Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR AND CLINICAL ONCOLOGY 21: 59, 2024

Emerging applications of hypomethylating agents
in the treatment of glioblastoma (Review)

THENZING J. SILVA-HURTADO! ’2, JULIO F. INOCENCIO® and RAYMUND L. YONG'*?

lDepaﬂment of Neurosurgery, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA;
2Department of Oncological Sciences, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA;
3Leo M. Davidoff Department of Neurosurgery, Montefiore Medical Center, Einstein College of Medicine, Bronx, NY 10461, USA

Received March 8,2024; Accepted April 26,2024

DOI: 10.3892/mco0.2024.2757

Abstract. DNA hypomethylating agents (HMAs) such as
decitabine and 5-azacytidine have established roles in the
treatment paradigms for myelodysplastic syndrome and acute
myelogenous leukemia, where they are considered to exert their
anticancer effects by restoring the expression of tumor suppressor
genes. Due to their relatively favorable adverse effect profile and
known ability to pass through the blood-brain barrier, applica-
tions in the treatment of glioblastoma (GBM) and other central
nervous system malignancies are under active investigation. The
present review examines the types of HMAs currently available,
their known and less-understood antineoplastic mechanisms, and
the evidence to date of their preclinical and clinical efficacy in
glioblastoma and other solid malignancies. The present review
discusses the potential synergies HMAs may have with estab-
lished and emerging GBM treatments, including temozolomide,
immune checkpoint inhibitors and cancer vaccines. Recent
successes and setbacks in clinical trials for newly diagnosed and
recurrent GBM are summarized in order to highlight opportuni-
ties for HMAs to improve therapeutic responses. Challenges for
future clinical trials are also assessed.
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1. Introduction

Abnormal DNA methylation is a hallmark of a multitude
of pathological processes, including neurodevelopmental
imprinting disorders, atherosclerosis, autoimmune diseases,
and cancer. Notably, abnormal DNA hypermethylation of
tumor suppressor genes plays a critical role in the malignant
transformation of myelodysplastic syndrome (MDS) (1) into
acute myeloid leukemia (AML), with the possibility of this
process being slowed or reversed using hypomethylating
agents (HMAs). There is accumulating data that HMAs may
have a role to play as well in the treatment of solid tumors,
where they have primarily been explored in combination with
other antineoplastic drugs, and may act through a variety of
possible mechanisms, not just limited to the re-expression of
tumor suppressor genes (2,3).

Glioblastoma, IDH-wildtype, (GBM) is most frequently
diagnosed in adults in the seventh decade of life, and
accounts for approximately 15% of all intracranial neoplasms
and 50% of all primary malignant brain tumors (4). Despite
advances in treatment over the past twenty years, median
overall survival remains well under two years (5). The
current paradigm for first-line treatment consists of maximal
safe surgical resection when possible, followed by conformal
external beam radiotherapy with concurrent and adjuvant
temozolomide (TMZ), an alkylating chemotherapy agent that
crosses the blood-brain barrier. Approximately 40% of GBMs
exhibit elevated methylation levels at the methylguanine
methyltransferase (MGMT) gene promoter, which generally
predicts a favorable response to TMZ, although it is not the
sole determining factor and some MGMT-unmethylated
GBMs benefit from TMZ as well (6). Nonetheless, the lack
of meaningful and lasting responses to TMZ in the majority
of GBM patients emphasizes the critical need to identify and
develop new treatment strategies (7).

This work explores the antineoplastic potential of current
HMAs as well as established data of their preclinical and clin-
ical effectiveness in GBM and other solid tumors. Although
genome-wide hypermethylation, as seen in IDH-mutant
gliomas, is not characteristic of GBM, a multitude of evidence
points to the role HM As might have in reversing focal genomic
methylation aberrations that contribute to GBM treatment
resistance. Additionally, we review possible synergies these
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drugs may have with current and emerging GBM therapies
with a focus on temozolomide and immunotherapy. Challenges
for future clinical trials are also assessed.

2. Mechanism of HMAs

Epigenetic alterations cause heritable changes in gene expres-
sion without changes in the DNA nucleotide sequence (8).
Thus, an epigenetic mechanism can be thought of as a system
for selectively using genetic information to turn ‘on’ and ‘off’
various functional genes in order to carry out key processes
during normal embryonal development (9), including chro-
mosome X inactivation (10), the maintenance of genomic
stability (11), and transcriptional regulation (12). Since the
early 1980s, DNA methylation has been recognized as one
such epigenetic mechanism that plays a significant role in
controlling cellular differentiation states (13,14).

DNA methylation is a tightly regulated gene silencing or
activation process mediated through DNA methyltransferases
(DNMTs). The DNMT family consists of 5 members, including
DNMTI1, DNMT2, DNMT3A, DNMT3B, and DNMT3L, of
which DNMT1 is the best characterized (Table I). DNMTI,
also referred to as maintenance DNMT, binds to newly
synthesized DNA and acts to maintain the methylation pattern
of the template DNA strand after replication. DNMT] is also
recruited to sites of DNA damage, including base mismatches
and double-strand breaks, to prevent loss of DNA methyla-
tion and gene dysregulation after DNA repair (15). DNMT2
is primarily a tRNA methyltransferase, which acts to protect
tRNA against fragmentation. DNMT3A, DNMT3B, and
DNMT3L, also referred to as de novo DNMTSs, can establish
new methylation patterns during normal development and
in response to environmental cues. These de novo DNMTs
also form part of chromatin-remodeling complexes and
help complete the process of establishing and maintaining
cell-specific methylation arrangements (16,17).

DNMTs covalently transfer a methyl group to the C-5
position of cytosine residues within CpG dinucleotides (18).
DNA regions with a high frequency of CpG sites are called
CpG islands, which can range from 200 to 3,000 base pairs
and are typically associated with gene promoters (19). In
the normal mammalian cell, CpG islands are usually hypo-
methylated and have activating histone modifications, which
allows for unhindered DNA accessibility and facilitated gene
expression (20,21). DNA methylation can take place in the
promoter of a gene, generally resulting in the repression of
gene transcription, or in the gene body, where the usual result
is promotion of gene transcription (14,22,23). Gene promoter
methylation has several known effects. It may prevent
RNA polymerase and transcription factors from binding to
active regulatory sites. Alternatively, methylation can lure
methyl-CpG binding domain proteins that recruit histone
deacetylases, leading to the removal of gene-activating acety-
lation marks and chromatin condensation (24). Gene silencing
from methylation-induced heterochromatization also results
from the recruitment of polycomb repressor complexes (25)
and nucleosome complexes (26-28).

On the other hand, methylation of CpG islands within the
gene body may promote normal gene transcription through
several interrelated mechanisms, including slowing the

kinetics of RNA polymerase II for proper splice site recog-
nition and inhibiting spurious transcription from ectopic
promoters. Recent studies have shown that aberrant gene
body methylation may have varying effects depending on cell
type and differentiation state. The effects may also be gene
specific. For example, aberrant gene body hypermethylation
of the stem cell lineage marker brachyury has been associ-
ated with precancerous intestinal metaplasia, while global
hypomethylation occurs when these same cells undergo
neoplastic transformation into gastric adenocarcinoma (29).
Contrastingly, hypomethylation can have antitumor effects
when it occurs within the gene body of oncogenes, where a
physiologic level of CpG methylation may act to promote the
expression of oncogenic factors (30). Overall, the normal role
of methylation and the consequences of aberrant methylation
in gene bodies is not fully understood and is an active area of
investigation.

3. Types of HMAs

HMAs are pharmacological agents that can inhibit methylation
by trapping DNMTs, resulting in the expression of a previ-
ously hypermethylated silenced gene (31,32), and possibly also
repression or modification of transcription at sites within the
gene body. Developed beginning in the 1960s (33,34), HMAs
currently in use include decitabine, azacytidine, guadecitabine
and ASTX727 (35), all of which have demonstrated effects on
cell cycle control, DNA repair, cell signaling, apoptosis and
metastasis (36). In general, these agents are cytosine analogs
that exert their effects once they have integrated into newly
synthesized DNA or RNA.

Decitabine (5-aza-2-deoxycytidine) acts as a cytosine
analogue, replacing cytosine in the CpG dinucleotide pair,
which is the typical target of DNMTs. Unlike cytosine,
decitabine possesses a nitrogen molecule instead of carbon at
the fifth carbon position, preventing the transfer of a methyl
group to this site. Decitabine also forms a covalent bond with
the methyltransferase enzyme leading to its inactivation.
Covalently trapped DNMTs are targeted for degradation by
the proteasome, leading to a genome-wide decrease in CpG
methylation levels. This may enable the re-expression of aber-
rantly repressed genes by preventing the re-methylation of
CpG islands over the course of multiple cell cycles. It is critical
to note that incorporation of decitabine into DNA requires the
transition to S-phase of the cell cycle in the target cell (37,38);
it has a limited effect on CpG methylation in non-proliferating
cells, thus making it useful as an antineoplastic agent (39).

DAC reaches a maximum plasma concentration of
about 65-77 ng/ml when given at standard intravenous
dosing of 15 mg/m? every 8 h in patients with AML and
MDS (40). Cellular uptake of the drug is dependent on the
nucleoside-specific transport mechanism. Rapid equilibra-
tion between the intra- and extracellular compartments
results in a short alpha half-life of 5 min. In plasma, the
drug is quickly inactivated by high levels of cytidine
deaminase in the liver, spleen, intestinal epithelia, and
blood, which accounts for its short plasma beta half-life
of 15 to 25 min. Pharmacokinetic studies in rabbits and
dogs show that DAC crosses the blood-brain barrier (41).
Human pharmacokinetic studies have not been performed,
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Table I. Summary of the function and role of DNMTs in human diseases.

Gene Function Role in human disease

DNMT1 De novo methylating activity; maintains DNA Missense mutations linked to hereditary sensory and
methylation patterns during embryo development. autonomic neuropathy type 1E; knockout in mouse models

causes embryonic lethality.

DNMT?2 Also known as TRDMT1; mainly a tRNA Possible links to aberrant hematopoiesis; knockout mice are
methyltransferase; protects tRNA against viable and fertile.
fragmentation; restricts the activation of cryptic
promoters.

DNMT3A/B De novo methylating activity; methylates DNMT3A mutations are common in AML; DNMT3A
previously unmethylated regions of the genome mutations linked to Tatton-Brown-Rahman syndrome;
in a non-selective manner; role in transcription DNMT3B mutations linked to immunodeficiency,
activation at enhancers. centromeric instability and facial anomalies (ICF syndrome).

DNMT3L Stimulates methyltransferase activity of Reduced activity linked to AML.

DNMT3A and DNMT3B; cofactor for
retrotransposon methylation in male individuals;
expressed during brain development and in the
thymus in adulthood.

AML, acute myeloid leukemia; DNMT, DNA methyltransferase; ICF syndrome, immunodeficiency, centromere instability and facial anoma-
lies syndrome; TRDMT1, tRNA aspartic acid methyltransferase 1; tRNA, transfer RNA.

but data from clinical trials of DAC in MDS indicate rates
of neurological and psychiatric adverse reactions suggestive
of CNS activity (42). Upon cellular entry, the prodrug form
(5-AZA-CdR) undergoes phosphorylation by a series of
kinases into its final active triphosphate form (5-AZA-CtR),
which acts as a substrate for DNA polymerase (Fig. 1).
5-AZA-CtR is then incorporated into the cell DNA and
asserts its effects. At lower dosages, the drug induces DNA
hypomethylation and reactivation of genes leading to cell
differentiation. Conversely, higher concentrations of the
drug lead to a cytotoxic effect by blocking DNA synthesis.

The antileukemic effect of DAC was first demonstrated
in 1968 in mouse models, which prompted further investi-
gation into the drug's clinical potential in decades to follow.
Early phase 1 clinical trials in the early 1990s determined
a maximally tolerated dose of 2,250 mg/m? with myelosup-
pression as the primary adverse effect. This was followed
by several single-arm phase 2 trials that demonstrated
good responses in AML, MDS, and chronic myelomono-
cytic leukemia (CMML) even at low dosing schedules of
20 mg/m?/day for 5 days (43). Finally, a North American
phase 3 trial comparing DAC to supportive care in patients
with intermediate- and high-risk MDS demonstrated a
significant survival benefit at a dose of 45 mg/m?/day,
leading to approval in the US of DAC for the treatment
MDS in 2006 (44). An oral form of DAC in combination
with cedazuridine, a novel cytidine deaminase inhibitor
that prevents drug inactivation in the digestive tract, was
approved in the US in 2020 (ASTX727) (42).

Azacytidine (5-azacitidine) (AZA), in contrast to DAC, is
a cytidine analogue that integrates preferentially into RNA
after entering the cell via nucleoside transporters, although
10-20% is reduced by ribonucleotide reductase into DAC

and incorporated into DNA (45,46). Once incorporated into
RNA by RNA polymerase, AZA interferes with gene expres-
sion and protein synthesis by hampering RNA stability and
correct folding (47), ultimately promoting apoptosis in tumor
cells.

AZA absorption into tissues is fast and complete after IV
or subcutaneous administration, with a peak concentration in
30 min and about 90% bioavailability (48). Unlike DAC, it
does not cross the blood-brain barrier, limiting its potential for
use in CNS cancers. It is metabolized in the liver and excretion
is mostly through the kidneys with a half-life of 4 h (49).

In a 2004 randomized open-label, phase 3 multicenter
trial conducted by the Cancer and Leukemia Group B, which
included patients with all five MDS subtypes, treatment with
AZA resulted in an overall response rate of 15.7%, compared
to 0% response in the observation arm. Responses included
partial or complete normalization of blood cells and bone
marrow structure. On the basis of this study and two other
smaller single-arm trials, AZA received approval in the US for
all MDS subtypes (48).

Guadecitabine (SGI-110) is a second-generation HMA
currently being investigated as an alternative to DAC and
AZA in MDS and acute myeloid leukemia (50). Because the
incorporation of DAC into DNA is S-phase dependent, its rela-
tively short half-life of 20 min due to degradation by cytidine
deaminase limits its ability to enter a large proportion of tumor
cells after a single IV dose, necessitating three doses every
8 h. As a dinucleotide of DAC and deoxyguanosine linked
by a 3'-5' phosphodiester bond, guadecitabine is resistant to
cytidine deaminase (51). After subcutaneous administration,
guadecitabine is cleaved into DAC in a slow, sustained fashion,
resulting in a prolonged exposure period and better tolerated
toxicity profile (52).
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Figure 1. Proposed mechanism of action of DAC and TMZ. Once DAC enters the cell, it undergoes triphosphorylation, converting it to 5-aza-dCTP, which
is incorporated into DNA during S-phase in place of cytosine. 5-aza-dCTP traps and inactivates DNMTs, causing exome-wide changes in gene expression
mediated by promoter demethylation, gene body demethylation and changes in TF expression. MLHI is upregulated, increasing levels of O6-methylguanine
produced by TMZ and futile MMR activity. This ultimately results in enhanced cytotoxicity due to DNA double-strand break formation, cell cycle arrest
and apoptosis. The effects of TMZ are exerted through its spontaneous decarboxylation to MTIC, which is unstable and degrades into the reactive CH3N2+.
5-aza-dC, 5-aza-2'-deoxycytidine; 5-aza-dCTP, 5-aza-2'-deoxycytidine-5'-triphosphate; CH3N2+, methyldiazonium ion; DAC, decitabine; DNMT, DNA meth-
yltransferase; Me, methyl group; MGMT, methylguanine methyltransferase; MLH1, mutL homolog 1; MMR, mismatch repair; MTIC, 5-(3-methyltriazen-1-yl)

imidazole-4-carboxamide; TF, transcription factor; TMZ, temozolomide.

4. HMAs and tumor suppressors

Aberrant DNA methylation can provide survival benefits
to cancer cells by silencing essential genes for anti-tumor
activity, known as tumor suppressors. DNA demethylating
agents therefore provide a possible means of reactivating
silenced tumor suppressor genes and epigenetically repro-
gramming neoplastic cells to therapeutic advantage (53). In
MDS, aberrant methylation patterns due to loss-of-function
mutations in a number of epigenetic regulators, including
DNMT3A and TET2, result in ineffective hematopoiesis
and peripheral blood cytopenias by disrupting hematopoietic
stem cell differentiation homeostasis (54,55). The sequestra-
tion of methyltransferases using HMAs may counteract the
development of these aberrant patterns, as well as induce the
re-expression of various tumor suppressor genes often silenced
in MDS, including p15INK4B and p16INK4A (56), TP53 (57)
and DAPKI1 (58). Overall, this yields anti-proliferative and
pro-apoptotic effects. Genes without CpG-island-containing
promoters have also been shown to be upregulated by DAC
in MDS and AML cells, emphasizing the role methylation-
independent effects may have as well (59).

In a number of solid cancers, investigators have similarly
demonstrated the ability of HM As to re-express silenced tumor
suppressor genes with favorable effects on tumor cell growth
and gene expression profile. These include the Ras associa-
tion domain family 1A gene (RASSFI1A) in lung cancer (60),
the DNA double-strand break repair gene BRCALI in breast
cancer (61), and the homeobox transcription factor HOXA10
in ovarian cancer (62). In GBM, several tumor suppressor
genes have been found to be hypermethylated at their promoter
regions and downregulated, including the microtubule associ-
ated tumor suppressor gene (MTUSI) (63), esophageal-cancer
related gene (ECRG4) (64), epithelial membrane protein 3
(EMP3) (65), and SOCS1/3 (66). In various GBM cell lines,
the dampened expression of these genes was associated with
increased cellular survival, invasion, proliferation and reduced
apoptosis. DAC treatment was able to reverse hypermeth-
ylation and re-express these genes both at the mRNA and
protein level.

HMAS can also silence pro-oncogenic pathways through
demethylation of gene body CpGs. In colorectal carcinoma,
DAC downregulated genes involved in the regulation of
c-MYC signaling pathways, leading to a suppression of
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tumor growth; this effect reversed after withdrawal of treat-
ment (67). In GBM, Sanaei and Kavoosi (66) demonstrated
that DAC treatment significantly downregulated expression of
the anti-apoptotic Bcl-2 protein, mirroring a key mechanism
of TMZ-induced cytotoxicity (68) and suggesting DAC could
have a cytotoxicity potentiating effect. DAC also inhibited
JAK/STAT signaling, leading to reductions in cell prolifera-
tion and growth.

The expression of Promonin-1 or CD133, a known marker
for GBM-initiating cancer stem cells (GSCs), correlates with
increased WHO grade in gliomas and exhibits abnormal, but
often variable, promoter methylation patterns even among
different cell subpopulations within the same GBM (69).
Through promoter demethylation, DAC treatment has been
shown to upregulate CD133 promoter expression in multiple
GBM cell lines (70), which could suggest a possible undesired
pro-tumorigenic effect.

Although there is accumulating preclinical evidence
that HMAs have the ability to alter the expression of tumor
suppressors and oncogenes in a way that, on balance, could
yield overall antitumor effects, further investigation will be
required to translate these findings into the clinic. AZA has
been tested clinically in recurrent IDH-mutant gliomas, but
did not produce measurable clinical responses as a single
agent (71), possibly due to lack of CNS penetration; to our
knowledge, monotherapy with DAC or another HMA has
not yet been tested clinically in GBM. There are several
other challenges that could curtail therapeutic responses to
HMAs, including relatively lower penetrance into solid tumors
compared to hematologic malignancies (72), unpredictable
off-target effects on other gene networks, and the intrinsic
heterogeneity of GBM as opposed to the clonal nature of
hematologic neoplasms. Demethylation alone may also be
insufficient to reliably re-express a tumor suppressor gene if,
for example, the required activating transcription factor is not
expressed.

5. HMA-mediated chemosensitization

For the past 20 years, the alkylating agent temozolomide has
remained the mainstay systemic agent used for GBM and other
diffuse gliomas. In light of this, a large number of patients
would potentially benefit from the identification of a subset of
GBM patients where the unique gene expression-modifying
properties of HMAs could act to potentiate the cytotoxic
effects of this chemotherapy. The strategy of chemosensitiza-
tion using epigenetic agents is an active line of investigation
in a number of solid cancers, most notably ovarian cancer,
where low-dose DAC was used successfully in a phase 2
clinical trial to overcome resistance to platinum-based chemo-
therapy. Methylation array profiling of patients in this study
with progression-free survival (PFS) greater than 6 months
compared to those less than 6 months suggested that demeth-
ylation of MLH1, RASSF1A, HOXA10, and HOXA11 were
associated with longer PFS (73). Hypothesized mechanisms
of this effect include the reactivation of genes involved in
mitochondrial apoptosis, MAPK signaling, and membrane
transporter pumps (74). Although not yet clinically tested in
bladder cancer, experiments using urothelial carcinoma cells
have also implicated HMA-induced reactivation of the tumor
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suppressor RASSF1A and consequent downstream activation
of the Hippo pathway, which acts to slow cell proliferation,
inhibit cancer stem cell maintenance, and augment sensitivity
to cisplatin and doxorubicin (75).

Unfortunately, many systemically active chemotherapeutic
agents, including cisplatin, are unable to cross the blood-brain
barrier efficiently enough to penetrate into gliomas without
dosing at levels that would be toxic to other end organs. Thus,
the orally bioavailable and well-tolerated TMZ is strongly
favored. The cytotoxic effects of TMZ are primarily mediated
by the formation of O°-methylguanine adducts in DNA. The
DNA repair enzyme MGMT acts to reverse these adducts,
but if expressed at low levels or silenced, O%-methylguanine
will mispair with thymine during DNA replication, triggering
the cell's DNA mismatch repair (MMR) machinery, of which
MLHI is an essential player. MMR complexes excise the
mispaired base, but because O°-methylguanine will continue
to mispair with thymine, a futile loop of attempted mismatch
repair is initiated, ultimately triggering DNA double-strand
break formation, DNA damage checkpoints, and apoptosis
(Fig. 1). MMR deficiency from epigenetic silencing or somatic
mutation of component genes is closely linked with TMZ
resistance, as is MGMT overexpression via hypomethylation
of its promoter and/or methylation of its gene body (76). Thus,
use of HMAs to reverse TMZ resistance in GBM has spurred
significant interest.

The use of DAC to potentiate the effects of temozolo-
mide via re-expression of MLH1 was first demonstrated
by Plumb et al (77) in ovarian and colon cancer xenografts
with MMR deficiency due to MLHI promoter methylation.
Subsequently, a phase 1/2 trial in non-resectable stage I1IB/C
or IV melanoma was the first clinical demonstration that
a 14-day regimen of low-dose DAC (0.15 mg/kg/day or
6 mg/m?/day daily for 5 days) could upregulate MMR genes
and increase TMZ sensitivity (78). Complete responses were
seen in 2 of 33 patients, with an overall clinical benefit rate of
61% and a median overall survival of 12.4 months, suggesting
the safety and potential efficacy of the combination compared
to historical controls. Pre- and post-treatment tumor tissue
and peripheral blood mononuclear cells from 6 participating
patients were analyzed for HMA-induced changes in MGMT
and MMR genes, but none were clearly identified. However,
overall gene expression changes were similar to those seen in
MDS, AML, and sickle cell disease patients after treatment
with DAC.

In GBM, using older methylation-specific PCR techniques,
MLHI1 promoter methylation has been detected in up to 15%
of tumor tissue samples (79-81). With the advent of highly
sensitive next-generation long-read methylation sequencing
techniques, the actual rate is likely higher, presenting an
opportunity to make meaningful improvements in TMZ
response rates in the vast majority of GBM patients who will
ultimately develop TMZ resistance. Work in our own labora-
tory using GBM stem cell cultures derived from fresh surgical
specimens provides evidence that DAC increases MLHI
expression in a subset of GBMs regardless of MGMT methyla-
tion status, and that this effect mediates significant reductions
in TMZ ICs,. Interestingly, full DNA methylation sequencing
of the MLH1 promoter region revealed an association between
elevated baseline methylation and a lack of TMZ sensitization,
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while the absence of any baseline methylation at the promoter
appeared necessary for sensitization. This suggests that DAC
may increase MLH1 levels not through direct demethylation
of the promoter but, rather, indirectly via induction of an
upstream transcription factor (82) (Fig. 1). MLH1 promoter
methylation levels may therefore serve as a clinically useful
predictive biomarker for GBM patients who might respond
well to DAC-based chemosensitization. Moving forward,
biomarker-informed patient selection will be critical to the
success of clinical trials testing this approach, since the high
molecular heterogeneity of GBM tends to produce negative
studies due to underpowering (i.e., beta error).

6. HMAs and immunotherapy

To date, cancer immunotherapy has seen the most success in
the treatment of melanoma, lung adenocarcinoma, colorectal
adenocarcinoma, and other malignancies with high mutational
burden (i.e., ‘hot’ tumors). Such malignancies exhibit relatively
high levels of tumor-specific neoantigen expression, which are
potentially detectable by the immune system (83-85). GBM,
however, is notoriously an immunologically ‘cold’ cancer
because of its relatively low mutational burden and low level
of neoantigen expression. Moreover, the immunosuppressive
tumor microenvironment of GBM provides multiple path-
ways for tumor immune evasion, leading to low cytotoxic
T-cell infiltration and generally poor responses to immuno-
therapy (86,87). Hence, much recent work in the field of GBM
immunotherapy focuses on devising strategies to convert
GBMs from ‘cold’ to ‘hot’ in order to enhance either adaptive
or innate immune responses.

Epigenetic alterations and global hypermethylation
contribute to an immunosuppressive landscape in GBM
through a number of mechanisms. Downregulation of MHC
class I in GBM cancer stem cells secondary to promoter meth-
ylation by EZH2, a methyltransferase, results in resistance to
NK cell killing and subsequent innate immune escape (88).
EZH?2 has also been implicated in downregulating AP-2a, a
transcription factor that blocks PD-L1 expression when bound
to its promoter (89). HMAs, by suppressing AP-2a methylation,
may have the ability to reduce levels of PD-L1 in glioma cells,
thereby enhancing immune checkpoint blockade. Progressive
methylation of genes can also impair inflammatory pathways
in GBM, increasingly inhibiting the adaptive immune response
with time. For example, methylation at promoter regions of the
IL-7 gene and its receptor has been shown to be significantly
more elevated in recurrent compared to newly diagnosed
GBM (90).

These observations indicate that HMAs may have the
potential to synergize with tumor immunotherapy via multiple,
parallel mechanisms. Currently, clinical trials testing HMAs
in combination with a variety of immunotherapies are ongoing
in malignances such as AML and MDS. In the following
sections, we discuss their applications in the enhancement of
neoantigen expression, immune checkpoint blockade, cancer
vaccines, and innate immune responses (91).

Neoantigen expression. Similar to their effects on tumor
suppressor and oncogene expression, HMAs may directly
modify neoantigen expression through their inhibition of CpG

methylation at the promoters and bodies of neoantigen genes.
Cancer-specific neoantigens, including those derived from
TP53, KRAS, IDH1/2 and MLHI, may be clonal or highly
subclonal throughout a tumor and therefore ideal targets for
cancer immunotherapy. At the same time, undesired effects of
the known oncogenic functions of these gene products must
be weighed in any approach that attempts to increase their
expression for heightened immune detection.

In one recent study, autologous neoepitopes generated from
the mutational hotspot region of TP53, the most commonly
mutated gene across all cancers, were found to be immuno-
genic in 39% of patients (92). The development of adoptive
cell therapy using ex vivo expanded tumor-infiltrating T-cells
targeted against TP53 mutations and other public neoepitopes
is an active area of investigation (93), and HMAs may be a
promising means of increasing the efficacy of this approach. In
U87 and GBM patient-derived cell lines, Ma et al (94) demon-
strated that DAC induces upregulation of genes encoding for
both HLA-A2-restricted neoantigens and tumor-associated
cancer testis antigens, leading to an enhanced CD8+ T-cell
mediated toxicity response by healthy donor cells in a
TCR:MHC class I-dependent manner. The authors also found
that DAC generally increased the activation of preexisting
cytotoxic T lymphocytes in GBM patients, improving the
endogenous recognition of cancer cells.

Another novel approach that has been explored in GBM
hijacks the ability of HMAs to upregulate certain oncogenes
to instead enhance oncolytic virotherapy. Okemoto et al (95)
used an engineered version of the neurotropic HSV1 virus
that had been placed under the replicative control of a nestin
promoter-enhancer sequence. Nestin is a glioma-specific inter-
mediate filament known to be overexpressed in glioma cells
and is used as a marker of the cancer stem cell compartment.
The investigators identified several CpG islands within the
nestin promoter that became hypermethylated after the virus
entered glioma cells. AZA was able to reverse this hypermeth-
ylation, significantly improving viral replication both in vitro
and in vivo in an orthotopic mouse xenograft model. These
studies illustrate the innovative ways in which the wide-ranging
effects of HMAs on tumor-associated gene expression can be
channeled into anticancer treatment strategies.

Immune checkpoint inhibition. Immune checkpoint blockade
(ICB) is an immunotherapeutic approach widely recognized
for its potential to produce long-term and deep responses
in a subset of cancer patients. The most potent example of
checkpoint inhibition is the targeting of the programmed cell
death protein 1 (PD-1)/programed cell death ligand 1 (PD-L1)
axis and CTLA-4 to unleash a powerful T-cell response and
eliminate cancer cells (96). Checkpoint inhibitors have shown
promising results in melanoma, where PD-1 blockade with
the IgG monoclonal antibody pembrolizumab has improved
survival by inhibiting binding to the PD-L1 ligand expressed
by neoplastic cells. The same effect has been observed in
Hodgkin's lymphoma (97,98), bladder cancer (99), and renal
cell carcinoma (100) among others. T-cell activation requires
co-stimulatory molecules to induce signaling pathways that
lead to chemokine production and proliferation. PD-1 is a
co-inhibitory surface molecule present on T cells that helps
regulate homeostasis during inflammatory states to prevent
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autoimmunity. Activation of PD-1 by its ligands leads to T-cell
anergy, exhaustion, and apoptosis.

Tumor cells, particularly in glioblastoma, express high
levels of the PD-L1 ligand leading to myriad immunosup-
pressive effects within the tumor microenvironment, many of
which have proven challenging to overcome, even with ICB.

In this context, HMAs have garnered interest for their
ability in preclinical studies to rejuvenate exhausted T-cells
by reversing the acquisition of genomic methylation patterns
that act to restrict T-cell expansion and diversification (101).
Nie et al (98) demonstrated the clinical translation of this
concept in a phase 2 study that examined the effects of
adding low dose DAC (10 mg/d x5 days every 3 weeks) to
camrelizumab, an anti-PD-1 monoclonal antibody, in patients
with classic Hodgkin's lymphoma who were ICB-naive, and
another cohort of patients that had developed resistance to
other ICBs. They found that combination therapy was toler-
able and increased complete response rates significantly in
both cohorts, indicating that DAC might reverse acquired
and primary ICB resistance. This effect was associated with
a broadened peripheral T-cell receptor repertoire, suggesting
that increased tumor immunogenicity might be one respon-
sible mechanism. In follow up in vitro experiments, the
authors also found evidence that DAC prevents loss of JunD
transcription factor expression in CD8+ T-cells, abrogating
their tendency to develop an exhaustion phenotype during ICB
therapy (102). Working with CD19-targeted chimeric antigen
receptor (CAR) T-cells in a mouse model of non-Hodgkin's
lymphoma, Wang et al (103) observed similar anti-exhaustion
effects in vivo when low dose (10 nM) DAC was added to the
CAR T-cell culture for 7 days.

Although checkpoint inhibition therapies have received
FDA approval in the US for use in several solid cancers,
including melanoma, hepatocellular carcinoma, and renal cell
carcinoma (104,105), all randomized clinical trials for GBM to
date have failed to demonstrate a survival benefit over standard
chemoradiation. The CheckMate 143 phase 3 randomized
trial (106) assessed the efficacy of the PD-1 inhibitor nivolumab
compared to bevacizumab alone in patients with GBM at
first recurrence, and showed no significant improvement in
overall survival with nivolumab (mOS was about 10 months
in both arms). More recently, in a phase 3 trial randomizing
560 patients (CheckMate 498), Omuro et al (107) compared
combined nivolumab and radiotherapy (RT) to standard-of-care
TMZ and RT in newly-diagnosed MGMT-unmethylated GBM,
demonstrating significantly shorter overall survival in the
nivolumab arm (13.4 vs. 14.9 months). Finally, in a companion
phase 3 study that randomized 716 patients (CheckMate 548),
the addition of nivolumab to standard radiotherapy plus TMZ
in newly-diagnosed MGMT-methylated or indeterminate
GBM patients did not improve overall or progression-free
survival (108). Based on these negative results, it is becoming
increasingly clear that ICB monotherapy as an addition to
radiotherapy, with or without temozolomide, is unable to
overcome T-cell exhaustion and the powerfully immunosup-
pressive tumor microenvironment of GBM. However, given the
encouraging preclinical and clinical data emerging in hema-
tologic malignancies, using HMAs to address the hurdle of
ICB resistance seems to be a promising next tactic that merits
exploration by investigators.
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Cancer vaccines. Recent studies have shown that the use
of personalized cancer vaccines to boost the host immune
response are feasible even in tumors that are recognized
as insensitive to immunotherapy, such as GBM (109,110)
and pancreatic cancer (111). In these clinical trials, patients
may receive vaccines containing peptides that match the
amino acid sequences of their own tumor-specific antigens,
known as ‘personalized neoantigen-targeting vaccines’, or a
pre-determined ‘off-the-shelf” panel of one or more public
tumor-specific antigens (112).

Alternatively, antigen-presenting dendritic cells collected
from patients through leukapheresis can be exposed ex vivo
to tumor-specific antigens in the presence of immunos-
timulatory adjuvants, such as poly-ICLC or GM-CSF, which
promote antigen delivery and dendritic cell maturation and
activation (113). Once the dendritic cells are activated, they
are reintroduced into the patient to stimulate the adaptive
immune response (114). This was tested in newly-diagnosed
GBM patients in a recent prospective externally controlled
cohort trial where researchers added an autologous tumor
lysate-loaded dendritic cell vaccine (DCVax-L) to stan-
dard-of-care chemoradiation. The trial was initially designed
as a randomized phase 3 trial comparing vaccine to placebo,
but due to a high rate of crossover diluting the control arm,
could not be meaningfully analyzed as such. Compared to
patients receiving only standard-of-care therapy in other GBM
trials, who were matched by known prognostic factors, overall
survival after initial surgery was modestly but significantly
longer (19.3 vs. 16.5 months). The survival advantage was
more pronounced when comparing the subset of patients
who received the vaccine only after tumor progression to
matched external control patients with recurrent GBM (13.2
vs. 7.8 months) (115).

As discussed above, HMAs enhance the expression of
neoantigens by tumor cells for targeting by antigen-specific
cytotoxic T-cells, presenting an opportunity for synergistic
effects when combined with tumor vaccines. Although no
trials using this strategy have yet been reported in GBM,
a phase 1 study employed standard dose DAC to increase
tumor-associated antigen expression in high-risk MDS
patients receiving the CDX-1401 vaccine. CDX-1401 targets
the cancer testis antigen NY-ESO-1, which is aberrantly
expressed in a variety of solid and hematologic cancers.
After the vaccine was administered every four weeks,
alternating with cycles of DAC, the investigators observed
increased NY-ESO-1 expression in myeloid cells and
NY-ESO-1-specific CD4+ and CD8+ T-cell responses in
a majority of the patients. In a separate preclinical study,
DAC significantly increased the expression of NY-ESO-1 in
cultured GBM cells and intracranial xenografts in mice after
three 10 mg/kg doses. Adoptively transferred NY-ESO-1
TCR-transduced lymphocytes were then able to traffic from
an injection site in the contralateral cerebral hemisphere to
the xenograft, extending mouse survival significantly (116).
Together, these studies provide a strong justification for
testing the efficacy of CDX-1401 and other similar vaccines
in combination with DAC in GBM.

Innate immune system. Although most studies to date have
focused on harnessing and enhancing adaptive immune
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responses against malignant gliomas with HMAs, evidence
also points to the potential for enhancement of the innate
immune system. As a first-line defense of the immune system,
natural killer (NK) cells are activated by stress-induced ligands
and can distinguish ‘self” from ‘missing-self’ by detecting
the absence of the MHC class I molecule on cell membranes.
Depending on the balance of activating and inhibitory signals
from receptors at the cell surface, NK cells will be cytotoxic
or tolerant.

Zhang et al (117) discovered that expression of NK
cell-activating NKG2D ligands is suppressed in IDH-mutant
gliomas due to their hypermethylated phenotype. DAC
(1 uM) treatment of IDH-mutant glioma cells was able to
restore NKG2D ligand expression, with the increase lasting
up to 7 days after washout of DAC from the culture medium.
In IDH-mutant glioma xenografts established in the flanks
of athymic nude mice, DAC (10 mg/kg) increased NKG2D
ligand expression, enabling NK cells to recognize glioma
cells, triggering an NK cell-mediated anti-tumor response
and slowing tumor growth (118). Although no such reversible
deficit of NK cell-activating ligand expression has yet been
demonstrated in GBM, which are IDH-wildtype, these find-
ings raise the possibility that HMAs might be harnessed as
a potent enhancer of immunotherapies based on the NK cell
platform.

7. Conclusion

In conclusion, GBM is an aggressive tumor with poor
prognosis, which currently lacks therapeutic options that
can reliably extend survival beyond two years. Based on
successes seen in hematologic and other solid malignancies,
the use of HMAs in GBM holds promise as a versatile means
of enhancing established treatment paradigms, but much
work still needs to be done. With strong evidence supporting
its clinical use in MDS and AML, DAC is perhaps the most
well studied HMA that could also have epigenetic activity
in the CNS with an acceptable toxicity profile. This review
has examined how HMAs exert their effects by modifying
the expression of tumor suppressor genes, oncogenes,
tumor-associated antigens and neoantigens, and genes
supporting T-cell diversification. A growing understanding of
these mechanisms has led investigators to explore the syner-
gies HMAs may have with alkylating chemotherapy, immune
checkpoint blockade, cancer vaccines, and other forms of
immunotherapy. Future research in GBM should focus on
combining HMAs with temozolomide to overcome resis-
tance mechanisms; exploring the utility HMAs might have
in changing the immunosuppressive tumor microenviron-
ment in GBM to a more favorable one for tumor-infiltrating
lymphocytes; and improving the expression of GBM neoan-
tigens for detection by the immune system. A more complete
understanding of the varied mechanisms by which HMAs
exert their effects will lead to the identification of biomarkers
that will enable clinicians to select the patients most likely
to benefit from epigenetic therapy, based on immune system
and molecular tumor profiling. Personalized approaches
that combine HM As with rationally chosen, mechanistically
complementary therapies offer hope for improving outcomes
for GBM patients in the future.
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