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Abstract

Recent rapid development of cancer therapy has come about with the paradigm shift from the traditional goal of
targeting cancer cells themselves, to reprograming the immune tumor microenvironment. Accumulating evidence shows
that compounds that target epigenetic regulation, called epidrugs, play a crucial role in mediating the immunogenicity of
cancer cells and in reshaping antitumor immunity. A large body of literature has recognized natural compounds as
epigenetic modulators for their immunomodulatory effects and anticancer potential. Unifying our understanding of the
role of these biologically active compounds in immuno-oncology may open new avenues for more effective cancer
therapies. In this review, we explore how natural compounds modulate the epigenetic machinery to shape antitumor
immune response, highlighting the promise offered by the Mother Nature that could be exploited therapeutically to
improve outcomes for cancer patients.
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1. Introduction

M ost cancers are fundamentally driven by the
accumulation of genetic and epigenetic al-

terations. In addition to their abilities to confer
cancer cell growth advantage, these changes play a
critical role in caner initiation and progression by
dynamically reshaping the tumor microenviron-
ment and reprogramming immune cells [1,2]. These
findings have created an emerging route to exploit
the inherent flexibility and reversibility of epigenetic
modulators of immune-oncology. In recent years,
natural compounds have been recognized for their
properties that reportedly modulate epigenetic and
immune mechanisms in cancer [3,4]. Although the
effects of these compounds on the immunogenicity

of cancer cells, and the epigenetic mechanisms
involved herein are still under investigation, what
we have learned fromMother Nature may represent
unique opportunities that can be exploited thera-
peutically to enhance antitumor immune response
and ultimately improve clinical outcome. In this
review, we first highlight the US Food and Drug
Administration (FDA)-approved epidrugs that
target epigenetic machinery and their mechanisms
of action, then we provide an updated summary of
the preclinical and clinical applications of natural
compounds either alone or in combination with the
current cancer therapies, and finally, we explore the
potential epigenetic mechanisms of natural com-
pounds that could be beneficially applied to
immuno-oncology.
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2. Epidrugs: toward epigenetic regulation of
antitumor immunity

In 2018, James P Allison and Tasuku Honjo were
awarded the Nobel Prize in Physiology or Medicine
“for their discovery of cancer therapy by inhibition
of negative immune regulation”. Although this
breakthrough in cancer immunotherapy has revo-
lutionized cancer treatment, only a subset of pa-
tients elicit favorable responses and most
immunologically cold solid tumors are not respon-
sive [1,2]. The composition of tumor-infiltrating
immune cells is highly heterogeneous and can be
dynamically shaped by the tumor microenviron-
ment (TME). Accumulating evidence points out that
tumor-infiltrating lymphocytes (TILs) may serve as
predictive biomarkers for clinical response to im-
munotherapies [5]. Indeed, current efforts have
focused on turning “cold” tumors (T cell non-infil-
trated) into “hot” tumors (T cell infiltrated) by
epigenetically reprogramming the tumor microen-
vironment, which contributes to the cancer-
permissive setting that impedes T cell infiltration
and function [6]. Furthermore, an increasing
amount of evidence demonstrates that infiltrating
immune cells show epigenetic abnormalities that
lead to prolonged antigen stimulation, progressive
loss of T cell effector function, and increased
expression of inhibitory receptors [7].
Consistent with the epigenetic alteration in im-

mune cells, a distinct epigenetic state characterizes
this exhaustion phenotype in exhausted T cells
compared to effector and memory T cells [8]. It is
thus not surprising that pharmacological and ge-
netic disruption of exhaustion-associated epigenetic
programs, such as genes involved in T cell effector
functions, allowed these T cells to retain their
effector functions and increased immune check-
point blockade (ICB)-mediated T cell rejuvenation
[8]. Given that most patients remain refractory to
current ICB therapies, including anti-programmed
cell death (PD-1), anti-PD1 ligand 1 (PD-L1) and
anti-cytotoxic T lymphocyte antigen 4 (CTLA-4),
these recent studies highlight that epigenetic drugs
can work synergistically with immunotherapies to
enhance the antitumor immune response by
avoiding the onset of exhaustion and reprogram-
ming exhausted cytotoxic T lymphocytes into
effector phenotypes [7,10]. To date, there has been
great interest in using epigenetic therapy to increase
tumor immune infiltration, enhance antitumor
immunogenicity, and reinvigorate T cell dysfunction
[9,10].
In addition to the modulation of immune effec-

tors, epigenetic modulators can also boost the

immune system by reshaping the immune TME
through multiple mechanisms. A prime example is
cytokine signaling, known to be suppressed epige-
netically in certain cancers. Notably, targeting DNA
methyltransferases (DNMTs) and histone deacety-
lases (HDACs) led to the reactivation of T helper 1
(Th1) cell-type cytokine expression, the induction of
the secretion of these cytokines, and synergistic ef-
fects with PD-L1 blockade [11]. Moreover, epige-
netic changes are also associated with the
expression of antigen-presenting machinery-related
genes, such as class I major histocompatibility
complex (MHC-I) genes. It has been demonstrated
that DNMT inhibitors can reactivate the expression
of NOD-like receptor family CARD domain con-
taining 5 (NLRC5), a gene encoding class I trans
activator, thus leading to concomitant increases in
class I MHC gene expression [12]. Finally, it is
important to note that epigenetic modulation occurs
in many other immune cell subsets in the TME,
including myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages (TAMs),
cancer-associated fibroblasts, and regulatory T cells
(Treg), dysfunction of all of which contributes to
impaired immunity [5].
So far, FDA has approved 3 types of 7 epigenetic

modifying agents: DNMT, HDAC, and the recently
approved enhancer of zeste homolog 2 (EZH2) in-
hibitors. We summarize in Table 1 the current
clinical trials using FDA-approved epidrugs in
combination with immunotherapies. We highlight
in Fig. 1 the molecular mechanisms of these re-
agents to regulate antitumor immunity through
modulation of TME and the crosstalk between TME,
tumor cells, and epidrugs. Given the wide role of
epigenetic regulators in modulating antitumor im-
munity, such as T-cell exhaustion, and the infiltra-
tion and function of immune cells, a large number of
ongoing clinical trials are evaluating the efficacy of
combining epigenetic agents with immunotherapies
[13]. Future research is required to define the effects
of epidrugs on tumor and immune cell populations,
and these studies should provide novel insights into
the molecular processes behind the responses to
epigenetic treatments, which is crucial for the
development of rationale combination therapies.

2.1. HDAC inhibitor

HDACs have been observed to be abnormally
regulated in a variety of malignancies. Oncogenes
and tumor suppressor genes, which are strongly
linked to cell division, apoptosis, differentiation,
migration, and cancer angiogenesis, are affected by
these alterations in how they are transcribed.
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Inhibition of HDACs has proven to be an effective
strategy for cancer therapy. To date, a variety of
HDAC inhibitors have been approved by the FDA
or are undergoing clinical trials. With this data,
scientists were able to single out 32 distinct HDAC
inhibitors. Five of these drugs are well-established
in clinical practice; 11 are experimental HDAC in-
hibitors; 11 are investigational compounds of a non-
hydroxamate type; and 2 are investigational mole-
cules that defy classification. They also add three
more compounds that have been shown to have
HDAC inhibitory action in clinical trials. In terms of
effectiveness, safety, and quality of life evaluation,
significant clinical trials of the two FDA-approved
medications vorinostat and romidepsin have been
conducted [14]. Nicotinamide, an allosteric non-
competitive pan-inhibitor, and Sirt-specific in-
hibitors like EX-527, sirtinol, and cambinol are ex-
amples of Sirtuin (class III HDAC) inhibitors. It has
been suggested that Sirt inhibitors might be bene-
ficial in the treatment of cancer; however, none of
these inhibitors have been authorized for use in
clinical practice as yet. Additionally, approximately
10 other HDAC inhibitors have completed or are
conducting clinical studies as monotherapy or in
combination treatment for patients with solid tu-
mors or hematologic malignancies [15]. For
instance, phase III studies (NCT02115282 and
NCT03538171) are now evaluating the therapeutic

benefit of the benzamide inhibitor entinostat in
patients with HR-positive, HER2-negative, locally
progressed, or metastatic breast cancer. The
hydroxamate HDAC inhibitor pracinostat was
shown to be safe in patients with advanced hema-
tological malignancies and to have moderate single-
agent efficacy in a phase I dose-escalation multi-
center study (NCT00741234) [16].
Besides their role on cancer cells, HDAC in-

hibitors can have a direct effect on immune cells. In
terms of innate immunity, HDACs can control Toll-
like receptor (TLR) signaling. Several TLR target
genes are turned on by HDAC. Some of these genes
make important inflammatory molecules, including
pro-inflammatory cytokines (such as interleukin
(IL)-6) or chemokines (C-X-C motif chemokine
ligand 10 (CXCL10), Chemokine (C-C motif) ligand
7 (CCL7), and chemokine (C-C motif) ligand 2
CCL2). On the other hand, HDACs are thought to
be involved in the negative regulation of TLR
signaling. For example, HDACs directly shut down
promoters of inflammatory genes. HDACs are also
involved in adaptive immunity. It has been
demonstrated that downregulation of antigen pre-
sentation and MHC-I expression are known resis-
tance mechanisms to immunotherapy. This is
because an effective anti-tumor immune response
requires that cytotoxic CD8þ T cells recognize and
kill cells displaying foreign antigens, including

Table 1. Cancer clinical trials of FDA-approved epidrugs in combination with immunotherapies.

FDA-approved drugs Immunotherapy Cancer type Phase NCT#

Domatinostat Avelumab (PD-L1) Gastrointestinal cancer Phase 2 NCT03812796
Vorinostat Pembrolizumab (PD-1) Lymphomas Phase 1 NCT03150329

Renal and bladder cancer Phase 1 NCT02619253
Lung cancer Phase 1,2 NCT02638090
Head and neck cancer Phase 1,2 NCT02538510
Salivary gland cancer Phase 1,2 NCT02538510

Azacitidine Avelumab (PD-L1) Diffuse large B-Cell lymphoma Phase 3 NCT02951156
Alemtuzumab (CD52) Myeloid cancer Phase 2 NCT02497404
Pembrolizumab (PD-1) Acute myeloid leukemia Phase 2 NCT03769532

Pancreatic cancer Phase 2 NCT03264404
Oral azacytidine

(CC-486, ONUREG®)
Pembrolizumab (PD-1) Ovarian cancer Phase 2 NCT02900560

Lung cancer Phase 2 NCT02546986
Melanoma Phase 2 NCT02816021

Decitabine Pembrolizumab (PD-1) T cell lymphomas Phase 2 NCT03240211
Lymphomas Phase 1 NCT03445858
Myeloid leukemia Phase 1 NCT03969446
Breast cancer Phase 2 NCT02957968

Tazemetostat Pembrolizumab (PD-1) Bladder cancer Phase 1,2 NCT03854474
Azacitidine, Venetoclax Pembrolizumab (PD-1) Acute myeloid leukemia Phase 2 NCT04284787
Vorinostat, Temozolomide Pembrolizumab (PD-1) Glioblastoma Phase 1 NCT03426891
Vorinostat, Tamoxifen Pembrolizumab (PD-1) Breast cancer Phase 2 NCT04190056

Phase 2 NCT02395627
Azacytidine, Romidepsin Pembrolizumab (PD-1) Pembrolizumab (PD-1) Phase 1 NCT02512172
Azacytidine Durvalumab (PD-L1),

Tremelimumab (CTLA-4)
Head and neck cancer Phase 1,2 NCT03019003
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tumor neoantigens, via MHC-I's presentation. By
reducing the expression of transporter associated
with antigen processing-1 (TAP-1), a molecule
involved in the transport of peptides from the
cytosol to the endoplasmic reticulum, which is
implicated in the formation process of the MHC-I
peptide complex, loss of histone acetylation has
been implicated in the downregulation of MHC-I
presentation in preclinical models. In a mouse
model of merkel cell carcinoma, it was possible to
improve MHC-I presentation with HDAC in-
hibitors, which increased the expression of TAP-1
and TAP-2 and improved tumor control [17].

2.1.1. HDAC inhibitor and immunotherapy
In animal models of several malignancies, com-

bination of HDAC inhibitors and immunotherapies
have been shown to be effective. When compared to
single-agent therapies, the HDAC inhibitor pan-
obinostat, for instance, upregulates the expression
of PD-L1 and PD-L2 in melanomas and boosts anti-
PD-1 antibody therapy, resulting in decreased
tumor growth and enhanced survival. Belinostat,
another HDAC inhibitor, has been shown in a

mouse model of hepatocellular carcinoma to
enhance the antitumor effects of anti-CTLA-4
treatment, with increased IFN-g generated by anti-
tumor T cells and decreased regulatory T cells [18].
Furthermore, entinostat suppresses regulatory T
cells in animal models of prostate and renal cancer
and boosts the anticancer effects of IL-2 and vacci-
nation treatment. Importantly, the first report of
clinical trials combining IL-2 immunotherapy with
HDAC inhibitors further supports the notion that
the combination treatment improves objective
response rate and median progression-free survival
in patients with metastatic renal cell carcinoma
(RCC).

2.2. DNMT inhibitor

One of the most well-known epigenetic processes,
DNA methylation regulates gene expression and is
dysregulated in conditions like cancer. The most
popular epigenetic medicines for cancer therapy are
DNMT inhibitors, sometimes referred to as hypo-
methylating drugs. Hypomethylation, formation of
double-stranded DNA breaks, cell cycle or G2 phase

Fig. 1. Schematic representation of the immunomodulatory mechanisms of FDA-approved epidrugs to regulate antitumor immunity through mod-
ulation of TME and the crosstalk between epidrugs, tumor cells and TME.
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arrest, and activation of immunological responses
are the primary mechanisms by which DNMT in-
hibitors exercise their anticancer action [19]. DNMT
inhibitors have been used in clinical oncology for
some time, but only recently has it been discovered
that they can not only target tumor cells but also
have the potential to improve the effectiveness of
ICB therapy by modulating the TME [20]. DNMT
inhibitors typically work by blocking DNA methyl-
ation, such as reducing promoter hypermethylation
and allowing abnormally repressed tumor sup-
pressor genes, including P15 or CDKN2B, P16 or
CDKN2A, MLH1, and RB to re-express. There are
two different categories of DNMT inhibitors:
nucleoside DNMT inhibitors and non-nucleoside
DNMT inhibitors. While the non-nucleoside ana-
logues are able to target the catalytic sites of DNMTs
to influence their activity, nucleoside analogues
function by integrating into the DNA and trapping
DNMTs to DNA covalently [21]. Nucleoside ana-
logues that have been approved by the FDA to treat
acute myeloid leukemia (AML) and myelodysplastic
syndromes (MDS) are 5-aza cytidine and decitabine
(5-aza-20-deoxycytidine). Instead of integrating into
DNA, most non-nucleoside DNMT inhibitors are
small molecule medicines that target the catalytic
sites directly. Green tea polyphenol, epi-
gallocatechin-3-gallate (EGCG), curcumin, hydral-
azine, procainamide, RG-108, disulfiram, and SGI-
1027 were among them. Only azacytidine (Vidaza;
Celgene) and decitabine (5 aza 20-deoxycytidine) are
DNMT inhibitors (azanucleosides) currently
licensed by the US FDA [22]. Guadecitabine (SGI-
110), a next-generation DNMT inhibitor, is being
tested for its capacity to withstand cytidine deami-
nase-mediated degradation, resulting in extended
action in vivo. Of note, SGI-110 has potential
immunomodulatory and anticancer properties since
it is able to increase the expression of the HLA class
I molecule on melanoma cells as well as the quantity
of CD8þ T cells and CD20þ B cells [16,20].

2.2.1. DNMT inhibitor and immunotherapy
Recent research has shown that DNMT inhibitors

may enhance the effectiveness of immunotherapies
in a variety of malignancies. Decitabine promotes
the infiltration and anticancer activities of cytolytic
CD8þ T lymphocytes in a syngeneic mouse ovarian
cancer model, and the combination of decitabine
with anti-CTLA-4 antibody displays synergistic
antitumor effects and longer survival. The anti-
cancer effects of anti-PD-1 antibodies are amplified
by DNMT inhibition in animal models of breast,
colon, and prostate cancer due to the overexpression
of MHC-I genes, T-cell chemotaxis, and CD8þ T cell

tumor invasion. Notably, a phase 2 clinical research
examining the combination of the FDA-approved
anti-PD-1 antibody nivolumab and azacitidine in
AML patients showed that the combination is safe
and results in promising objective response rates
and overall survival results [23].

2.3. EZH2 inhibitor

EZH2 regulates gene expression epigenetically via
H3K27me3, which plays a pivotal role in carcinogen-
esis. Targeting EZH2 has been proved efficacious for
impeding tumor growth in many types of cancer.
Moreover, inhibition of EZH2 suppressed cell prolif-
eration in those tumor-bearing cancers, including
brain cancer [24], breast cancer [25], and ovarian
cancer [26]. It should be noted that not all tumors
respondwell to EZH2 inhibition. As over 50% of stage
3 and stage 4 breast cancer patients suffer from bone
metastases, Dihua Yu et al. found that EZH2 inhibitor
was futile to bone metastasis. However, treatment
with focal adhesion kinase inhibitor, a downstream
effector of EZH2 of breast cancer bone metastasis,
significantly impedes the metastasis [27]. Further-
more, increasing evidence has shown that histone
methylation plays an important role in modulating
the immune response in cancer. Dual G9A/EZH2 in-
hibitor treatment inhibits lysine histone methyl
transferases, activating immune response via the
CXCL10-CXCR3axis and suppressing tumor-induced
regulatory T cells in ovarian cancer [26]. These results
support that combination therapy with an EZH2 in-
hibitor is urgent for cancer therapy.

2.3.1. EZH2 inhibitor and immunotherapy
EZH2 is essential for the function of tumor-spe-

cific effector T cells. However, TME leads to a
decreased expression of EZH2 on T cells by limiting
glucose uptake, which in turn causes T cells to
malfunction. EZH2 expression in Tregs, Th and NK
cells, however, has the potential to inhibit anti-
cancer immunity. Moreover, expression of EZH2 in
ovarian tumors inhibits the synthesis of CXCL9, a
Th1-type chemokine that is essential for CD8þ T
cell infiltration in malignancies. Intratumoral CD8þ
T cells and EZH2 levels were adversely associated
with ovarian tumors. IL-6, IL-10, and C-C motif
chemokine ligand 20 (CCL20) are examples of cy-
tokines that TAMs with the M2 phenotype may
release to suppress the anti-tumor immune
response and promote tumor development. In
addition, EZH2 expression in effector T cells and
DCs could promote anti-cancer immunity. For naïve
T cells, EZH2 expression promotes survival, prolif-
eration, and function of effector T cells.
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Numerous clinical studies of EZH2 inhibitor in
various cancer types are now underway. These
include the EZH2 inhibitors GSK126, GSK2816126,
EPZ005687, El1, GSK343, GSK926, tazemetostat,
E7438/EPZ6438, EPZ011989, CPI-1205, CPI-169,
ZLD1039, and PF-06821497 [28]. On Jan. 23, 2020,
FDA approved tazemetostat (Tazverik®) as the first
EZH2 inhibitor for epithelioid sarcoma. Tazemeto-
stat is now being investigated for diffuse large B cell
lymphoma (DLBCL), mantle cell lymphoma, pros-
tate cancer, mesothelioma, urothelial carcinoma,
and rhabdoid tumors, among other diseases, in
clinical trials with other EZH2 inhibitors [28]. In the
foreseeable future, further EZH2 inhibitors are most
likely to get approval. Clinical studies of combina-
tion therapy using EZH2 inhibitors and additional
treatments such as immunotherapy, conventional
chemotherapy, and targeted medicines are now
being conducted, some of which have shown syn-
ergistic benefits [29]. One example is a combination
of Tazemetostat and anti-PD-L1 (Pembrolizumab)
for bladder cancer therapy that has initiated an early
phase clinical trial (NCT03854474).

2.4. Combined epidrugs with immunotherapy

As of now, HDAC inhibitors like romidepsin and
panobinostat are being used to treat cutaneous and
peripheral T-cell lymphomas as well as multiple
myeloma in the clinic. However, single-agent
treatment with DNMT or HDAC inhibitors pro-
duces a suboptimal response in solid tumors,
potentially due to a reduced therapeutic index or
poor bioavailability. In solid tumors, the combina-
tion of DNMT and HDAC inhibitors synergistically
induces re-expression of tumor suppressor genes
and inhibition of tumor growth in preclinical
models. Therefore, combination therapy of DNMT
and HDAC inhibitors would be effective in
reversing abnormal gene DNA methylation and
thus result in therapeutic benefit. With an extension
cohort for patients with virally caused malignancies,
they initiated a phase I (NCT01537744) research to
ascertain the maximum tolerated dosage (MTD) of
the combination of CC-486 and romidepsin for pa-
tients with advanced solid tumors. Even though the
CC-486 and romidepsin combination was ultimately
tolerated, no discernible anticancer action was
found [30].
Remarkable responses are seen with pem-

brolizumab, a PD-1 antibody used for immuno-
therapy in patients with mismatch repair (MMR)-
deficient colorectal cancer (CRC). However, most
patients with advanced CRC have tumors that are
resistant to PD-1 blockage because they are MMR

proficient (MMR-p). Tumor suppressor genes are
silenced by the actions of DNMTs and HDACs. Re-
expression of silenced tumor suppressors is a
mechanism through which preclinical combination
HDAC/DNMT inhibition suppresses tumor devel-
opment. Patients with advanced MMR-p CRC who
had previously progressed on one course of
chemotherapy were included in a single-institution,
open-label, randomized pilot trial (NCT02512172).
Pembrolizumab combined with the epigenetic
medicines 5-azacitidine and romidepsin is well
tolerated and safe for patients with advanced p-
MMR colorectal cancer. To identify response pre-
dictors, it will be necessary to compare biopsies
taken before and after therapy [31].

3. FDA-approved epidrugs: advantages and
disadvantages

With the development of various epidrugs, a
plethora of small molecule inhibitors targeting
epigenetic regulators have progressed to clinical
stage studies and have been investigated exhaus-
tively to ascertain therapeutic benefits in diverse
malignancies. We summarize below the advantages
and disadvantages of these epigenetic-targeted re-
agents in cancer therapy. It is now well accepted
that targeting epigenetic regulators has a profound
and rational foundation in the molecular under-
standing of its mechanism. Furthermore, increasing
evidence has validated epigenetic regulators as
viable therapeutic targets in various cancer types.
As a result, significant progress has been made in
the development of epigenetic-targeted small
molecule reagents. Thus far, these epidrugs have
exhibited impressive therapeutic efficacy, particu-
larly for hematological malignancies in preclinical
and clinical trials. In addition, given the potential for
epigenetic therapy to enhance antitumor efficacy of
current therapies, such as chemotherapy, immuno-
therapy, and targeted therapy, there have been
promising opportunities to develop novel treatment
regimens combining epidrugs with standard treat-
ment strategies. However, some challenges remain
to be faced and solved for successful epigenetic drug
discovery, including selectivity, efficacy and
resistance.
The first problem is selectivity in normal versus

cancer cells. It is generally considered that epige-
netic regulation of gene expression is an essential
component in a wide variety of physiological pro-
cesses in normal cells. Given the complexity of
tumorigenesis, aberrant regulation of epigenetic
machinery may affect multiple aspects in cancer,
leading to cancer growth, invasion and metastasis. It
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is therefore not surprising that some cancers may
develop addiction or higher sensitivity to certain
perturbation of epigenetic regulation as compared
to other cancer types or their normal counterparts.
Thus, it is important to identify the most important
epigenetic aberrations for different cancers, which
may provide cancer-specific vulnerabilities.
The second challenge is limited efficacy in solid

tumors. Up to now, the most impressive results of
epigenetic therapy has been obtained in hemato-
logical malignancies, but not in solid tumors, which
has attracted tremendous research efforts to un-
derstand the role of TME, particularly, the immu-
nosuppressive environment in solid tumors.
Considering the distinct properties of hematological
malignant cells versus solid tumor cells, future
studies will have to incorporate appropriate strate-
gies to tackle the TME to improve the therapy
success.
The third challenge is acquired drug resistance.

Like most small molecule compounds, drug resis-
tance is a common problem and more importantly,
single agent may not work well for advanced solid
tumors. Given that epigenetic alterations may affect
the sensitivity of other therapies, such as chemo-
therapy, radiotherapy, or immunotherapy, it would
be interesting to test whether epigenetic-targeted
therapy could be used an important adjunctive
therapy. In the near future, results from the ongoing
clinical trials on the combination of epidrugs and
standard therapies will provide valuable
information.

4. The renaissance of natural compounds in
cancer therapy: an update

It has been increasingly evident that dietary sup-
plements and natural compounds exhibit potent
antitumor activities. These effects are mediated in
part by modulation of epigenetic machinery to
reprogram the TME to affect antitumor immunity.
Here, we highlight the most up-to-date information
on the preclinical and clinical trials using naturally
occurring compounds alone or in combination with
current cancer therapies, such as chemotherapy,

targeted therapy, and immunotherapy. We sum-
marize the ongoing cancer clinical trials of natural
compounds, as of November 2022, either alone or in
combination therapy in Tables 2 and 3, respectively.
So far, there are 77 clinical trials testing the anti-
tumor efficacy of 26 natural compounds in various
cancer types, among which we highlight the most
recent results of these clinical studies.

4.1. Curcumin

Due to its extensive pharmacological and biolog-
ical qualities, curcumin, a natural chemical derived
from the rhizomes of Curcuma longa, has come
under intensive examination. Given the antibacte-
rial, anti-inflammatory, antioxidant, anti-fungal,
anti-antineoplastic, and pro-apoptotic properties of
curcumin, the enormous potential of curcuminoids
in the therapeutic management of numerous
chronic diseases like cancer has already been shown
by a multitude of literature. When exposed to the
toxic effects of conventional therapies, it displays
both chemoprotective and chemo sensitive, as well
as radioprotective and radiosensitive, qualities.
Curcumin has been shown to have anti-cancer ef-
fects in animal studies, and many more trials are
underway to assess its safety, feasibility, and
recurrence rate in cervical cancer patients receiving
chemoradiation treatment (ClinicalTrials.gov Iden-
tifier: NCT02554344; NCT04266275; NCT04294836;
NCT02944578). Curcumin's potential to alleviate the
itchiness and discomfort caused by radiation was
highlighted in another research involving patients
with breast cancer [32]. Curcumin, an FDA-
approved chemotherapeutic medication, has syner-
gistic benefits in combination treatment outcomes.
The majority of these combination therapies are
currently in the pre-clinical trial stage of testing. For
instance, curcumin helps 5-FU (fluorouracil, a pop-
ular chemotherapy treatment authorized by the
FDA), destroy the stomach tumor [33]. Additionally,
curcumin suppresses the growth of liver cancer
synergistically. Of note, a phase 3 clinical study for
curcumin is being conducted in conjunction with
breast cancer. Finally, scientists have recently used

Table 2. Clinical trials of natural compounds in combination with cancer immunotherapies.

Natural compounds Immunotherapy Cancer type Phase NCT#

Romidepsin Pembrolizumab (PD-1) Colorectal cancer Phase 1 NCT02512172
Pembrolizumab (PD-1) Lymphoma Phase 2 NCT03192059
Pembrolizumab (PD-1) Multiple lymphoma Phase 1,2 NCT03278782
Pembrolizumab (PD-1) Solid tumors Phase 1 NCT01537744

Vitamin D Pembrolizumab (PD-1) Cervical cancer Phase 1 NCT03331562
Curcumin Pembrolizumab (PD-1) Endometrial cancer, Uterine cancer Phase 2 NCT03192059
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Table 3. Pre-clinical studies of natural compounds in combination with other cancer therapies.

Natural
compounds

Cancer therapy Cancer model In vitro and in vivo results Ref

Nano-curcumin Nano-vaccine Breast cancer: in vivo In vivo: amplified the level of systemic host T-cell immunity, promoted the infiltration of
CD8þ T lymphocytes in tumor, and attenuated the local tumor recurrence and pulmonary
metastasis

[34]

Nano-docetaxel Breast cancer: in vitro
and in vivo

In vitro: nanosuspensions showed higher cytotoxicity on MCF-7 cell line compared to their
suspensions;
In vivo: sensitization of tumor cells and inhibition of p-gp showed greater tumor inhibition
rate of up to 70%

[96]

Doxorubicin Colorectal cancer: in
vitro and in vivo

In vitro: poly (ethylene glycol) -coated curcumin/doxorubicin hydrochloride nanoparticles
(PEGeCRC/DOX NPs), well localized within DOX-resistant cancer cells, induced apoptosis
and suppressed the major efflux proteins;
In vivo: HCT-8/DOX-resistant tumor xenograft showed improved bioavailability of the PEG
eCRC/DOX NPs, and suppressed tumor growth significantly

[97]

Curcumin Gemcitabine
(Gemzar)

Pancreatic cancer:
clinical trial

Phase 3 clinical trial: Recruiting NCT
00486460

Metformin Liver cancer: in vitro
and in vivo

In vitro: co-treatment of metformin and curcumin induced tumor cells apoptosis and sup-
pressed invasion, metastasis of HCC cells and angiogenesis of HUVECs;
In vivo: co-administration of metformin and curcumin significantly inhibited HCC tumor
growth than administration with metformin or curcumin alone in a xenograft mouse model

[98]

5-FU (Fluorouracil) Gastric cancer: in
vitro and in vivo

Curcumin enhances the anticancer effect of 5-fluorouracil (5-FU) against gastric cancer in
vitro and in vivo

[33]

Resveratrol Doxorubicin Breast cancer: in vitro
and in vivo

In vitro: resveratrol markedly enhanced Dox-induced cytotoxicity in breast cancer cells;
In vivo: treatment with a combination of resveratrol and Dox significantly inhibited xenograft
tumor volume by 60%, relative to the control group

[35]

Gemcitabine
(Gemzar®)

Pancreatic cancer: in
vitro and in vivo

In vitro: resveratrol inhibited pancreatic cancer cell proliferation, synergized the apoptotic
effects of gemcitabine;
In vivo: in an orthotopic model of human pancreatic cancer, resveratrol significantly sup-
pressed the growth of the tumor, which was further enhanced by gemcitabine

[36]

Temozolomide
(Temodar®)

Brain cancer: in vitro
and in vivo

In vitro: temozolomide (TMZ) induced both apoptotic cell death and cytoprotective auto-
phagy, which was suppressed by resveratrol, resulting in a decrease in autophagy and an
increase in apoptosis in a synergistic manner;
In vivo: mouse xenograft study showed that coadministration of resveratrol and TMZ reduced
tumor volumes

[37]

5-FU (Fluorouracil) Skin cancer: in vitro
and in vivo

In vitro: resveratrol augmented the growth inhibitory effect of 5-FU on TE-1 and A431 cancer
cells;
In vivo: the tumor regression rate in the combination group increased significantly after four
weeks of treatment

[99]

Bladder cancer: in
vitro

In vitro: combination treatment with rapamycin and resveratrol induced cell death specif-
ically in TSC1�/� MEF cells, and not in wild-type MEFs. Similarly, resveratrol alone or in
combination with rapamycin induced cell death in human bladder cancer cell lines

[100]

Sirolimus (Rapamune,
Rapamycin)

Thyroid cancer: in
vitro and in vivo

In vitro: compared to single use of rapamycin or resveratrol, co-administration had a syn-
ergistic effect in inhibiting proliferation and invasion/migration of papillary thyroid cancer
cells and inducing apoptosis. Resveratrol is sensitizing the anti-tumor effects of rapamycin;
In vivo: co-administration significantly enhanced the anti-tumor effects than use of any one
drug, as shown by the reduction of the tumor growth rate in the xenograft model

[101]

(continued on next page)
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Table 3. (continued )

Natural
compounds

Cancer therapy Cancer model In vitro and in vivo results Ref

Sirolimus (Rapamune,
Rapamycin)

Lymphoma: in vivo In vivo: the combination of rapamycin treatment with resveratrol in the TSC2-null xenograft
tumor model inhibited PI3K/Akt/mTORC1 signaling and activated apoptosis

[102]

EGCG Doxorubicin Bladder cancer: in vitro In vitro: EGCG enhanced the anti-tumor effect of DOX in bladder cancer via NF-kB/MDM2/
p53 pathway

[103]

Doxorubicin Lung cancer: in vivo In vivo: Treatment of metastatic human lung tumor xenograft/severe combined immuno-
deficient (SCID) mice with doxorubicin-loaded anti-beta1 Fab immunoliposomes resulted in
a significant suppression of tumor growth; the immunoliposomes prevented the metastatic
spread of the tumor to the liver and adrenal glands and increased the median survival time of
the tumor-bearing mice

[104]

Doxorubicin Liver cancer: in vitro
and in vivo

In vitro: administration of DOX in combination with ECG or EGCG markedly enhanced
intracellular DOX accumulation and inhibited HCC cell proliferation;
In vivo: administration of DOX with ECG or EGCG at lower doses significantly inhibited
hepatoma growth in a xenograft mouse model, compared with treatment with either agent
alone at the same dose

[105]

5-FU (Fluorouracil) Gastric cancer: in vitro In vitro: EGCG inhibited gastric cancer growth and reverses 5-FU resistance of gastric cancer [106]
5-FU (Fluorouracil) Colorectal cancer: in

vitro
In vitro: compared to 5-FU or EGCG treatment alone, the combination of both significantly
promotes cancer cell apoptosis and DNA damage

[107]

Gemcitabine (Gemzar) Pancreatic cancer: in
vitro and in vivo

In vitro: EGCG affected glycolysis by suppressing the extracellular acidification rate through
the reduction of the activity and levels of the glycolytic enzymes; EGCG sensitized gemci-
tabine to inhibit pancreatic cancer cell growth;
In vivo: EGCG and gemcitabine, given alone, reduced pancreatic tumor xenograft growth by
40% and 52%, respectively, whereas the EGCG/gemcitabine combination reduced tumor
growth by 67%

[108]

Gemcitabine (Gemzar) Pancreatic, colon, and
lung cancer: in vitro

In vitro: EGCG sensitized gemcitabine, 5-FU, and doxorubicin in multiple cancer cell lines,
including pancreatic, colon, and lung cancer cells

[109]

Gemcitabine (Gemzar) Lung cancer: in vitro
and in vivo

EGCG synergizes with Gefitinib to inhibit the proliferation of Gefitinib-resistant NSCLC cells
in vitro and suppress tumor growth in an in vivo xenograft mouse model

[110]

Romidepsin
(FDA
approved)

Duvelisib (Copiktra®) Lymphoma: clinical
trial

Phase I clinical trial; Active, not recruiting NCT
02783625

Sodium
Butyrate

Cisplatin (Platinol) Gastric cancer: in vitro
and in vivo

In vitro: Cisplatin combined with sodium butyrate increased the apoptosis of GC cells;
In vivo: in the nude mouse xenograft tumor model, sodium butyrate in combination with
cisplatin markedly inhibited the growth of the tumor more effectively than either single agent

[111]

Docetaxel Lung cancer: in vitro
and in vivo

Combined therapy of sodium butyrate and docetaxel additively inhibited proliferation and
promotes apoptosis of A549 lung adenocarcinoma cells via suppressing Gli1 expression in
vitro and in vivo

[112]

Gemcitabine (Gemzar) Pancreatic cancer: in
vitro and in vivo

In vitro: beside slowing proliferation, butyrate enhanced gemcitabine effectiveness against
human pancreatic cancer cell lines;
In vivo: when administered to a PDAC mouse model, alone or combined with gemcitabine,
butyrate markedly reduced the cancer-associated stromatogenesis, preserved intestinal mu-
cosa integrity and affected fecal microbiota composition by increasing short chain fatty acids
producing bacteria and decreasing some pro-inflammatory microorganisms

[45]

EGCG Resveratrol Head and neck cancer:
in vitro and in vivo

In vitro: combination of EGCG and resveratrol has synergistic growth inhibitory in head and
neck cancer cell lines;
In vivo: The combination significantly inhibited growth of xenografted head and neck tumors
in nude mice

[113]
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nanoparticle technology to overcome the poor drug-
likeness of curcumin. It has been shown that nano-
curcumin maintains its anti-tumor action while also
improving bioavailability. Similar to regular curcu-
min, nano-curcumin has the potential to eradicate
cancer by boosting tumor immunogenicity and
sensitizing drug-resistant tumor cells. This combi-
nation has been authorized by the FDA [34].

4.2. Resveratrol

Numerous studies have documented the anti-
tumor efficacy of resveratrol in pre-clinical and
clinical trials of single therapy. Importantly,
resveratrol in combination with other cancer treat-
ments have recently been shown to have a syner-
gistic impact on some tumors [35]. Additionally, the
findings of the pre-clinical trials demonstrate that in
cold tumors, such as breast cancer [35], pancreatic
cancer [36], and brain cancer [33,37], the combina-
tion strategy reduced tumor volume more than that
of the single therapy. Furthermore, resveratrol has
been mentioned as a possible immunomodulatory
reagent. As a result, resveratrol plus immuno-
therapy may turn a cold tumor into a hot tumor
which is then susceptible to immunotherapy. The
most recent research found that resveratrol lowers T
cell PD-1 expression [38]. However, it has been
demonstrated that resveratrol reduces tumor vol-
ume in the hot tumor, such as via enhancing NK cell
IFN- production in a mouse melanoma model,
despite the lack of data about the interaction of
resveratrol and classical immune blockade, PD-L1/
PD-1 pathway [39]. Additionally, it lowers the
number of melanoma colonies in vivo while
increasing CXCL10 and IFN- levels in the tumor
microenvironment [40].

4.3. EGCG

Epigallocatechin gallate (EGCG) is the primary
active ingredient in the green tea polyphenol prep-
aration known as Polyphenon E (Poly E). A recent
study examined Poly E's effectiveness and safety in
preventing cancer in those who had rectal aberrant
crypt foci (ACF), which are thought to be the origins
of colorectal cancer. Participants were considered
eligible if they had a history of advanced colorectal
adenomas or malignancies and if they had fewer
than five rectal ACF at the time of their preregis-
tration chromoendoscopy. In the clinical experiment
with the identifier NCT01606124, participants
(N ¼ 39) were assigned at random to receive 6
months of oral Poly E daily. The main outcome was
the percentage of rectal ACF decrease at

chromoendoscopy compared to baseline. At six
months, adenoma recurrence rates were compara-
ble. The amount of medication taken was not
considerably different. Adverse effects (AE) from
Poly E were well tolerated and did not significantly
vary. In summary, Poly E for 6 months did not
substantially lower the number of rectal ACF. At the
dosage tested, Poly E was well tolerated and had
little toxicity [41].
Furthermore, in pre-clinical studies, immune

modification by EGCG has been widely docu-
mented. Although these findings point to potential
application outcomes, numerous challenges still
exist, such as low stability and limited solubility.
Importantly, combination treatment has shown
better anti-tumor effectiveness in pre-clinical testing
than single regimens. Combining EGCG with
doxorubicin demonstrates that EGCG helps reduce
doxorubicin dosages while maintaining the same
benefit in the treatment of bladder cancer, prostate
cancer, and liver cancer [103e105]. Since doxorubi-
cin's cardiotoxicity was well documented in clinical
studies, EGCG serves as the perfect adjuvant to
shield against unintended consequences. Addition-
ally, drug-resistant cancers are sensitized by EGCG
in multiple cancer types, including pancreatic, colon
and lung cancer cells [109]. Mechanistically, this
sensitization may be through concentration-depen-
dent suppression of ERK phosphorylation by
EGCG, which leads to increased sensitivity to cur-
rent chemotherapeutics, including gemcitabine, 5-
flourouracil, and doxorubicin [109]. Furthermore,
according to recent research, co-treatments with
EGCG and FDA-approved chemotherapeutic med-
icines reduce the development of cold tumors
including breast cancer and pancreatic cancer [110].

4.4. Trichostatin A

Through its HDAC inhibitor action, trichostatin A
(TSA) has been investigated in pre-clinical trials for
its potential to prevent tumor growth and boost the
immune system in a variety of cancer types. TSA is
seen as a possible adjuvant to treat resistant cancer
cells in light of the rising incidence of drug resis-
tance to chemotherapy. Through the inhibition of
the ERK pathway, TSA synergistically enhances the
anti-tumor activity of paclitaxel in cases of bladder
cancer [42]. Recent research by Xiaolei Li et al.
showed that co-administering TSA with anti-PD-L1
immunotherapy increased PD-L1 on the surface of
tumor cells [43]. Additionally, using TSA in
conjunction with immune treatment and radiation
therapy seems to enhance the prognosis for head
and neck cancer, according to the cancer genome
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dataset. These pre-clinical study findings support
the significance of TSA to assist in the tumor
removal in cancer treatment, despite the lack of TSA
use in the clinical experiments yet [44].

4.5. Butyrate

In several in vitro and in vivo investigations,
butyrate has anti-cancer efficacy via its HDAC
inhibitory action. Increasing research in recent years
has suggested the potential of combination therapy
with chemotherapy drugs in the treatment of gastric
cancer [57] and lung cancer [58], despite the fact that
the most recent clinical trial database shows insuf-
ficient study numbers in both the single treatment
and co-treatment of butyrate. In pancreatic cancer,
mainly considered a cold tumor, butyrate and
gemcitabine combination also augments gemcita-
bine-induced apoptosis. However, the same article
in vivo study shows no significant difference in
combination treatment as compared to single
administration. Despite that, the co-treatment im-
pedes stroma genesis by decreasing extracellular
matrix and fibrosis formation [45].

5. Natural compounds as epigenetic
modulators in immune-oncology

The adaptive and innate immune systems work
together to maintain a highly proficient immune
surveillance machinery that can recognize and
eradicate malignant cells. The functions of, and
cross-regulation between, the adaptive immunity,
mediated by T and B cells, and innate immunity,
mediated by dendritic cells (DCs), monocytes and
macrophages, and natural killer (NK) cells, are
essential for anticancer immunity through in-
teractions and production of cytokines, chemokines,
and growth factors. Accumulating evidence from
multiple experimental models demonstrates a
multifaceted role of natural compounds in the
epigenetic modulation of antitumor immunity [1,4].

5.1. Antitumor adaptive immunity

The adaptive immune responses mediated by T
and B cells are initiated and shaped in part by the
innate immune responses. The detection of antigen
by T cell antigen receptors is the first signal in a
three-signal model that activates T cells. The second
signal is co-stimulation by the antigen presenting
cell (APC). As for the third signal, it comes from
innate immunological activation-derived inflam-
matory cytokines that may either act directly on the
T cell or indirectly by boosting costimulatory

molecules on the APC. Antigen may also activate B
cells in two ways: through interactions with T cells
or independently of them [46].

5.1.1. CD4þ T cells
For quite some time, the cytokines secreted by

CD4þ T helper (Th) cells and, more recently, the
expression of important transcription factors, have
been the primary determinants of subset identifi-
cation. Understanding Th differentiation and func-
tion has been aided by the original paradigm of IFN-
producing Th1 cells and IL-4-producing Th2 cells.
Recently, a group of T cells called Th17 cells, which
are distinguished by their ability to produce IL-17,
has been identified based on observations that could
not be addressed using the traditional Th1/Th2
paradigm alone. The importance of Th17 cells is
exemplified by the fact that the response of the body
to infections, cancer, and the development of auto-
immune illnesses all require Th17 cells. At the same
time, regulatory/suppressor CD4þ and CD8þ T
cells are crucial immune regulatory mechanisms
that control CD4þ T cell responses in both immu-
nological stimulation and immune suppression [47].

5.1.1.1. CD4þ T cells in immune stimulation. Many
natural compounds modulate CD4þ T cells in im-
mune stimulation. Kespohl et al. suggest that buty-
rate enhances immunological response at high
concentrations (1 mM). By causing H3 acetylation at
T-bet and Ifny genes, butyrate epigenetically regu-
lates Treg differentiation and prevents Treg pro-
duction [48]. Additionally, butyrate promotes the
development of naive CD4þ T cells into Th1 and
Th17 cells and boosts IFN- production in CD4þ T
cells. Overall, butyrate promotes CD4þ T cells in a
dose-dependent way leading to immunological
activating or immune suppressive [49]. Curcumin
inhibits cell-cell interaction and suppresses the
expression of Foxp3 and CTLA-4, which dampens
the tumor-induced suppressive activity of Tregs.
Curcumin also inhibits the release of inhibitory cy-
tokines and reduces the number of Tregs that
secrete them [50]. Importantly, following in-
vestigations of individuals with human colon and
lung cancer corroborated the significance of curcu-
min as an immune-modulator. Treatment with
curcumin dramatically decreases regulatory T cells,
impairs Foxp3 expression, boosts IFN- production,
and converts regulatory T cells to Th1 cells [51].

5.1.1.2. CD4þ T cells in immune suppression. On the
other hand, many natural compounds, such as
butyrate, curcumin, EGCG, sulforaphane, and tri-
chostatin A, also have the capacity to decrease the
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immune system's response to CD4þ T cells.
Through reducing the expression of Rort, a crucial
transcription factor for Th17 differentiation, buty-
rate prevents the formation of Th17 cells. According
to research by J-Q Liu's team, curcumin prevents the
proliferation of CD4þ T cells, including Th1, Th17,
and Treg cells, by upregulating the pro-apoptotic
protein Bax and downregulating the anti-apoptotic
protein Bcl-2 in CD4þ T cells [52]. Additionally,
curcumin reduces the synthesis of IL-12 by macro-
phages, which dampens Th1 response and prevents
Th17 cells from secreting IL-17 [53]. But additional
research is needed to determine curcumin's overall
impact on immune response.
Another mechanism by which natural compounds

modulate CD4þ T cell function in immune sup-
pression is through the phosphorylation of STAT3, a
key transcription factor for Th17 development.
Curcumin modulates STAT3 phosphorylation in
patients with psoriatic arthritis and psoriasis, and
curcumin therapy results in anti-inflammatory
response [54]. Another report also found that cur-
cumin impairs the DC-dependent differentiation of
Th1 and Th17 cells in vivo and causes anti-inflam-
matory phenotype in DCs with enhanced STAT3
phosphorylation [55]. Moreover, through inhibition
of IL-2, proliferation of CD4þ T cells in mice was
directly suppressed by EGCG [56]. Tyrosine and
serine phosphorylation of STAT1, which is required
for naïve T cell development into Th1, is also
inhibited by EGCG, as was shown in a recent
research [57]. Jie Liang et al. reported that sulfo-
raphane inhibits STAT3 phosphorylation in contrast
to curcumin, which enhances phosphorylation of
STAT3, but studies are required to determine
whether this is connected to the Th17 cell's inhibi-
tion by sulforaphane (SFN), a naturally occurring
substance found in cruciferous vegetables and well-
defined DNMT and HDAC inhibitor [58]. Cristian
Doas's finding on Treg modulation demonstrates
that TSA promotes H3 acetylation at the Foxp3 gene
promoter, which aids in Treg development and is
significantly greater in differentiated Treg than in
naïve T cells. Additionally, mice with TSA-induced
Treg have increased levels of ectonucleotidases
CD39 and CD73, which furthers their immunosup-
pression [59]. On the other hand, a previous study
found that TSA treatment decreases the amount of
Foxp3 mRNA and protein, as well as
CD4þCD25þFoxp3þ Treg [60]. Finally, Cao K. et al.
also found that TSA and anti-CTLA4, when used
together, increased the filtration of the CD4þ T
lymphocyte population, which led to synergistic
anti-tumor effects in an animal model with mela-
noma [61].

5.1.2. CD8þ T cell
CD8þ cytotoxic T lymphocytes (CTLs) are highly

sought after for their ability to destroy cancer cells.
TME factors, such as immune-related tolerance and
immunosuppression, support adaptive immune-
resistance during cancer development, leading to
malfunction and depletion of CTLs. When it comes
to eliminating cancer cells that display major MHC
class I molecules, CD8þ T lymphocytes are crucial
Whereas DCs, NKs, and CD4þ T cells are key
players in the priming process that sets the stage up
for this task [62].

5.1.2.1. CD8þ T cell in immune stimulation. The gut
microbiota produces metabolites such as short-
chain fatty acids (SCFAs) that regulate the energy
homeostasis and impact immune cell function of the
host. Recently, innovative approaches based on the
oral administration of SCFAs have been discussed
for therapeutic modification of immune responses.
So far, although most studies have investigated the
SCFA-mediated effects on CD4þ T cells and APCs,
butyrate and, to a lesser degree, propionate directly
modulate gene expression of CD8þ CTLs and
Tc17 cells. Importantly, butyrate was a mediator of
the molecular transition of Tc17 cells towards the
CTL phenotype through increased IFN- and gran-
zyme B production by CTLs, irrespective of its
interaction with particular SCFA-receptors GPR41
and GPR43. Strong HDAC inhibition by butyrate in
CD8þ T lymphocytes affected the expression of
effector molecule genes. As a result, sodium val-
proate and TSA, two pan-HDAC inhibitors, had an
equivalent effect on CD8þ T cells. Furthermore, via
modifying cellular metabolism and mTOR activity,
increased acetate concentrations were also able to
boost IFN-production in CD8þ T cells. These dis-
coveries may have important effects on antiviral
immunity as well as cancer adoptive immuno-
therapy [63].

5.1.2.2. CD8þ T cells in immune suppression.
Romidepsin has anti-tumor actions against a wide
variety of solid cancers. Although romidepsin has
been shown to increase PD-L1 expression in tumor
cells, its effect on anti-tumor immune responses is
recently emerging. In one study examining romi-
depsin for its potential to inhibit tumor growth and
impact immune responses in colorectal cancer, the
growth of CT26 and MC38 cells was suppressed by
romidepsin, which also produced a G0/G1 cell cycle
arrest and elevated apoptosis. Romidepsin upregu-
lated BRD4 and enhanced H3 and H4 acetylation,
leading to higher PD-L1 expression in vivo and in
vitro. Furthermore, romidepsin enhanced the
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proportion of FOXP3þ Tregs and lowered the ratio
of Th1/Th2 cells and the percentage of IFN-þ CD8þ
T cells in the peripheral blood and the TME in mice
with subcutaneous transplant tumors and animals
with colitis-associated cancer (CAC). The anti-tumor
effects of romidepsin were amplified, and the
impact on CD4þ and CD8þ T cells was partly
reversed, when the drug was combined with an
anti-PD-1 antibody. Therefore, combining romi-
depsin with anti-PD-1 immunotherapy is a prom-
ising strategy for treating colon cancer [64].
Similarly, when EGCG was added to mouse spleen
cells, it stopped T cells from responding. Cocultures
of APCs and T cells that had been preincubated with
or without EGCG showed that EGCG stopped the
growth of T cells that were caused by antigens,
mostly through a direct effect on T cells. Further-
more, when anti-CD3/CD28-purified mouse T cells
were tested in the presence of EGCG (2.5e15 mmol/
L), EGCG dose-dependently stopped cell division
and progression through the cell cycle, and that this
effect was stronger in CD4þ T cells than in CD8þ T
cells. Notably, IL-2 levels in cell cultures treated
with EGCG were higher than those in the control
cells untreated. However, intracellular staining
showed no difference in IL-2 synthesis, but EGCG-
treated cells expressed less IL-2 receptor (IL-2R)
compared with untreated control cells. Thus, EGCG
directly inhibits T cell proliferative response to both
polyclonal and antigen-specific stimulation. Future
studies should determine the effect of EGCG on
CD4þ cell subsets to assess its application in T cell-
mediated immune suppression [52,56].

5.2. Antitumor innate immunity

Pattern-recognition receptors (PRRs) that detect
danger-associated molecular patterns (DAMPs) or
pathogen-associated molecular patterns (PAMPs)
are essential for the activation of the innate immune
response. A significant class of PAMPs that function
in certain subcellular localizations and are detected
by a wide variety of PRRs are pathogen-derived
nucleic acids. Because nucleic acids are abundant in
cells, the PRRs that correspond to them have
evolved to be tightly controlled and segregated [65].

5.2.1. DCs
DCs serve critical functions in both fostering

immunological defense and maintaining immune
tolerance. They constitute the vital connection be-
tween innate immunity and adaptive immunity.
Different DC subsets must be transported between
lymphoid and nonlymphoid tissues in order for DCs
to activate and control immune response and

inflammation. DC chemotaxis and migration are
induced by interactions between chemokines and
their receptors, which are controlled by a variety of
intracellular processes, including tissue-specific
metabolic remodeling, protein modification, epige-
netic reprogramming, and cytoskeletal rearrange-
ment. An imbalance of immune responses,
including autoimmune reactions, infectious disor-
ders, allergy diseases, and malignancies, may occur
from dysregulation of DC migration, aberrant
placement of DCs, or even DC activation [66].
Due to microbial fermentation of dietary fiber,

butyrate, a prominent SCFA in the mammalian
gastrointestinal system, is the first important
HDACi that has been discovered. A number of lines
of evidence suggest that butyrate may exercise its
anti-cancer and chemo-preventive effects by boost-
ing the anti-tumor immune response, in part
through dampening DC's efficacy [67]. In this study,
butyrate reduces the production of pro-inflamma-
tory chemokines such as CCL3, CCL4, CCL5,
CXCL9, CXCL10, and CXCL11 that are secreted by
DCs [68]. This modulation of DCs by butyrate may
be attributed to its role as a HDAC inhibitor. In
addition, butyrate has also been shown to suppress
immunological response by increasing IL-10 Treg
activity. In this work, butyrate promotes net histone
acetylation in human DCs, driving retinaldehyde
dehydrogenase 1 (RALDH1) production. In turn,
Retinoic acid (RA), which is produced from vitamin
A by RALDH1, is transported to Treg, where RA
binds to the RA receptor, causing Foxp3- Treg1 to
secrete IL-10, an immunosuppressive cytokine of T
cell proliferation [69]. Similarly, EGCG also pre-
vents DCs from mounting an immunological
response. Generally, either lipopolysaccharide (LPS)
or inflammatory cytokines stimulate the maturation
of DCs through boosting expression of CD80, CD83,
and CD86, leading to T cell activation. According to
Yoneyama's study, EGCG prevents DCs from
maturing by reducing CD83 expression in human
DC progenitors [70]. Mechanistically, this regulation
may be attributed to the histone methyltransferases
(HMT) activity of EGCG, although the mechanism is
not fully understood [71]. Consistent with the notion
that histone methylation modifications occur
throughout DC development and maturity, the
maturation of a common DC progenitor (CDP) into
a conventional DC is accompanied by increased
levels of histone H3 lysine 4 monomethylation
(H3K4me1) and H3 lysine 4 trimethylation
(H3K4me3) [72]. According to Muhammad Jasim
Uddin et al., SFN inhibits LPS-induced immuno-
logical responses in DCs via suppressing the
expression of CD40, CD80, and CD86. They further
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showed that the immune suppression by SFN is
mediated by the downregulation of HDAC10 and
DNMT3a by SFN [88]. Additionally, their findings
indicated that SFN also enhances the accumulation
of cellular-resident TNF-, which may eliminate
pathogens by activating the NF-B signaling
pathway, supporting the idea that SFN functions as
an immune stimulant in this context [88]. Consistent
with a pleiotropic effect of SFN on immunological
response, SFN blocks DCs maturation by down-
regulation of CD40, CD80, and CD86, which in turn
reduces co-stimulatory signals involved in CD4þ T
cell activation. Alternatively, MHC-SLA1, a TLR4-
induced cell surface molecule located on DCs is
upregulated by SFN, through an decrease of MHC-
SLA1 promoter DNA methylation, which leads to
the augmentation of MHC-SLA1 expression, then T
cell recognition and T cell cytotoxicity [73]. Finally,
curcumin, one of the most extensively studied nat-
ural phytochemicals, play multiple roles as an
epigenetic modulator that have recently been
reviewed [74]. As shown by the work of Francesca
Milano et al., curcumin upregulates CD86 to
enhance DCs maturation, which in turn stimulates
the favorable immunological response. Although
the specific mechanisms by which curcumin acti-
vates CD86 were not revealed in this report, there
are studies suggesting that the function of curcumin
is related to m6A regulation [75], DNA methylation,
and histone methylation [76].

5.2.2. TAMs
The presence of TAMs is generally associated with

therapy failure and poor prognosis in solid tumors.
These findings have sparked tremendous interest in
the development of macrophage antagonists, many
of which have already demonstrated combinatorial
efficacy when combined with immunotherapy.
Given the effects of many natural compounds on
macrophages polarization, further studies are
required to test whether this leads to enhanced
antitumor immunity. By altering cytokine produc-
tion, Sadaf Shiri's team found that dendrosomal
formation of curcumin (DNC) stimulates a strong
macrophage immune response and prevents meta-
static breast cancer in mice [77]. By increasing the
expression of STAT4/IL-12 and decreasing the
expression of STAT3/IL-10, DNC treatment changed
the balance of M1/M2 macrophages into a majority
of M1. But it is still not clear how DNC controls
STAT4/IL-12 and STAT3/IL-10. Additionally, cur-
cumin blocks STAT3 activation by preventing
phosphorylation of STAT3 at tyrosine 705 [78].
Importantly, curcumin's ability to prevent phos-
phorylation of STAT3 is responsible for its effects on

macrophages. Additionally, the findings of William
F. Carson 4th0s team may help explain why STAT4
and IL-12 are modulated in the first place. Using a
mouse model, they demonstrated that curcumin
regulates macrophages to elicit a favorable immu-
nological response via increasing H3K4me3 in
STAT4 [79]. Similarly, according to Ji-Young Jang
et al., EGCG suppresses the polarization of M2
macrophages and controls the release of the im-
mune suppressive cytokines IL-6 and TGF-b. They
further proposed that miR-16 upregulation is the
key mechanism of this regulation. According to their
model, EGCG upregulates miR-16 in breast cancer
cells, which is then transported via exosome to M2
macrophages [80].
On the other hand, SFN reduces immunological

response through macrophages through a variety of
mechanisms. Recent research by Haidy A. Saleh
et al. shows that SFN is a strong immune suppressor
against LPS/IFN-stimulated macrophages by
reducing the induction of miR-146a and miR-155
trigged by LPS/IFN [81]. These findings may lead to
the hypothesis that SFN might serve as a promising
reagent to reduce inflammation. Similarly, SFN re-
duces the LPS-induced DNMT3a elevation in
porcine macrophages, which lowers the amount of
CD14 metalation and inhibits CD14 in the LPS-
induced inflammatory pathway [82].

5.2.3. Natural killer cells (NKs)
NKs are a distinct class of innate lymphoid cells

with the capacity to recognize and destroy
cancerous and virally-infected cells, thus playing a
crucial role in anticancer immunity due to their
various cytotoxicity mechanisms to modify the im-
mune response via cytokine production. Following
the groundbreaking achievements of chimeric anti-
gen receptor (CAR)-T cell therapy and the devel-
opment of technologies that may transform cells
into potent antitumor weapons, interest in NKs as a
potential immunotherapy option has surged
tremendously in recent years [83].
Curcumin, a potent cytotoxic natural compound

against a variety of cancers, exerts multiple roles in
the modulation of antitumor immunity. In glio-
blastoma and cervical cancer models, TAMs
exhibited a dramatic switch from the pro-tumor and
immunosuppressive M2-like phenotype to the
tumoricidal and pro-inflammatory M1 phenotype
when treated with a CD68 antibody-curcumin
adduct, phytosomal curcumin, or TriCurin, a syn-
ergistic formulation of curcumin, resveratrol, and
EGCG. Additionally, TAMs release the chemokine
MCP-1 (also known as CCL2), which leads to the
recruitment of activated macrophages and NKs
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from the bloodstream into the tumor. Because acti-
vated NKs destroy tumor cells and also release IFN,
which binds to its receptor on microglia and mac-
rophages to maintain the M1 phenotype, thus
further amplifying the effects of curcumin.
Furthermore, the M1-like microglia/macrophages
destroy tumor cells by secreting the deadly chemical
nitric oxide (NO), but activated NKs also kill cancer
cells, cancer stem cells, and dormant macrophages
(M0-type) by establishing immunological synapses.

This is in line with the notion that M2 and M0-type
macrophages are both killed by activated NKs
whereas M1-like macrophages are spared [84].
Not only curcumin, EGCG and resveratrol are

other natural compounds that have the capacity to
activate NKs. As for green tea, tea catechin and
saponin are key players in Th1/Th2 polarization that
controls B-cell development. In one study, mice
were given an oral dose of a standardized green tea
extract (EGTE), and the effects on innate and

Fig. 2. Schematic representation of the anticancer activities of natural compounds. On the one hand, natural compounds have shown anticancer
activities by directly targeting cancer cells. On the other hand, they have immunomodulatory properties in immune cells in part by modulation of
epigenetic machinery. The rational combination of natural compounds with current therapies, such as chemotherapy, immunotherapy and targeted
therapy, may hold great promise to maximize the therapeutic benefits through enhancing antitumor immunity.

Table 4. Comparison between FDA-approved epidrugs and natural compounds regarding their benefits and challenges of clinical applications.

FDA-approved epidrugs Natural compounds

Molecular targets Well defined Targets and mechanisms not fully characterized;
pleiotropic activities

Specificity and selectivity Higher Lower
Pro-immunogenic vs

immunosuppressive roles
Context-dependent immune-modulation Context-dependent immune-modulation

Biomarkers Some biomarkers are available for
certain epidrugs

Biomarkers still yet to be identified to predict the
therapeutic response and to stratify patients

226 JOURNAL OF FOOD AND DRUG ANALYSIS 2023;31:212e231

R
E
V
IE
W

A
R
T
IC

L
E



adaptive immunity were assessed by looking at the
activity of phagocytes, B&T lymphocytes and NK
cells [85]. As for resveratrol, it increased the protein
and mRNA expression of MICA and MICB in breast
cancer cells, two MHC-I genes that are crucial li-
gands for immune effector cells to recognize tumor
cells. As a result, this facilitated both in vitro and in
vivo lysis of breast cancer cells by NKs. Mechanis-
tically, direct binding sites of miR-17 were found at
the 30-untranslated regions of MICA and MICB. In
breast cancer cells transfected with a miR-17 in-
hibitor or mimic, respectively, MICA and MICB
expression was increased or reduced accordingly.
Furthermore, c-Myc was identified as the upstream
regulator. Clinically, in two sets of breast cancer
tumor specimens, the expression of miR-17 was
negatively linked with the expression of MICA and
MICB and overall survival. Taken together, by
inhibiting the c-Myc/miR-17 pathway in breast
cancer cells, resveratrol upregulates MICA and
MICB and promotes the cytolysis of breast cancer
cells by NK cells, stimulating the antitumor immu-
nity [86].
It should be noted that the function of NKs can also

be suppressed by natural compounds. Lucas E.
Rossi's team demonstrated that TSA reduces
NKG2D, an immune-activating signal receptor that
binds to IL-5 to trigger an immunological response,
which in turn prevents NKs from secreting IFN-g
[87]. Although the mechanism of this immune sup-
pression remains unclear, a recent study, on the
other hand, showed that HDAC inhibitors do not
influence NKG2D, suggesting that TSA may regulate
NKG2D via a different route [88]. Furthermore, Elisa
C. Toffoli et al. showed that romidepsin, a natural
HDAC1/2 inhibitor, increases the expression of
NKG2DL in lung cancer, proving the significance of
HDAC1/2 in making tumor cells susceptible to NKs
detection [89]. According to an investigation by Alba
Fern�andez-S�anchez et al., curcumin reduces NK
cells' NKG2D expression, which prevents them from
secreting IFN-g. As for the epigenetic mechanism,
curcumin induced histone H3 lysine 9 acetylation
(H3K9Ac) at NKG2D gene, which may mediate its
effects in NKs [90]. Furthermore, in NKs treated with
valproic acid (VPA), a synthetic HDAC inhibitor,
NKG2D is downregulated, accompanied by a
decreased level of H3K9Ac. This finding is in agree-
ment with an earlier report showing that HDAC in-
hibitors suppress NK cell function through a variety
of mechanisms, including lowering cytotoxicity [91]
and downregulating NKp46 and NKp30, two NK cell
activating receptors [91]. Curcumin's anti-cancer po-
tential is intriguing, but its high toxicity and limited
water solubility are major drawbacks that can't be

overlooked. Milan Fiala et al. proposed that a
mixture of omega-3 fatty acids and curcuminoids
may prevent NK cell deteriorating and thus
compensate for the removal of IFN-g release. This
research sheds new information on a potentially
fruitful strategy for overcoming the challenges of
HDACi-induced immunosuppression of NK cells
[92].

6. Future perspectives

The recent recognition of the role that more and
more natural chemicals and their derivatives play as
epigenetic modulators in immune-oncology has
opened new avenues for drug discovery and thera-
peutics, which has led to an increasing number of
ongoing clinical trials for cancer treatment. This
demonstrates the possibility of integrating these
drugs with existing epigenetic and immunological
strategies (Fig. 2). The complicated interaction be-
tween these natural chemicals and tumor biology
will need to be further explored in order to maxi-
mize the therapeutic possibility that these novel
techniques have created, with a focus on trans-
lational implications and basic biological processes.
We present the main challenges and future per-
spectives below (Table 4).
First, although the pleiotropic activities of most

natural compounds offer desirable antitumor effects
by targeting multiple oncogenic pathways, they
impose an important barrier to a precise under-
standing of their biological targets and mechanisms
involved herein. Not surprisingly, many of these
agents are classified as pan-assay interference
compounds, such as curcumin and EGCG [93]. As a
result, additional study is required to investigate
their selectivity and specificity. Importantly, future
preclinical and clinical models should examine
these medicines thoroughly to determine their
effectiveness. In particular, when compared to
currently available class-specific or isoform-specific
epigenetic modulators, adequate comparative anal-
ysis may show to be a promising method. Similarly,
the notion that the epigenetic markers may coun-
teract one other is crucial to keep in mind as tumors
advance. More systematic studies may be necessary
to better understand the structure-activity correla-
tion of these natural compounds to their immune-
epigenetic functions in relevant tumor models,
especially with the advent of emerging single-cell
sequencing technologies that permit quantitative
characterization of the diverse epigenetic landscape
in various states.
Second, as shown by HDACi, many epigenetic

modulators have immune-suppressive properties.
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While Class I HDACi promote the activities of NKs
and CD8 T cells, inhibition of Class II HDACs in-
creases the quantity and effectiveness of Treg [94],
Because of this, there is now a problem with drawing
broad conclusions from specific experiments. Addi-
tionally, curcumin provided a good example of how
different amounts of naturally occurring substances
may have opposite effects on the immune system,
stimulating or suppressing the immune system,
respectively. Furthermore, the same epigenetic
modulator, as is the case with natural substances,
might play different roles of pro-immunogenic or
immunosuppressive effects on different sub-
populations of immune cells. The overall clinical
prognosis in many cancer types may depend on the
equilibrium between these antagonistic qualities of
natural chemicals in the setting of the TME.
Finally, a growing body of evidence from pre-

clinical models across a wide range of tumor types
suggests that combining epigenetic treatment with
existing immunotherapies yields better antitumor
response than monoregimen alone. From the
research discussed here, it is clear that natural
substances, either alone or in conjunction with other
epigenetic or immunogenic treatments, have a sig-
nificant role in altering the immune milieu epige-
netically. To move forward, one challenge is to
select the appropriate patients best fit for the
combinational immunotherapy to achieve the best
clinical outcomes. It has been reported that patients
with a high tumor mutational burden and diag-
nosed with advanced cutaneous squamous cell
carcinoma (SCC) have more clinical benefits from
the current immunotherapy. These results are
consistent with those of cemiplimab clinical studies,
which demonstrated a 65% and 61% persistent dis-
ease control in patients with advanced cutaneous
SCC with metastases in Phase I and Phase II,
respectively. However, the prognostic value of SCC
tumor PD-L1 status is controversial. In the clinical
study using nivolumab, it has been shown that the
improvement of overall survival observed in the
nivolumab group was not associated with the PD-L1
expression. Other studies have also shown no as-
sociation between PD-L1 expression and immuno-
therapy efficiency [95]. Taken together, defining the
molecular roles of distinct natural compounds and
their physiological/pathological targets in the
context of immune-oncology holds promise to un-
derstand the various immunoregulatory activities of
these naturally active products. More importantly,
knowledge of these studies will provide mechanistic
rationale for the selection and stratification of pa-
tients who are mostly likely to respond to therapy.
Therefore, the growing list of ongoing clinical trials

will offer valuable information to address the above-
mentioned questions in the near future. Future
studies on the biology and pharmacology of natural
compounds should allow the discovery of novel
biomarkers for therapeutic response and the best
approaches to manipulating the immune microen-
vironment to tip the balance in favor of antitumor
and chemopreventive benefits as medicine moves
towards the development of custom-tailored preci-
sion therapies.
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