Histone Deacetylase and
Bromodomain Inhibition in Non-Small Cell Lung Cancer. Cancer Discov. 2017, 7, 852-867. [CrossRef]


http://dx.doi.org/10.1158/1541-7786.MCR-05-0229
http://dx.doi.org/10.3892/ijo.2012.1438
http://dx.doi.org/10.18632/oncotarget.23169
http://dx.doi.org/10.1007/s00262-008-0562-x
http://dx.doi.org/10.1183/09031936.00081310
http://www.ncbi.nlm.nih.gov/pubmed/21540307
http://dx.doi.org/10.1038/leu.2010.157
http://dx.doi.org/10.1158/2326-6066.CIR-15-0077-T
http://dx.doi.org/10.1080/2162402X.2019.1624128
http://dx.doi.org/10.1007/s00262-017-2091-y
http://dx.doi.org/10.1038/s41598-019-42237-3
http://dx.doi.org/10.1371/journal.pone.0030815
http://dx.doi.org/10.1038/mt.2012.265
http://dx.doi.org/10.1158/1078-0432.CCR-07-0014
http://www.ncbi.nlm.nih.gov/pubmed/17671140
http://dx.doi.org/10.1158/1078-0432.CCR-17-0741
http://dx.doi.org/10.1158/2159-8290.CD-16-1020

Cancers 2019, 11, 1911 20 of 20

94.

95.

96.

97.

98.

99.

100.

101.

102.

Vo, D.D.; Prins, RM.; Begley, J.L.; Donahue, T.R.; Morris, L.F,; Bruhn, K.W.; de la Rocha, P; Yang, M.Y,;
Mok, S.; Garban, H.J.; et al. Enhanced antitumor activity induced by adoptive T-cell transfer and adjunctive
use of the histone deacetylase inhibitor LAQ824. Cancer Res. 2009, 69, 8693-8699. [CrossRef]

Lisiero, D.N.; Soto, H.; Everson, R.G.; Liau, L.M.; Prins, R.M. The histone deacetylase inhibitor, LBH589,
promotes the systemic cytokine and effector responses of adoptively transferred CD8+ T cells. . Immunother.
Cancer 2014, 2, 8. [CrossRef]

Garcia-Guerrero, E.; Gogishvili, T.; Danhof, S.; Schreder, M.; Pallaud, C.; Perez-Simon, J.A.; Einsele, H.;
Hudecek, M. Panobinostat induces CD38 upregulation and augments the antimyeloma efficacy of
daratumumab. Blood 2017, 129, 3386-3388. [CrossRef]

Simova, J.; Pollakova, V.; Indrova, M.; Mikyskova, R.; Bieblova, J.; Stepanek, L.; Bubenik, J.; Reinis, M.
Immunotherapy augments the effect of 5-azacytidine on HPV16-associated tumours with different MHC
class I-expression status. Br. |. Cancer 2011, 105, 1533-1541. [CrossRef]

Wang, L.; Amoozgar, Z.; Huang, J.; Saleh, M.H.; Xing, D.; Orsulic, S.; Goldberg, M.S. Decitabine Enhances
Lymphocyte Migration and Function and Synergizes with CTLA-4 Blockade in a Murine Ovarian Cancer
Model. Cancer Immunol. Res. 2015, 3, 1030-1041. [CrossRef]

Wachowska, M.; Gabrysiak, M.; Muchowicz, A.; Bednarek, W.; Barankiewicz, J.; Rygiel, T.; Boon, L.; Mroz, P;
Hamblin, M.R.; Golab, ]. 5-Aza-2’-deoxycytidine potentiates antitumour immune response induced by
photodynamic therapy. Eur. ]. Cancer 2014, 50, 1370-1381. [CrossRef]

Toor, A.A.; Payne, K.K.; Chung, HM.; Sabo, R.T.; Hazlett, A.F.; Kmieciak, M.; Sanford, K.; Williams, D.C.;
Clark, W.B.; Roberts, C.H.; et al. Epigenetic induction of adaptive immune response in multiple myeloma:
sequential azacitidine and lenalidomide generate cancer testis antigen-specific cellular immunity. Br. J.
Haematol. 2012, 158, 700-711. [CrossRef]

Buoncervello, M.; Romagnoli, G.; Buccarelli, M.; Fragale, A.; Toschi, E.; Parlato, S.; Lucchetti, D.; Macchia, D.;
Spada, M.; Canini, I; et al. IFN-alpha potentiates the direct and immune-mediated antitumor effects of
epigenetic drugs on both metastatic and stem cells of colorectal cancer. Oncotarget 2016, 7, 26361-26373.
[CrossRef] [PubMed]

Kim, K.; Skora, A.D.; Li, Z; Liu, Q.; Tam, A.J.; Blosser, R.L.; Diaz, L.A., Jr.; Papadopoulos, N.; Kinzler, KW.;
Vogelstein, B.; et al. Eradication of metastatic mouse cancers resistant to immune checkpoint blockade by
suppression of myeloid-derived cells. Proc. Natl. Acad. Sci. USA 2014, 111, 11774-11779. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1158/0008-5472.CAN-09-1456
http://dx.doi.org/10.1186/2051-1426-2-8
http://dx.doi.org/10.1182/blood-2017-03-770776
http://dx.doi.org/10.1038/bjc.2011.428
http://dx.doi.org/10.1158/2326-6066.CIR-15-0073
http://dx.doi.org/10.1016/j.ejca.2014.01.017
http://dx.doi.org/10.1111/j.1365-2141.2012.09225.x
http://dx.doi.org/10.18632/oncotarget.8379
http://www.ncbi.nlm.nih.gov/pubmed/27028869
http://dx.doi.org/10.1073/pnas.1410626111
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Epigenetic Modifiers Used as Single Therapy 
	Histone Deacetylase Inhibitors (HDACi) 
	Selective Histone Deacetylase Inhibitors 
	Non-Selective Histone Deacetylase Inhibitors 

	DNMT Inhibitor 
	Combination of DNMT and HDAC Inhibitors 

	Epigenetic Modifiers Combined with Immunotherapies 
	Histone Deacetylase Inhibitors and Immunotherapies 
	Selective Histone Deacetylase Inhibitors 
	Non-Selective Histone Deacetylase Inhibitors 

	DNMT Inhibitor 
	Combination of DNMT and HDAC Inhibitors 

	Conclusions 
	References

