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A need for rational therapeutic 
combinations
Immune-checkpoint inhibitors (ICIs), 
such as those targeting CTLA-4 and PD-1/
PD-L1, have revolutionized the field of 
oncology by prolonging overall survival 
across numerous cancer types (1). Some of 
the cancers that benefit most often from 
ICI therapies are melanoma, non–small 
cell lung cancer (NSCLC), and mismatch 
repair–deficient (MMRd) cancers. ICI-re-
sponsive tumor types frequently mani-
fest with a high tumor-mutational burden 
(TMB), likely underscoring their sensitivi-
ty to ICI therapy (2). A subset of mutations 
give rise to mutation-associated neoan-
tigens, which are non-self proteins only 
expressed in tumor cells. To contribute to 
tumor rejection in the setting of ICI ther-
apy, mutations are translated, processed, 
and presented by MHC molecules and 
recognized by a T cell receptor (TCR) (3). 
It is increasingly appreciated that a diverse 

array of genomic, transcriptomic, and pro-
teomic alterations contributes to the neo-
antigen landscape in tumors, including, 
but not limited to, nonsynonymous sin-
gle-nucleotide variants (SNVs), insertions 
or deletions, fusions or gene rearrange-
ments, and other tumor-specific events.

It has been estimated that fewer than 
half of all tumor types are suitable for ICI 
therapy and that current FDA-approved 
drugs will elicit responses in only about 
13% of eligible patients (4). Innate and 
acquired immunotherapeutic resistance 
are substantial barriers to ICI efficacy, and 
complete responses are elusive. Urotheli-
al carcinoma is an example of a relatively 
immune-responsive and high-TMB tumor 
type that nonetheless underscores the lim-
itations of anti–PD-1/PD-L1 monotherapy 
and needs rational therapeutic combina-
tions to improve clinical outcomes. In the 
largest clinical trials of anti–PD-1/PD-L1 
monotherapy, only approximately 20% 

of patients achieve objective responses, 
and confirmatory trials of multiple anti–
PD-1/PD-L1 therapies initially approved 
in the US through accelerated approval 
pathways (e.g., atezolizumab, durvalum-
ab, pembrolizumab) have recently failed 
to meet their primary end points (5, 6). 
Therapeutic combinations that can syner-
gize with anti–PD-1/PD-L1 therapy will be 
necessary to increase response rates and 
improve clinical outcomes.

Epigenetics is a key player  
in immuno-oncology
Recent preclinical and clinical data have 
identified epigenetic deregulation as a 
critical driver of tumor progression. Epi-
genetics is the field of study that focuses 
on the regulation of gene expression in a 
transmissible but reversible manner, dis-
tinguishing epigenetics from the intrin-
sic DNA sequences that are the focus of 
genetics. Epigenetics also describes mod-
ifications to the DNA sequences, includ-
ing aberrant DNA methylation pattern-
ing, rearrangements in local chromatin 
structure, posttranslational modifications 
of histones, and noncoding RNA (7). His-
tones are organized in nucleosomes whose 
compaction is regulated by posttransla-
tional modifications occurring on ami-
no acids within the amino terminal and 
carboxy terminal tails, the most studied 
being acetylation and methylation. His-
tone acetylation leads to the euchroma-
tin status, which provides accessibility to 
transcription factors and gene-expression 
machinery. Conversely, histone deacety-
lases (HDACs) make DNA less accessible 
to transcription factors and consequently 
repress transcription (8).

HDAC inhibitors (HDACi) can inhibit 
tumorigenesis and progression by promot-
ing acetylation of histones and nonhistone 
protein substrates. Two HDACi are FDA 
approved as monotherapy for the treat-
ment of a rare hematologic malignancy, 
cutaneous T cell lymphoma (CTCL), and 
multiple other HDACi are under clinical 
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Immune-checkpoint inhibitors are firmly established as pillars of cancer 
therapy, but only a minority of cancer patients currently benefit from these 
therapies, and therapeutic combinations that can enhance responses are 
urgently needed. Recently, histone deacetylases (HDACs) have emerged 
as potential targets for immune modulation, but critical questions remain 
about their mechanisms of action. In this issue of the JCI, Truong et al. 
assess whether the HDAC inhibitor entinostat can enhance anti–PD-1 
treatment in a bladder cancer model. Entinostat promoted a T cell–
inflamed phenotype and had substantial antitumor efficacy when used in 
combination with anti–PD-1 therapy. In addition, the authors showed that 
HDAC inhibition augmented tumor neoantigen presentation, resulting in the 
immune editing of tumor antigens. This study highlights a mechanism by 
which epigenetic modifier agents can synergize with immune-checkpoint 
blockade for enhanced and long-lasting antitumor activity.
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the transcriptional landscape of entinos-
tat- and vehicle-treated tumors. Entinos-
tat treatment enriched immunomodu-
latory pathways involved in the immune 
response, including antigen processing 
and presentation and cytokines/chemo-
kines, thus promoting a T cell–inflamed 
phenotype. Genomically, the tumors from 
entinostat-treated mice uniquely displayed 
loss of up to 745 expressed neoantigens 
as compared with those of mice receiving 
vehicle treatment, which displayed loss of 
only 15 neoantigens. Genetic evidence of 
neoantigen depletion was not observed in 
immunodeficient models, suggesting that 
immune system–tumor interactions led 
to tumor immunoediting and subsequent 
antitumor activity. The authors further 
demonstrated increased T cell clonotype 
sharing and strong T cell immunoreactiv-
ity toward a subset of predicted neoanti-
gens in vitro, suggesting the presence of 
an active antigen-driven response in these 
tumors. Entinostat has effects on tumor 
cells as well as direct effects on lympho-
cytes. To determine whether entinos-
tat’s effects on neoantigen-specific T cell 
responses were due to tumor changes or 
direct effects on the T cells themselves, the 
authors performed coculture assays mixing 
entinostat-pretreated or vehicle-treated T 
cells with entinostat-treated or untreated 
tumors. These experiments convincingly 
show that entinostat treatment of tumor 
cells, but not T cells, was responsible for 
the increased T cell killing.

Finally, Truong et al. showed that com-
bination therapy of entinostat with anti–
PD-1 reduced tumor burden and survival 
as compared with those of either entinos-

the neoantigen landscape by promoting 
the transcription of mutation-associated 
neoantigens and enhancing neoantigen- 
specific T cell responses by the host 
immune system (16).

Cell-autonomous cancer 
immunoediting effects of 
epigenetic modifiers
Truong and colleagues studied the class 
I–selective HDACi entinostat alone or in 
combination with anti–PD-1 immunother-
apy in preclinical models of bladder cancer 
(Figure 1). The authors showed that enti-
nostat has antitumor activity in two sepa-
rate preclinical models of bladder cancer. 
A series of elegant in vitro experiments 
characterized the basis for the enhanced 
antitumor activity observed. The effect 
was immune dependent and was large-
ly abrogated either in immune-deficient 
mouse models or through knocking out β2 
microglobulin with CRISPR/Cas9, result-
ing in MHC class I deficiency. Flow cytom-
etry of immune cells infiltrating the tumors 
revealed that treatment with entinostat 
reduced the presence of FoxP3+ cells and 
shifted MDSCs from a monocytic MDSC–
dominant population to the less immuno-
suppressive granulocytic MDSCs. Treg 
and mMDSC depletion due to entinostat 
treatment was accompanied by increased 
infiltration by CD8+ effector memory cells 
into the TME. The findings support the 
conclusion that entinostat, rather than 
being directly cytotoxic to the tumor, has 
immunomodulatory activity (16).

To address the critical question of how 
entinostat remodels the TME and promotes 
an inflamed TME, the authors compared 

investigation in different cancer types (9, 
10). However, the activity of these agents 
as monotherapy in a wide range of tumors 
has been limited (11).

Epigenetic events associated with 
tumor development and progression regu-
late ICI expression, tumor-associated anti-
gen presentation, and cancer cell editing 
by the immune system, and unlike genet-
ic alterations, epigenetic alterations can 
be reversed pharmacologically in some 
instances (12).

Until now, studies of the immune impli-
cations of HDACi have largely focused on 
effects of HDACi on specific immune pop-
ulations and on reversing tumor immuno-
suppression. Recent work with HDACi has 
shown the ability of these agents to alter 
the TME by enhancing the expression of 
tumor-associated antigens, increasing 
tumor cell expression of MHC class I and II 
and increasing the ratio of effector T cells 
to immunosuppressive cell types, such as 
Tregs and myeloid-derived suppressive 
cells (MDSCs), in multiple different tumor 
models. Combination therapy of entinostat 
and anti–PD-1 in animal models suggests 
that these agents may have complementa-
ry or synergistic activity (13–15). However, 
the precise mechanisms through which 
HDACi modulate the tumor microenvi-
ronment (TME) have been difficult to pin 
down because HDACi have pleomorphic 
effects on both tumor cells and immune 
cells through a wide number of different 
downstream pathways.

In this issue of the JCI, Truong et al. 
describe an exciting mechanism through 
which HDACi therapies can promote 
antitumor immunity: HDACi can regulate 

Figure 1. Model for tumor neoantigen editing via epigenetic modifiers. Entinostat promotes tumor cells to express neoantigens. Subsequently, T cells 
recognize tumor neoantigens, expand, and clear tumor cells. Truong et al. showed that, when combined with anti–PD-1 in bladder cancer models, entinos-
tat enhanced antitumor activity (16).
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Exploiting tumor neoantigens 
as targets for cancer 
immunotherapy
The work by Truong et al. (16) supports 
the potential of epigenetic modifiers to 
enhance tumor immunogenicity through 
modulation of neoantigens’ landscape, but 
associated hurdles and complexities should 
be considered. First, the optimal dose 
and sequence of epigenetic drugs should 
be carefully evaluated. In Truong et al., 
entinostat provoked antitumor immunity 
through a cell-autonomous manner. This 
result may support a sequential strategy 
with an epigenetic lead-in phase to prime 
the cancer cell and achieve the desired 
immunomodulation, followed by combi-
nation with ICIs. Doses of less than the 
maximum that are tolerated might achieve 
such effects. Second, the epigenetic agent’s 
therapeutic window relies on identifying 
pharmacodynamic biomarkers to direct 
patient care and exploring a strong ratio-
nale for combining epigenetic-immune 
therapy in appropriate preclinical models. 
Well-designed clinical trials are needed, as 
the mechanisms by which epigenetic mod-
ulators elicit immunomodulatory effects 
can be tumor specific and different in 
immune-naive patients as compared with 
immune-resistant ones (21).

Cancer is both a genetic and an epi-
genetic disease (7); enhancing our com-
prehension about the precise relationships 
among epigenetic aberrations, the immune 
system, and the consequences for cancer 
cell phenotypes could have tremendously 
important translational implications.
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reported nine partial responses and one 
complete response following the combina-
torial treatment, resulting in an objective 
response rate of 19% (18). These results 
suggest that the entinostat/pembrolizum-
ab combination may be an active regimen 
for patients who never responded to or 
progressed during treatment with PD-1 
inhibitors.

George et al. describe a case of a 
patient with uterine leiomyosarcoma who 
experienced near complete remission on 
anti–PD-1 treatment. Genomic analysis of 
the treatment-resistant metastasis showed 
reduced expression of two neoantigens, 
for which strong immunoreactivity with 
patient T cells in vitro was demonstrated, 
thus suggesting that reduced expression of 
genes encoding immunogenic neoantigens 
mediates resistance to immune-check-
point therapy (19).

A key next step will be identifying a bio-
marker to better determine which patients 
will respond to an HDACi combination 
strategy. Notably, the two bladder cancer 
model mouse lines used in the Truong 
et al. study to demonstrate entinostat’s 
effects on tumor immunity have a high 
number of mutations, whereas entinostat 
failed to enhance antitumor immunity in 
a third model of bladder cancer that has a 
lower TMB (16). This result implies that 
the positive effects of HDAC on tumor 
immunity may depend in part on having 
a high neoantigen burden. This high neo-
antigen hypothesis is further supported by 
the clinical experience of HDACi, in which 
immune-sensitizing activity has been 
observed in two high tumor types with high 
TMBs (NSCLC and melanoma), but not in 
a relatively low TMB tumor type (ovarian 
cancer) (20). Collectively, these data sug-
gest that entinostat is most successful at 
making an immune-responsive tumor even 
more immune responsive, but may not 
turn an immune-resistant (termed “cold”) 
tumor into an immune-responsive tumor.

However, mutational load represents 
a challenging biomarker in the clinic. The 
formation of neoantigens from individual 
mutations is a stochastic process, and neo-
epitope quality may be a more important 
factor than the overall burden of neoan-
tigen quantity in the antitumor immune 
response. A composite approach of multi-
ple biomarkers will likely be needed, and 
further research in these areas is ongoing.

tat- or anti–PD-1–treated animals. Inter-
estingly, following complete tumor eradi-
cation, rechallenge of mice with tumor cell 
injection did not result in any tumors, sug-
gesting not only that immunoedited tumor 
clones were eliminated, but also that the 
mice achieved long-lasting immunological 
memory. Collectively, these findings indi-
cate the mechanisms by which epigenetic 
therapy may modulate neoantigens’ land-
scape in tumors, thus providing antigens 
that can be targeted by the immune system 
and synergizing with immune-checkpoint 
blockade for enhanced and long-lasting 
antitumor activity (16).

Epigenetic agents can 
overcome resistance to 
checkpoint inhibitors
The immune system can either inhibit or 
favor tumor development and progression. 
Under pressure from the adaptive immune 
system, tumor subclones may undergo 
an editing process that leads to reduced 
immunogenicity and eventually resistance 
to immune system recognition and elimi-
nation, which begins the escape phase of 
the cancer immunoediting process (17). 
We appreciate now that this tumor immune 
evasion process is due, in part, to reduced 
expression of neoantigens. Truong et al. 
elegantly show that epigenetic agents can 
modulate tumor immunogenicity in a 
cell-autonomous manner, reestablishing 
T cell immunity against neoantigens (16).

We can speculate that similar bio-
logical phenomenon of reduced immu-
nogenicity and antigenicity observed 
here can explain primary and secondary 
resistance to cancer immunotherapy: the 
most immunostimulatory antigens are 
subjected to epigenetic silencing through 
the immunoselection of less immunogenic 
disease clones (immune editing) (3). Add-
ing HDAC inhibition to anti–PD-1 treat-
ment against tumors that have developed 
resistance to checkpoint-blockade immu-
notherapy may lead the immune system 
to rerecognize the tumor and downmodu-
late immune-suppressive elements in the 
TME, thereby increasing the efficacy of 
anti–PD-1 therapy. The phase II ENCORE 
601 trial assessed the effectiveness of enti-
nostat and pembrolizumab in patients with 
unresectable or metastatic melanoma that 
progressed during or following treatment 
with anti–PD-1 immunotherapy. The study 
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