
Ji et al. Molecular Cancer           (2025) 24:66  
https://doi.org/10.1186/s12943-025-02255-4

REVIEW Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Molecular Cancer

The epigenetic hallmarks of immune cells 
in cancer
Yu Ji1,2†, Chu Xiao1†, Tao Fan1†, Ziqin Deng1, Di Wang1, Wenpeng Cai1, Jia Li1, Tianle Liao1, Chunxiang Li1* and 
Jie He1* 

Abstract 

Targeting the dysregulation of epigenetic mechanisms in cancer has emerged as a promising therapeutic strategy. 
Although the significant rationale progress of epigenetic therapies in blocking cancer cells, how epigenetic regulation 
shapes tumor microenvironment (TME) and establishes antitumor immunity remains less understood. Recent study 
focus has been put on the epigenetic-mediated changes in the fate of immune cells, including the differentiation, 
expansion, recruitment, functionalization, and exhaustion of T cells, natural killer (NK) cells, tumor-associated mac-
rophages (TAMs), dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs), and B cells within the TME. Here, 
we review the latest molecular and clinical insights into how DNA modifications, histone modification, and epitran-
scriptome-related regulations shape immune cells of various cancers. We also discuss opportunities for leveraging 
epigenetic therapies to improve cancer immunotherapies. This review provides the epigenetic foundations of cancer 
immunity and proposes the future direction of combination therapies.
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Introduction
Epigenetics focuses on the heritable and reversible regu-
lation of a wide range of cellular biological functions 
without DNA sequence changes, extensively engages in 
health and diseases, and is primarily attributed to mod-
ulating gene expression and chromatin structures [1]. 
Especially, epigenetic dysregulation is recognized as one 
of the hallmarks of cancer, and continuously emerging 

new epi-therapies are under testing or in clinical applica-
tion [2].

The immune system is a key factor in controlling and 
preventing cancer progression. Notably, epigenetic mech-
anisms dominate the differential trajectories and func-
tional evolutions of immune cells in the development of 
the immune system, as well as in TME. The immune cell 
members subject to close attention in cancer immunity 
include T cells, B cells, tumor-associated macrophages 
(TAMs), natural killer (NK) cells, dendritic cells(DCs), 
and myeloid-derived suppressor cells (MDSCs). These 
cells chemotactically enter TME, interact with each other 
and cancer cells in multiple ways, and play cancer-inhib-
iting or cancer-protective functions determined by multi-
layered factors. Numerous studies have demonstrated 
that epigenetic modifications of these immune cells are 
essential in regulating their roles in cancer [3]. There-
fore, harnessing the epigenetic programming of immune 
cells are promising strategy to boost cancer-killing and 
improve outcomes.
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Several epigenetic agents have been approved for 
hematological cancer indications, and multiple clini-
cal trials are exploring their use in solid cancers. For 
example, histone deacetylase (HDAC) inhibitors vori-
nostat and romidepsin have been approved to treat 
T-cell lymphoma [4], and their application is being 
investigated in multiple solid cancers including pel-
vic cancer, non-small cell lung cancer (NSCLC), mye-
loma, breast cancer, and hepatocellular cancer [5–8]. 
Notably, some combinations of epi-drugs and immu-
notherapies achieve favorable responses in clinical 
trials. DNA methyltransferase (DNMTs) inhibitors 
or zeste homolog 2 (EZH2) inhibitors combined with 
immune checkpoint blockers (ICBs) are being evalu-
ated for both hematological malignancy and solid 
tumors [9]. These attempts suggest that understand-
ing the epigenetic regulation of immune cells in the 
TME provides the rationale for improving the immu-
notherapy outcome.

In this review, we introduce the latest studies on 
molecular pathways and therapeutic prospects of epige-
netic strategies in regulating cancer immunity-effective 
immune cells for malignancy control. We provide an out-
look on future clinical applications of epigenetic agents 
and discuss the potential limitations that need to be 
addressed.

Overviews of epigenetics
DNA modifications, histone modification, and epitran-
scriptomic modification are the key mechanisms that 
determine immune cell fates and functional evolutions in 
the TME (Fig. 1).

DNA methylation
DNA methylation commonly occurs at cytosine-guanine 
(CpG) dinucleotides and generally leads to gene silenc-
ing, with a few cases related to gene activation. DNMTs 
methylate DNA by transferring methyl groups from 

Overview of Epigenetic Processes. The key epigenetic process includes DNA methylation, histone methylation and acetylation, RNA methylation, 
and non-coding RNA regulations. Histone methylation (Me) and acetylation (Ac) are catalyzed by HMTs and HATs and are removed by KDMs 
and HDACs, respectively. DNMTs mediate DNA methylation on CpG islands which TETs reverse. Post-transcriptional regulation includes RNA 
methylation regulated by METTL3-METTL14 complex and ALKBH5, and non-coding RNA targeting mRNA to affect translation. Abbreviations: 
HKMTs, histone lysine methyltransferases; PRMTs, protein arginine methyltransferases; HATs, histone acetyltransferases; KDMs, histone lysine 
demethylases; HDACs, histone deacetylases; PHD, the PHD finger group; Royal, the Royal family; TDRD3, Tudor domain-containing protein 3; BRD, 
Bromodomain containing; DNMTs, DNA methyltransferases; TETs, ten-eleven translocation family enzymes; METTL3-METTL14, methyltransferase-like 
3- methyltransferase-like 14 complex; ALKBH5, alkB homologue 5; YTHDF, YTH domain family; miRNAs, microRNAs; LncRNAs, long non-coding RNAs; 
circRNAs, circular RNAs. Created with BioRender.com
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S-adenosyl methionine (SAM) to the C5 position of 
cytosine (5mC) within CpG dinucleotides. CpG dinu-
cleotides are highly concentrated near transcription 
start sites (TSS) or promoters [10], regulating 60% of 
promoters in the human genome [11]. Mechanistically, 
hypermethylated DNA represses gene expression either 
by recruiting methyl-CpG-binding domain (MBD) pro-
teins to alter genome accessibility or by blocking tran-
scription-related proteins from binding to DNA strands 
[11]. In humans, the DNMT family consists of DNMT1, 
DNMT3a, DNMT3b, and DNMT3L. DNMT1, with the 
assistance of ubiquitin-like, containing PHD and RING 
finger domains 1 (UHRF1) in maintaining methylation 
and induces the methylation on the newly formed DNA 
strand during replication [12]. DNMT3L supports 
DNMT3a and DNMT3b in de novo methylation during 
development [13].

DNA demethylation is primarily catalyzed by ten-
eleven translocation (TET) family enzymes. TET oxidizes 
5mC to 5-hydroxymethylcytosine (5hmC), followed by 
active or passive removal of the methyl group [14]. 5hmC 
acts as a DNMT1 inhibitor to prevent methylation on 
newly formed strands during replication, known as pas-
sive demethylation [15]. In contrast, active demethylation 
refers to TET-mediated demethylation [16].

Histone modification
Within chromatins, DNA strands wrap around an 
octamer composed of histone H2A, H2B, H3, and H4, 
while H1 mostly acts as a linker histone, forming a spe-
cial three-dimensional nucleosome structure. Histone 
modifications mainly include histone methylation, acety-
lation, ubiquitination, phosphorylation, and lactylation, 
and profoundly contribute to transcription regulation 
[17]. Herein, histone methylation and acetylation are 
dominant regulatory mechanisms in the cancer course.

Histone methylation has pleiotropic effects on genetic 
expression depending on the methylation patterns and 
stoichiometry [18]. For example, trimethylation of his-
tone H3 lysine 4 is the marker of the active promoter, 
while H3K27me3 signifies gene silencing [19]. Several 
histone methyltransferases (HMTs) are implicated in 
malignant processes and cancer immunity [20–23], such 
as EZH2, have been well-established in shaping cancer 
immunity [24].

Histone lysine demethylases (KDMs) are divided into 
the flavin adenine dinucleotide (FAD)-dependent KDM1 
family, includes two homologs: lysine-specific demethyl-
ase 1 (LSD1, or KDM1a) and LSD2/KDM1b, and the oxy-
gen-dependent JmjC domain-containing protein (JMJD, 
or KDM2-7) family [25–27]. Notably, strategies targeting 
several KDMs had shown significant immune-activated 
effects in cancer, such as LSD1 inhibitors, a promising 

option for combination therapies with ICBs [28, 29]. 
Taken together, targeting histone methylation modula-
tors holds great potential for novel therapeutic strategies.

Histone acetylation increases genetic accessibility by 
adding acetyl group from acetyl-coenzyme A (acetyl-
CoA) to the N-terminal of lysine to neutralize the posi-
tive charge on histone and reduce its interaction with 
negatively charged DNA [1], Upregulated expression of 
histone acetyltransferases (HATs), such as p300/CBP, and 
altered histone acetylation patterns are linked to malig-
nant behaviors of some cancers like hepatocellular carci-
noma (HCC) [30] and leukemia [31, 32]. HAT inhibitors 
have shown pre-clinical success in treating several solid 
tumors [33, 34].

HDACs inhibit gene expression by reversing histone 
acetylation [35]. Aberrant expression of HDACs is a 
well-established pro-cancer factor, and inhibiting HDAC 
function provides multiple antitumor effects [4, 36]. 
Importantly, different HDAC subtypes may play oppos-
ing roles in tumor and cancer immunity [37, 38], neces-
sitating careful consideration when targeting HDACs.

In addition to the aforementioned histone modifiers, 
reader proteins that recognize epigenetic markers on his-
tones and recruit other effectors, are also implicated in 
cancer immunity. Readers of histone acetylation, known 
as bromodomain and extra-terminal (BET) proteins 
including BRD2, BRD3, BRD4, and testis-specific BRDT, 
contain two tandem bromodomains [39, 40]. Methylly-
sine-specific readers, divided into the Royal Family and 
the PHD finger group, contain an aromatic cage to bind 
methylated histone [41]. The knowledge about readers 
of methylated arginine is limited. Readers are promising 
therapeutic targets in multiple cancers, and BET proteins 
represent [42–45].

RNA Regulation
Non-coding RNAs (ncRNAs), categorized into small 
ncRNAs and long ncRNAs (lncRNAs), are crucial epi-
genetic regulators targeting messenger RNAs (mRNAs) 
or proteins to regulate cell functions and fates [1]. Small 
ncRNAs include microRNA (miRNA), small interfer-
ing RNA (siRNA), circular RNA (circRNA), and piwi-
interacting RNA (piRNA). Among these, miRNA and 
circRNA are intensively studied in cancer processes. 
miRNAs target the 3′-untranslated regions (3’-UTR) of 
specific mRNAs [46]. circRNAs sponge miRNA to affect 
gene expression. For example, overexpression of circRNA 
fibroblast growth factor receptor 1 (circFGFR1) acts as 
a miR-381-3p sponge, subsequently increasing C-X-C 
motif chemokine receptor 4 (CXCR4) and enhances the 
malignancy of NSCLC by excluding the cytotoxic T cells 
[47]. LncRNAs also have been shown to modulate cancer 
immunity by transcriptional regulation [48].
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RNA modification is another important epigenetic 
regulation pathway. RNA modifiers modulate genetic 
expression by adding methyl groups to RNA strands to 
induce posttranscriptional regulation. The most well-
studied modification is N6-methyladenosine (m6A), reg-
ulated by methyltransferase-like 3 (METTL3)–METTL14 
complex [49]. Methylated RNA can be reversed by the 
RNA demethylase alkB homologue 5 (ALKBH5) and 
recognized by YTH domain-containing reader proteins, 
such as YTH domain family 1 (YTHDF1) and YTHDF2 
[50]. Abnormal expression of METTL3, ALKBH5, and 
YTHDF are associated with cancers [51, 52].

Epigenetic regulation of immune cells
The epigenetic mechanisms-handled regulations of the 
differential trajectories and functional evolutions of 
immune cells are one of the decisive factors in cancer 
immunity. Here, we mainly refer to T lymphocytes, B 
lymphocytes, macrophages, NK cells, DCs, and MDSCs 
which infiltrate TME and perform predominant immu-
nological effects to kill or protect cancer cells. A plethora 
of studies also validate the feasibility of epigenetic drugs 
in cancer treatment. Nowadays, therapeutic strategies 
targeting epigenetic mechanisms have broad prospects 
in immunotherapy regimens, either as monotherapy or in 
combination.

Adaptive immune cells
Adaptive immune cells are the mainstay in executing anti-
tumor immunity, mainly including multiple T lympho-
cyte subtypes with continuous functionality transition 
phenotypes or characteristics, and B cells. Understand-
ing how epigenetic mechanisms handle adaptive immune 
cells in TME may provide novel insights into cancer 
therapy.

T Cells
T lymphocytes are the most important and complicated 
immune players in tumor immunity. After positive selec-
tion in thymus, T cells are divided into CD4+ and CD8+ 
T cells. Epigenetic regulation drives the differentiation of 
both CD4+ and CD8+ T cells into various functional sub-
types during co-evolution with cancers [53, 54]. Impor-
tantly, the reversion of immunosuppressive immune cells’ 
differentiation such as regulatory T cells (Tregs), and the 
reactivation of incapacitated immune cells like exhausted 
cytotoxic T cells are feasibly achieved by epigenetic 
harnessing.

Epigenetic regulation of CD4+ T cells  Cancer-related 
CD4+ subtypes include T helper 1 (Th1) cells, Th2 cells, 
Th17 cells, follicular helper T (Tfh) cells, Treg cells, 
Th9 cells, and Th22 cells. Different CD4+ T lymphocyte 

subsets secrete various cytokines that impact tumor 
immunity, as extensively reviewed in previous studies 
[53, 55]. Th1 cells contribute to inhibiting cancer pro-
gress. The T-box transcription factor TBX21 (T-BET) is 
the major regulator promoting Th1 cell differentiation 
and cytokines secretion [56], while other factors such 
as Eomesodermin (EOMES) and STAT family are also 
implicated [57]. For Treg cells, the determinant is the lin-
eage-specific transcription factor Forkhead box protein 
P3 (FOXP3), whose expression is mainly regulated by 
the epigenetic modulation of four regulatory non-coding 
sequences (CNS0-3) upstream of Foxp3 locus [58, 59]. 
Other subsets also show dichotomous functions in dif-
ferent cancer contexts, depending on the specific external 
stimuli.

Antitumor CD4+ T cell subtypes can either directly 
activate cytotoxic CD8+ T cells through CD40-CD40L 
signaling or support the antigen presentation of com-
mon DC precursors (CDPs)-derived conventional DC 
1 (cDC1) and priming cytotoxic CD8+ T cells [60, 61]. 
Whereas Treg cells repress antitumor immunity by 
expressing immune checkpoint molecules on its surface 
to inhibit DCs and cytotoxic T cells, and by secreting 
suppressive cytokines TGF-β and IL-10, or suppressive 
metabolites such as indoleamine 2,3-dioxygenase (IDO) 
to block T cells function [62]. Therefore, epigenetic regu-
lation of transcription factors affecting CD4+ T cell dif-
ferentiation and cytokine secretion forms the corner-
stone of therapeutic strategies targeting epigenetics [63] 
(Fig. 2).

The lineage differentiation and cytokine secretion of 
CD4+ T cell subtypes are partially determined by DNA 
methylation. TET2 is required for the expression of 
T-BET, RUNX family transcription factor 2 (RUNX2), 
and other lineage-specific transcription factors during 
Th1 differentiation and functionalization [64, 65].

Notably, DNA methylation in shaping Treg cells is 
important. DNMT1 and TET2 govern DNA methyla-
tion within the CNS region of the FOXP3 gene dur-
ing CD4+ T cell differentiation. A study found that 
TGF-β could promote FOXP3 expression correlated 
with hypomethylation of the CpG intronic island, while 
DNMT1 inhibitor 5-azacytidine (5-aza) or DNMTi 
knockdown also led to similar Treg-differentiation 
response of CD4+ T cells [66], while the inhibition or 
knockout of TET1 and TET2 fail to demethylate CNS2, 
blocking FOXP3 expression and impairing Treg dif-
ferentiation and function [67, 68]. Methylation also 
occurs directly on the Foxp3 promoter. Especially, the 
Treg-associated immunosuppressive phenotypes are 
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inducible when CD4+ T cells coculturing with cancer 
cells [69]. The unfavorable effect of 5-aza in stimulating 
Treg cell production should be paid attention to, and 
two studies regarding leukemia have reported it [70, 
71]. Therefore, how to interrupt the effect axis between 
5-aza and Treg cells requires more investigation.

Crosstalk among various histone methylation pat-
terns regulates the formation and effects of CD4+ T cell 
subtypes. For example, SETDB1, SUV39H1, and EZH2 
respectively induce H3K9me3 and H3K27me3 deposi-
tion on cis-acting element regions of Tbx21, Stat4, and 
Eomes to repress Th1 differentiation and the expression 
of Th1 lineage-specific genes [63, 72, 73]. Consequently, 
the high expression of these histone modifiers impairs 
the antitumor ability of Th1 cells.

The histone methylation patterns on the cis-acting 
elements of Foxp3 also regulate Treg cell differentia-
tion, including H3K4me1 at the CNS3, promoter, and 
3’UTR of Foxp3, as well as H3K4me3 at its promoter 
to facilitate gene expression [74–76]. In addition, inac-
tive markers H3K27me3 also reduce inflammatory gene 
expression to promote immune escape [77]. Thus, his-
tone methylation modulators are potential therapeutic 
targets. MLL4, EZH2, and SETD2 inhibition have been 
reported to compromise Treg cells in different cancer 
contexts [78, 79].

Histone methylation is also present in other CD4+ T 
cell subsets, but their roles in cancer remain controver-
sial. For example, Th2 cells secrete IL-4, IL-5, and IL-13 
to promote cancer progression [80]. The Th2 lineage is 
stabilized by SUV39H1-induced H3K9me3 and HIF-α 

Fig. 2  Epigenetic regulations of CD4+ T Cells. The red and green borders represent the inhibiting- and promoting-effects on the corresponding cell 
type, respectively. Yellow texts are DNA modifiers, Purple texts are histone modifiers, and Blue texts are RNA modifiers or non-coding RNAs. DNA 
methylation modifiers such as TETs can promote Th1 and Treg cell functions while DNMTs impair Treg cells’ functions. Histone regulators have dual 
effects on regulating different subtypes of CD4+ T cells. miRNAs including miR-7 and miR-29a block Th1 function while other ncRNAs have different 
roles in Treg cells. Created with BioRender.com
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recruitment through silencing Th1-related genes [72]. 
For Th17 cells, CFP1 maintains proper H3K4me3 on 
the Il6rα locus, ensuring the activation of the IL-6Rα/
STAT3 signaling pathway in Th17 cell differentia-
tion [81]. EZH2 regulates IL-9 expression in Th9 cells, 
and TGF-β induces Th9 differentiation by activating 
SMAD2 and SMAD4 which segregate EZH2 from Il9 
locus [82, 83].

Histone acetylation generally represents permis-
sive chromatin structure and transcriptional activa-
tion. H3K27 acetylation is a canonical modification 
marker to represent active enhancers. In Th1 cells, 
genome-wide H3K27ac generates super-enhancers 
covering STAT3 and c-JUN to repress Th1-functions 
[84]. In addition, histone acetylation readers BRD2 and 
BRD4 also engage in stimulating Th17-related cytokine 
expression [85].

Extensive studies regarding the role of histone acety-
lation in CD4+ T Cells focus on Treg cells. HDAC6, 
HDAC9, HDAC10, HDAC11, and SIRT1 participate 
in Treg cell differentiation by repressing effector gene 
expressions and restricting Treg cell-mediate immuno-
suppression. Intriguingly, they all constrain Treg cell 
development by deacetylating FOXP3, particularly SIRT1 
drives naïve CD4+ T cells into Th1 cells instead of Treg 
cells [86–89].

In contrast, most type I HDACs are reported to pro-
mote Treg cells’ function. For example, the CoREST 
complex containing HDAC1, HDAC2, LSD1, and scaf-
folding protein RCOR 1, mediates histone deacetylation 
of Il2 and Ifng and interacts with the FOXP3 protein to 
maintain Treg cells’ function [90]. Moreover, HDAC7 
epigenetically maintains FOXP3 expression during Treg 
cell development [91]. HDAC5 deficiency also weakens 
the immunosuppressive functions of Treg cells via reduc-
ing Foxp3 transcription. Interestingly, no antitumor effect 
was observed in HDAC5-knockout mice, attributed to 
HDAC5 is indispensable for IFN-γ expression in CD8+ 
T cells, suggesting the dual effects of HDAC5 on tumor 
immunity [92].

Other acetylation modulators also play roles in Treg 
cells. Inhibition of the HATs p300/CBP represses 
H3K18ac and H3K27ac, leading to downregulated Foxp3 
and deacetylated FOXP3 proteins in Treg cells [93, 94]. 
Similarly, the upregulation of IL-10 during Treg cell dif-
ferentiation is related to p300/CBP-mediated-prostacyc-
lin synthase acetylation [95]. Therefore, targeting p300/
CBP has significant potential for antitumor therapy.

Finally, RNA-targeted regulation has been unrevealed 
in various CD4+ T cell subtypes. For Th1 cells, miR-7 
deficiency enhances the subtypes’ differentiation and 
antitumor effect [96], while miR-29a is important in 

limiting Th1 cells’ function and formation to prevent 
colitis-to-cancer conversion [97].

RNA modification alters the expression of effect genes 
that mediate CD4+ T cell function reprogramming. 
METTL3 catalyzes m6A of mRNA have been reported 
in several CD4+ T cell subtypes, including the Socs gene 
family in Treg cells and Tcf7 gene in Tfh cells, and lead 
to the reorganization of downstream signaling pathways 
to regulate T cell phenotypes [98, 99]. Moreover, some 
studies focused on the roles of Lnc-RNAs in modulating 
the growth and differentiation of Treg cells by targeting 
EGFR, FOXP3, IL-2, and other critical regulatory mol-
ecules [100–104].

Overall, the significant involvement of epigenetic regu-
lators in the differentiation and function of CD4+ T cells 
suggests the promising potential of targeting epigenetics 
to improve antitumor immunity.

Epigenetic regulation of CD8+ T cells  Tumor-infil-
trating CD8+ T cells comprise various differentiation 
subtypes, including stem cell memory T (Tscm) cells, 
central memory T (Tcm) cells, effector memory T (Tem) 
cells, effector T (Teff) cells, and exhausted T (Tex) cells. 
Two universally acknowledged models explain CD8+ T 
cell differentiation: in the circular model, Teff cells either 
differentiate into memory T cells or get into exhaustion; 
in the linear model, naïve T cells differentiate step-by-
step into Tex cells [54].

Teff cells are activated when recognizing the MHC-I-
antigen complex presented by cancer cells or antigen-
presenting cells (APCs) and secrete cytotoxic cytokines 
including IFN-γ, TNF-α, granzymes, and perforin to 
kill cancer cells [105]. Tex cells signify dysfunctional T 
cells, differentiating under the stimulation of suppres-
sive cytokines or immune checkpoint molecules in TME 
[106]. Memory subsets are either a subtype of CD8+ 
T cells (in the circular model) or an intermediate stage 
of differentiation (in the linear model), which holds the 
potential for rapid response to secondary antigen stimu-
lation. Regardless of the models, Epigenetic mechanisms 
are the essential drivers [54]. Therefore, understand-
ing how epigenetic regulation affects CD8+ T cells can 
advance therapy strategies for manipulating cancer-
infiltrating CD8+ T cells to enhance tumoricidal activity 
(Fig. 3).

Programming DNA methylation of differentiation 
and effect genes play fundamental roles in the CD8+ 
T cell life cycle. During naïve-to-effector differentia-
tion of CD8+ T cells, DNA hypermethylation occurs 
at the TSS of naïve-related genes, such as Cxcr2, C–c 
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motif chemokine receptor 7 (Ccr7), Ccr9, and Tcf7, 
accompanied by extensively DNA demethylation on 
effector-associated cytokines or transcription factors, 
such as Eomes, Ifng, and Zinc finger and BTB domain-
containing protein 32 (Zbtb32) [107–109]. Two sub-
sets of Teff cells, terminal Teff (TEs) cells and memory 
precursors (MPs), also have different DNA methyla-
tion landscapes on differentiation-determinant genes 
such as PR/SET domain 1 (Prdm1), Runx2, and Runx3. 
Compared to TEs, Prdml locus and gene encoding B 

lymphocyte-induced maturation protein-1 (Blimp-1) 
are highly methylated in MPs, whereas Runx3 has less 
methylation, aligning with the gain or impairment of 
memory potential in Blimp-1-deficient or RUNX3-
deficient Teff cells, respectively [110–112]. Character-
istic DNA methylation landscapes were observed in 
exhausted T cells [113], linked to upregulated Dnmt1, 
Dnmt3, and Ezh2 expression during the early stage of T 
cell exhaustion [114]. The anti-programmed cell death 
1 (PD-1) promoter region also keeps demethylated in 

Fig. 3  Epigenetic regulations of CD8+ T Cells. The different colored borders and modifier texts have the same meanings as Fig. 2. TET2 impairs 
Teff function and Tmem formation while promoting T cell exhaustion. DNMTs’ function in CD8+ T cells should be discussed case-by-case. Histone 
modifications and their regulators showed complex roles in different stages of the differentiation and functionalization of CD8+ T cells. miRNAs such 
as miR-498, miR3187-p, and miR-142-5p impair Teff function and accelerate T cell exhaustion, while METTL3 modifies mRNA of Tbx21 to promote 
Tmem and Teff differentiation. Created with BioRender.com
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Tex cells while turning to hypermethylation in func-
tional Tmem cells [115].

When considering specific DNA methylation regula-
tors, DNMT1 is important to CD8+ T lymphocyte dif-
ferentiation, viability, and expansion [116, 117]. DNMT3a 
induces de novo DNA methylation at promoter regions 
of naïve-related genes loci Sell, Ccr7, and Tcf7 in early fate 
decision. DNMT3a deletion fails to repress these genes 
and impairs naïve-to-Teff formation, thereby diminish-
ing antitumor immunity [112, 118]. In contrast, during 
or after activation of Teff cells, knocking out Dnmt3a 
causes demethylation on T-bet, Tcf7, Ifng, and Tbx21, and 
renders CD8+ T cells with strengthened effector proper-
ties [119]. Segregated DNMT1 diminishes DNA meth-
ylation on Ifng promoter regions, upregulating Ifng and 
IDO expression to induce T cell exhaustion [120]. Simi-
larly, thymocyte selection-associated high mobility group 
box protein (TOX), an indispensable regulator in T cell 
exhaustion, is uniquely methylated during Tex cell forma-
tion [121, 122].

TET2 inhibition limits T cell exhaustion by blocking 
its interaction with TOX2 [123]. Moreover, knocking out 
MBD2, which targets methylated DNA, postpones MP 
formation and impairs Tmem cell function by affecting 
cytokine secretion, leading to an alternative pathway of 
DNA methylation affecting CD8+ T cell differentiation 
[124]. Taken together, DNMTs are essential epigenetic 
regulators in determining the lineage development of 
CD8+ T cells.

Histone methylation modulates key transcription 
events for CD8+ T cell differentiation. Primary modula-
tors, such as EZH2, JMJD3, and KDM5 had been stressed 
in mastering CD8+ T cell regulation. EZH2 expression 
is upregulated in effector lineages but not memory line-
ages, corresponding to the increased H3K27me3 levels of 
NOTCH repressors genes Numb and Fbxw7 in Teff cells 
[125, 126]. EZH2 inhibition is correlated with impaired 
Teff cell differentiation and active cell apoptosis, leading 
to diminished antitumor immunity [125]. In contrast to 
EZH2, overexpression of JMJD3 reduces H3K27me3 and 
facilitates the expression of both effector- and memory-
associated genes including Il2, Bcl6, and Signaling lym-
phocytic activation molecule family member 6 (Slamf6), 
persisting the effector functions of T cells [127]. Addi-
tionally, Tmem cells produce fumarate to metabolically 
suppress KDM5-mediated H3K4 demethylation on the 
Tcf7 promoter to sustain Tmem cell differentiation and 
antitumor effect [128].

Histone acetylation also regulates phenotype transfor-
mations of CD8+ T cells. During differentiation, Tmem 
and Teff cells gain higher H3K9ac at promoter regions of 
Eomes, Perforin 1 (Prf1), and Gzmb compared to naïve T 
cells [129]. These molecules contribute to the intensive 

cytotoxic effects of T cells. Consistently, H3K9ac depo-
sition and p300 binding occur at the Gzma locus in 
Teff cells and are less frequent in naïve T or Tmem cells 
[130]. However, p300 activates the exhaustion program 
by inducing H3K27ac at Pd1 and Ctla4 promoters [131]. 
Therefore, modifier-targeted strategies should be judi-
ciously selected for different cancer-immune co-evolu-
tion states.

Histone deacetylases inactivate gene expression to 
block CD8+ T cell subtype conversion. Basic leucine 
zipper transcription factor-ATF-like (BATF) transcrip-
tionally inhibits SIRT1, preventing its deacetylase func-
tion, increasing Tbx21 expression, and benefiting Teff 
cell differentiation [132]. HDAC3 and loss of acetylation 
fuel play negative roles in the cancer-killing functionali-
zation of CD8+ T cells. HDAC3 inhibition significantly 
increases the number of Teff cells secreting cytotoxic 
cytokines during early activation [133]. Loss of acetyla-
tion fuels, including acetyl-CoA and ketones, leads to the 
deregulation of histone acetylation and impedes effector 
functions [134, 135].

In conclusion, inhibitors of histone modifiers are 
potential candidates for reshaping CD8+ T cells in a can-
cer context to improve patients’ outcomes. The specific 
therapy combinations, doses, and types of cancer to be 
treated, or even eligible cancer immunity states warrant 
more studies.

Furthermore, many epigenetic RNA-related regula-
tions have been found in CD8+ T cells. For example, 
cancer cells initiate immune escape through produc-
ing exosomes that contain specific immunosuppressive 
miRNAs to hamper tumor-infiltrating CD8+ T cells. 
Advanced CSCC secretes exosomes carrying miR-142-5p 
to accelerate T-cell exhaustion by reducing AT-rich inter-
active domain-containing protein 2 (ARID2) [120]. Simi-
larly, melanoma-secreted exosomes contain miR-498 and 
miR-3187-3p which are internalized by CD8+ T cells, 
where miR-498 interacts with the 3’UTR of Tnf (encoding 
tumor necrosis factor alpha, TNF-α) mRNA to reduce 
TNF-α secretion by T cells and miR-3187-3p binds with 
3’UTR of protein tyrosine phosphatase receptor type C 
(Ptprc) mRNA, impairing CD45 production and T cell 
receptor (TCR) signaling in CD8+ T cells [136]. There-
fore, inhibiting these evil miRNAs is promising in main-
taining an active tumor immune microenvironment. 
Notably, cancer-derived circRNAs also can be excreted 
into TME in exosomes and adjust T cell functions [137, 
138]. In addition, similar to CD4+ T cells, METTL3 is a 
modifier for CD8+ T cell differentiation. It targets and 
stabilizes Tbx21 mRNA to promote TBX21 expression 
and subsequent Teff differentiation [139, 140]. Therefore, 
harnessing RNA-related regulation is a promising target 
in the field of cancer immunotherapy.
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B cells
The role of B lymphocytes in cancer immunity has been 
underestimated. Recently, studies revealed that B cells 
are also integral participants in the onco-immune cycle. 
Antitumor B cells are primarily observed in tertiary lym-
phoid structures (TLS) where they are associated with 
DCs to form germinal centers and surrounded by T cells 
[141]. Especially, the presence of TLS correlates with 
improved cancer prognosis, and CXCL13 and its recep-
tor CXCR5 are essential for B cell infiltration and TLS 
formation [142].

Some B cell subtypes perform cancer-inhibiting func-
tions by producing tumor-specific antibodies to induce 
antibody-dependent cellular cytotoxicity (ADCC) or pre-
senting antigens to T cells. In contrast, regulatory B cells 
(Breg) are the subtype that produces IL-10 and express 
anti-programmed cell death ligand 1 (PD-L1) on mem-
branes to drive the differentiation of immunosuppressive 
T cells [143]. A deep understanding of epigenetic regula-
tions of B cells in cancer may provide novel therapeutic 
candidates to regulate immunity (Fig. 4).

Epigenetic regulation of regulatory B cells  Regula-
tors of DNA methylation and histone modification have 
been found to regulate the immunosuppressive pheno-
types of Breg cells. A specific DNA methylation pattern 

modulates the quick-response IL-10-secreting in Breg 
cells by establishing a demethylated region at 4.5  kb 
upstream of Il10 TSS [144]. TET2 demethylates the pro-
moter of the Il10 locus in IL-10 secreting Breg cells, and 
blocking TET2 promotes antitumor immunity against 
cancer such as HCC [145]. In contrast, HDAC1 inhibi-
tion has been reported to limit histone deacetylation on 
Il10 promoter regions, enabling nuclear factor kappa B 
(NF-κB)-mediated IL-10 transcription in Breg cells [146]. 
Taken together, epigenetic strategies aiming to compro-
mise Breg cells may benefit antitumor immunity.

Epigenetic regulation of antitumor B cells  The knowl-
edge of epigenetic regulation in antitumor effects of B 
cells focuses on antigen presentation and ADCC. Increas-
ing H3 and H4K8 acetylation at the HLA-II promoter 
region in B cells ensures they present tumor antigens to 
CD4+ T cells [147]. CARM1, which methylates H3R17, 
is also essential for MHC-II expression in B cells [148]. 
Additionally, HDAC1/2, DNMT1/3a, or HATs recruit to 
CIITA promoter III (CIITApIII) to promote MHC-II pro-
duction in B cells, but the detailed mechanisms remain 
unknown [149].

Plasma cells can secrete antibodies to induce ADCC 
for cancer-killing, suggesting that epigenetic regulation of 

Fig. 4  Epigenetic regulations of B cells. The different colored modifier texts have the same meanings as Fig. 2. For Breg cells, special methylation 
patterns are observed at the TSS of Il10 to facilitate the expression of IL-10. Other epigenetic regulators including TET2 and BRD4 promote Breg 
cell function while HDAC1 impairs it. In antitumor B cells, DNMT1/3a, HDAC1/2, HATs, CARM1, and EZH2 enhance the cancer-inhibiting effects 
of antitumor B cells. Similarly, BRD4 promotes the antibody secreted by plasma cells but HDAC3 impairs their function by limiting Blimp-1 
expression. Created with BioRender.com
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‘B-to-plasma’ differentiation may provide novel targets for 
antitumor treatment. Blimp-1 is a crucial regulator dur-
ing B-to-plasma differentiation [150]. EZH2 trimethyl-
ates H3K27 on Blimp-1 target genes to inhibit plasma cell 
development, whereas EZH2 deficiency-inducible high 
expression of these genes reduces antibody production in 
plasma cells [151]. Moreover, HDAC3 inhibition rescues 
Blimp-1 expression and B cell differentiation [152].

Histone modification readers also regulate antibodies 
secreted by plasma cells, whereas associated with poor 
prognosis in some cancer types [153, 154]. For example, 
BRD4 recognizes the acetyl group on H3 and H4, induc-
ing transcription factor OCT2 to bind with genes encod-
ing IgG in plasma cells and increase IgG production 
[155], and the level of plasma-cell-derived IgG behaves as 
an indicator of poor prognosis in hepatomas [153], mela-
noma [156], and breast cancer [157].

Epigenetic changes of B-cell lymphomagenesis may 
provide insights into how epigenetics regulates B-cell 
development. EZH2 deposits H3K27me3 on multi-
ple tumor suppressor genes, such as Cdkn1b/p27 and 
Ckdn1a/p21 in germinal center (GC) B cells. Some of 
these genes become abnormally hypermethylated and 
suppressed during the onset of diffuse large B-cell lym-
phoma (DLBCL), and EZH2 inhibition in DLBCL cells 
upregulated tumor suppressor genes and stalled can-
cer proliferation [158]. Moreover, KDM5 inhibition 
also relieves the suppressed gene expression against 
GC lymphomas caused by a loss-of-function mutation 
of KMT2D which fails to methylate H3K4 to the active 
H3K4me3 state [159]. Although these studies do not 
directly propose the feasibility or methodology for target-
ing B cells in the solid tumor TME, they offer preliminary 
rationales for harnessing the epigenetic modulation of B 
cells in malignancy.

Innate immune cells
Serving as the fundamental contributors to cancer immu-
nity, innate immune cells exert direct cytotoxicity against 
cancer cells and initiate adaptive immune responses. 
Here, we focus on the four major types of innate immune 
cells, NK cells, TAMs, DCs, and MDSCs, to give an over-
view of their epigenetic regulation strategies that bridge 
cancer courses.

Epigenetic regulation of natural killer cells
In TME, NK cells are committed to killing cancer cells 
that express either low or absent MHC-I molecules to 
escape the adaptive immune response. The NK cell pop-
ulation includes cytotoxic CD56dimCD16+(CD56dim) 
NK cells and immature CD56brightCD16low(CD56bright) 

NK cells [160]. NK cells mainly rely on transcription 
factors EOMES and T-BET. Loss of EOMES leads to 
NK cells’ conversion into intermediate  type 1 innate 
lymphoid cells (InteILC1s) which have low cytotoxicity. 
Furthermore, NK cells achieve cancer control through 
surface receptors, including activated and inhibitory 
subsets. Activated surface receptors help NK cells 
recognize target cells to induce ADCC, while inhibi-
tory receptors are produced when NK cells recognize 
MHC-I. Besides directly killing cancer cells, NK cells 
also recruit cDC1s to TME and promote their differ-
entiation and expansion [161, 162]. Therefore, exog-
enous interventions to enhance the formation and 
functionality of cytotoxic NK cell subsets are attrac-
tive approaches to strengthening antitumor immunity 
(Fig. 5).

DNA methylation is vital in NK cell differentiation and 
the development of their cytotoxic activity. Compared 
to CD56bright NK cells, CD56dim NK cells exhibit fewer 
methylated CpG sites at the TSS of the Ifng promoter 
region, conferring them with Th1-like functionality [163]. 
Similarly, hypermethylation of Ifng, Tnf, and Prf1 in 
TET2-deficient NK cells impairs their tumoricidal capac-
ity [164]. Additionally, Tet2 mutation leads to hypermeth-
ylation at the killer Ig-like receptors (KIRs) locus and also 
impairs the cytotoxicity of NK cells [164].

Other important NK cell surface receptors include the 
natural killer group 2 member (NKG2) family, includ-
ing activated subtypes (NKG2C, NKG2D, NKG2E) and 
inhibitory subtypes (NKG2A/B). Hypermethylation at the 
Nkg2d promoter occurs more frequently in NK cells from 
patients with HCC than in tumor-free individuals, sug-
gesting the inhibited NKG2 receptors may impair NK cell 
cytotoxicity and facilitate tumor development [165]. Simi-
larly, the higher methylation level at the natural cytotoxic-
ity receptor (NCR) member Nkp46 locus was observed in 
NK cells from patients with head and neck squamous cell 
carcinoma (HNSCC), reflecting the extensive dysregula-
tion of DNA methylation in NK cells under cancer con-
texts [166]. However, treatment of NK cells with DNMT 
inhibitor will restore inhibitory receptor sialic acid-bind-
ing immunoglobulin-like lectin-7 (SIGLEC7) expres-
sion and resulting in limited NK cell activity [167]. Thus, 
manipulating DNA methylation by DMNT inhibitors to 
achieve NK cell activation is indeterminate.

Histone modification is one of the regulatory steps 
controlling cytokine secretion in NK cells. For example, 
the acetylation level at Ifng is high in resting NK cells and 
further increases upon activation [168]. HATs and acety-
lation readers are key modulators in this process. The 
impaired recruitment of p300/CBP and H3K27 acety-
lation to the Ifng, Profilin (Pfn), and Gzmb promoters 
would compromise antitumor immunity [169].
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Interestingly, histone acetylation has distinct effects on 
NK cell functions in different studies, with HDAC inhibi-
tors serving as common methods for artificial interven-
tion in histone acetylation processes. HDACis such as 
valproic acid (VPA) and vorinostat reduce NKG2D pro-
duction [170], whereas trichostatin A and entinostat pro-
mote NKG2A and NKG2D expression [171,  172]. VPA 
and vorinostat also reduce NKP30 and NKP46 expres-
sion and then diminish NK cells’ cytotoxicity [173]. 
These contrasting results may result from the differ-
ent HDAC target spectra of each HDACi. For example, 
VPA and the HDAC3-specific inhibitor RGFP966 inhibit 
STAT3 phosphorylation which is necessary for NKG2D 

expression. HAT inhibitors such as curcumin also impair 
H3K9 acetylation at the Nkg2d locus leading to impaired 
NK cytotoxicity [174]. Conversely, entinostat specifically 
suppresses HDAC1 and HDAC2, preventing deacetyla-
tion on H3 and H4 at the Nkg2d promoter, and increasing 
NKG2D expression [170,  172]. Active histone patterns 
consisting of H4K8ac and H3K9 demethylation are elic-
ited at Kir gene promoters in NK cells and CD8+ T cells. 
However, this pattern was observed in both activating 
receptor Kir2dl4 and inhibitory Kir2dl3, indicating the 
university and variability of epigenetic modulation pat-
terns in NK cells [175]. Therefore, although targeting his-
tone acetylation in NK cells to activate innate immunity 

Fig. 5  Epigenetic regulations of NK Cells. The different colored borders and modifier texts have the same meanings as Fig. 2. The demethylation 
on Ifng, Tnf, Prf1, and Kir2ds4, and the methylation on Siglec-7 enhance the antitumor function of NK cells. The permissive histone modification 
on such genes as well as other pro-inflammatory genes also promotes antitumor immunity. RNA modification and ncRNAs exert various effects 
on NK cells via regulating different genes. Created with BioRender.com
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in cancer is theoretically feasible, evidence of clinical 
practice is needed to develop novel therapeutic strategies.

As for histone methylation, the “poised” state com-
prised by the coexistence of H3K4 methylation and 
H3K27me3 is essential for NK cell differentiation and 
functionalization. For example, terminally differenti-
ated CD56dim cells contain higher levels of H3K4me3 
at Ifng promoter regions along with high IFN-γ secre-
tion compared to CD56bright cells [163]. In memory NK 
cells, H3K4me1 deposition at the enhancer region of 
Ifng is vital for IFN-γ production in response to second-
ary infection [176]. One of the mechanisms explaining 
H3K4me3-associated NK cell regulation involves the 
function of KDM5A. KDM5A recruits p50 and under-
goes nuclear transportation to inhibit Socs1 by demethyl-
ating H3K4me3. Consequently, the unblocking of JAK2/
STAT4 pathways, coupled with the upregulation of IFN-γ 
production, represents the activation of NK cells [177]. 
STAT4 can also directly promote H3K4me3 deposition 
on the promoters of Runx1, Runx3, and Core-binding fac-
tor subunit beta (Cbfb), which are essential for NK cells’ 
clonal expansion, activation, and memory generation 
[178]. In the H3K27me3-regulating way, JMJD3-induced 
H3K27 demethylation contributes to the expression of 
IFN-γ, TNF-α, GM-CSF, and anti-inflammatory IL-10 
in NK cells. Although both pro-inflammatory and anti-
inflammatory cytokines are affected, blocking JMJD3 
with its inhibitor GSK-J4 impairs NK cells’ function 
ultimately [179]. Consistently, the deletion of UTX and 
JMJD3 leads to H3K27me3 deposition and diminishes 
NK cell development, while deleting EZH2 can partially 
restore NK cells’ effect function [180]. Mechanistically, 
EZH2 inhibition increases NKG2D and NKP46 tran-
scription and therefore promotes NK cell cytotoxicity 
[181]. In summary, manipulating the poised status of 
H3K4 methylation and H3K27me3 with mature drugs 
confers more potential strategies in cancer treatment.

Finally, Several RNA-related epigenetic mechanisms 
regulate cytokines and chemokine secretion in NK cells. 
miR-378, miR-30e, and miR-27a-5p were found to bind 
to Gzmb and Prf1 mRNA to limit NK cells’ cytotoxicity 
[182–184]. Whereas, miR-362-5p relieves inhibition of 
NF-κB pathway by targeting NF-κB-inhibitory modulator 
cylindromatosis lysine 63 deubiquitase (CYLD) to upreg-
ulate IFN-γ, perforin, granzyme-B and CD107a [185]. 
Other cytotoxic-stimulatory miRNAs include miR-155 
and miR-181 promoting cytotoxic molecule production 
[186–189].

In addition, miRNA-mediated regulation also pre-
sents during NK cell differentiation and surface receptor 
expression, including miR-181, miR-29b, and miR-30c-
1-3p promote the production of essential transcription 
factors like Tbx21 and Eomes [187, 190–192]. Conversely, 

miR-150 and miR-583 respectively downregulate mRNA 
levels of transcription factor c-Myb and surface recep-
tor Il2rγ [193, 194]. As for surface receptor production 
including NKG2 and KIR families, multiple miRNAs 
engage in and consist of the intricate miRNA-regulatory 
network to regulate the efficacy of NK cells in antitumor 
immunity [195–199].

Other RNA-related mechanisms cover the production 
of cytotoxic factors and the expression of transcription 
factors of NK cells’ differentiation. For example, lncRNA 
MALAT1 impairs IFN-γ secretion and NK cell func-
tion, while lncRNAs lnc-CD56 and GAS5 exert opposite 
effects [196, 200, 201]. METTL3 is also indispensable for 
NK cell function by mediating Ptpn11 (encoding SHP-2) 
m6A modification to maintain the activation of AKT-
mTOR and MAPK-ERK signaling pathways [202]. Collec-
tively, in terms of the widely developed immunotherapy 
strategies targeting NK cells in cancer treatment, epige-
netic therapies are highly promising options for improv-
ing these immunotherapies.

Epigenetic regulation of tumor associated‑macrophages
Tumor associated-macrophages can differentiate into 
highly heterogeneous subsets in the TME, thereby play-
ing dual roles in cancer control. A more accessible clas-
sification terms macrophages that prefer to mediate 
pro-inflammatory responses M1-like macrophages, 
while terms another immunosuppressive subgroup acti-
vated by IL-4, IL-10, or TGF-β M2-like macrophages 
[203]. Notably, the growing evidence indicates that 
some TAM subgroups evolve diverse characteristics that 
are difficult to explain by the binary classification. For 
example, a pan-cancer study reveals TAM contains sub-
groups that express both M1 and M2 gene signatures 
[204, 205]. Within the long-term co-evolution between 
immune cells and cancer cells in the TME, the immuno-
suppressive cytokines produced by cancers, Treg cells, 
and MDSCs eventually come to dominate, subsequently 
inducing macrophages to undergo M2 polarization [206]. 
These immunosuppressive TAMs produce TGF-β, IL-10, 
and inducible nitric oxide synthase (iNOS) that impair T 
cells’ cytotoxicity, induce Treg cells’ differentiation, and 
suppress DCs’ functions [207]. Therefore, the role of epi-
genetic regulation in TAM differentiation is an important 
topic, and understanding it holds the potential for the 
exploit of epigenetic therapies (Fig. 6).

DNA methylation regulates some decisive genes of 
macrophage polarization and activation. DNMT3b 
methylates the promoter region of peroxisome prolif-
erator-activated receptor γ1 (PPARγ1), an important 
M2-related gene, to suppress M2 polarization [208]. 
In addition, DNMT1 promotes M1-like function by 
inducing hypermethylation at the SOCS1 promoter 
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to upregulate TNF-α secretion [209, 210]. However, 
DNMT1 inhibitor 5-aza blocks DNMT1 and redi-
rects polarization to M1-like macrophages instead of 
M2 polarization in mice ovarian cancer models [211]. 
Therefore, the noncorresponding results of DNMT1 
functions and its inhibitors on TAM maturation need 
more investigation. TETs also mediate the differentia-
tion induction of macrophages. For example, TAMs are 
converted from M2-like type to M1-like type in Mye-
TET2-null mice, which is attributed to the deregulation 
of immunosuppressive genes such as Arginase 1 (Arg1), 
an enzyme converts arginine into orthenine and urea 
instead of cytotoxic NO and ROS [212]. In addition to 
the above mechanisms, the regulation of DNA meth-
ylation in TAMs remains a significant research gap that 
requires further investigation.

Some studies reported histone modification involved 
in TAM regulation, including core modifiers and met-
abolic constituents in the TME. Histone acetylation 
modulators p300/CBP, HDAC2, SIRT1, SIRT2, and 
BRD4 in TAMs have been reported to promote cancer 
development by inducing immunosuppressive polari-
zation of TAMs [213–215]. p300/CBP mediates H3 
acetylation at NF-κB and Il6 promoter regions, which 
promotes M2 polarization and facilitates lung cancer 
progression [216]. HDAC2 regulates H3 acetylation to 
promote transcription factor SP-1 expression, facilitat-
ing SP-1-mediated IL-10 production, which enhances 
M2-like activation in lung cancer [217]. The non-tradi-
tional HDAC decoy receptor 3 (DcR3) also stimulates 
M2 polarization by repressing class II transactivator 
(CIITA) expression, a key MHC-II expression regula-
tor in TAMs. Reduced MHC-II production impairs the 

tumoricidal function of TAMs, leading to uncontrolled 
tumor expansion [218].

Histone acetylation is closely linked with various other 
epigenetic components in macrophages. For instance, 
DNMT3a creates an active methylation pattern on the 
Hdac9 promoter region, and the induced HDAC9 dea-
cetylates tank binding kinase 1 (TBK1) to enable inter-
feron regulatory factor 3 (IRF3) phosphorylation and 
subsequent type I IFN production [219]. Colorectal can-
cer-secreted miR-145 represses HDAC11 production in 
TAMs and consequently promotes IL-10 production and 
M2 polarization [220].

Especially, the acetyl-CoA metabolism is essential for 
TAM regulation. Lactic acid secreted by cancer cells can 
be uptaken by TAMs, fueling the TCA cycle to produce 
acetyl-CoA, and donating the acetyl group for H3K27ac. 
H3K27ac promotes transcription of immunosuppressive 
genes such as Nuclear receptor subfamily 4 group A mem-
ber 1 (Nr4a1) that inhibit pro-inflammatory response 
and M1 polarization [221].

Several essential gene targets that determine the 
reprogramming of TAMs are controlled by histone 
methylation. As for the effector methyltransferases, 
HKMT G9a has been found to induce macrophages 
to transition into tumor-promoting phenotypes via 
di-methylating H3K9 on Cd36 promoter regions to 
suppress CD36 transcription [222]. H3K4 methylation-
associated modifiers, WDR5 subunit of SET1A/SET1B, 
SET itself, and ASH1l, as well as H3K36 methyla-
tion modifier MYND domain-containing 2 (SMYD2), 
respectively induce H3K4me3 and H3K36me2 deposi-
tion at the promoter regions of tumor necrosis factor 
alpha-induced protein 3 (Tnfaip3), receptor-interacting 
protein 1 (Rip1), Tnf, and Il6 [223–225]. These proteins 

Fig. 6  Epigenetic regulations of macrophage polarization. The different colored modifier texts have the same meanings as Fig. 2. DNA modifiers 
such as DNMT1 and TET2 shift TAMs to M2 polarization while DNMT3a promotes M1-like TAMs formations. Similarly, histone modification regulators 
including HDAC2, PRMT1, and BRD4 enhance M2 polarization and others such as SET7/9 and SMY3 polarize M1-like macrophages. ncRNAs 
including miRNAs and LncRNAs also perform various effects on TAMs polarization and functions. Created with BioRender.com
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are upregulated to maintain the M2-like phenotypes 
of TAMs while blocking M1 signaling. SMYD2 also 
upregulates TGF-β secretion in TAMs, promoting Treg 
differentiation and facilitating the establishment of 
immunosuppressive TME [224]. In addition, SYMD5 
catalyzes H4K20me3 deposition on Tnf and Ccl4 pro-
moter regions which suppresses macrophage activation 
[226].

In contrast, some HKMTs upregulate the expression 
of proinflammatory factors to activate tumor-inhibiting 
TAMs. SET7/9 and SYMD3 catalyze H3K4 methylation 
at the S100a9 (encoding S100 calcium-binding protein 
A9) and S100a12 loci and the two key proteins promote 
M1 polarization [227]. EZH2 trimethylates H3K27 on 
Socs1, preventing the SOCS1-mediated degradation 
of tumor necrosis factor receptor-associated factor 6 
(TRAF6), thereby allowing TRAF6-related signaling cas-
cade to induce proinflammatory gene expression [228].

Histone demethylases also play roles in TAM dif-
ferentiation. JMJD3 induces H3K27 demethylation to 
upregulate the expression of M2 genes including Irf4 and 
Arg1 [229, 230]. However, another study revealed that 
breast cancer cells produced miR-138-5p to target Jmjd3 
mRNA in TAMs, and the insufficient JMJD3 was corre-
lated to the increasing expression of M2-related genes 
such as Il10 and Arg1 [231]. These two opposing results 
indicate that studies respectively focus on the upstream 
or downstream regulation of histone modification and 
may arrive at distinct conclusions. Another core histone 
demethylase LSD1 was downregulated during M1 polari-
zation, consistent with the observation that LSD1 inhibi-
tion limits H3K4 and H3K9 demethylation to maintain 
M1 markers expression [232]. Moreover, several studies 
discovered less common types of histone arginine meth-
ylation in macrophages. PRMT1 catalyzes H4R3me2a on 
Pparg promoter regions to upregulate PPAR-γ expres-
sion which benefits PPAR-γ-dependent M2 polarization 
[233]. In human HCCs, PRMT1-mediated STAT3 acti-
vation contributes to M2-like TAM formation, while its 
inhibition decreases tumor burden with less IL-10 and 
IL-6 production and M2 polarization in mice model 
[234]. Collectively, targeting various histone modifiers 
to manipulate TAM polarization towards M1-like or 
M2-like subtypes may benefit patients with tumors.

Several miRNAs have been revealed to regulate TAM 
polarization, including miR-19a-3p and miR-720 in 
breast cancer growth by limiting the M2-like pheno-
type of TAMs [235, 236]. While miR-146a and miR-
99a promote M2 polarization, miR-511-3p, miR-127, 
and miR-125b link to M1 polarization [237]. LncRNAs 
HOXC-AS2 promotes M2 polarization by repressing the 
STAT1-CIITA pathway in TAMs [238].

As for RNA modification, METTL3 has been found 
to methylate the 3′-UTR of Stat1 mRNA thus facilitat-
ing M1 polarization [239]. Uncontrolled tumor growth 
occurs when intracellular METTL3 in TAM is deleted 
[240].

Epigenetic regulation of dendritic cells
Responsible for antigen presentation, DCs are the central 
immune cells of the cancer immunity cycle. DC-medi-
ated regulation requires three signals: antigen presen-
tation (primarily by MHC-I and MHC-II molecules), 
costimulatory signals (activating or inhibiting), and 
signaling mediated by soluble factors [241]. The major 
subtypes of DCs are defined as: cDC1 and cDC2, plas-
macytoid DCs (pDCs) from both CDPs and lymphoid 
progenitors, and monocyte-derived DCs (moDCs) [241]. 
cDC1s engulf extracellular tumor-associated antigens 
(TAAs, proteins, or other molecules that express on can-
cer cells while they are often absent or present in much 
lower quantities on non-malignant cells) and present 
them on MHC-I molecules to stimulate CD8+ T cells 
through cross-priming. cDC2s facilitate Th1, Th2, and 
Th17 differentiation through MHC-II-CD4+ T lympho-
cyte recognition. MoDCs function similarly to cDC2s in 
priming CD4+ T cells and are involved in inflammation 
[242]. pDCs accelerate cDC1 maturation and stimulate 
the cytotoxicity of T cells and NK cells [243]. DCs also 
show immune-regulatory roles in multiple physiological 
or pathological situations, especially in cancer [244, 245]. 
For example, pDCs suppress T cell activity and promote 
cancer immune escape via expressing PD-L1 [246]. Sim-
ple TAAs-TCR recognition without costimulatory signals 
also leads to T-cell dysfunction [247]. Additionally, DCs 
express CD80/86 with higher affinity for binding with 
CTLA-4 instead of CD28 on T cells, leading to T cell 
incompetence [248]. Thus, the epigenetic modulation of 
DCs may help enhance antitumor immunity (Fig. 7a).

There are relatively few studies about how DNA meth-
ylation regulates the functions of DCs but the existing 
findings have offered insights. During monocyte-to-DC 
differentiation, DNA demethylation occurs at CpG2 and 
CpG3 of the CD209 promoter region, indicating upreg-
ulated CD209 expression in differentiating DC cells 
compared to monocytes [249]. The alternative expres-
sion of DNA methylation modulators, such as DNMT1, 
DNMT3A, DNMT3B, and TETs, may explain these 
changes [250]. When responding to heat shock pro-
tein gp96, DNMT1 is recruited by NF-κB to genes loci 
to upregulate Neuropilin-1 (NRP1) in pDCs and lead 
the immunosuppressive pDCs-Treg interactions [251]. 
DNMT1 also promotes tumor-associated DC matura-
tion and their antitumor ability by methylating the Socs1 
promoter and facilitating the activation of TLR signaling 
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[252]. Moreover, TET2 demethylates DC-specific genes 
or genes encoding antigen-presenting molecules, or pro-
inflammatory cytokines in the presence of external IL-4 
or cofactor vitamin C, promoting DC differentiation and 
DC-induced T cell activation [253, 254]. In summary, 
DNA hypomethylation is conducive to activating DCs. 
Targeting DNA methylation modifiers may be beneficial 
for establishing immune-activated TME in a DC-depend-
ent manner.

Histone methylation modifiers EZH2 and DOT1L have 
been studied in the function and development of DCs. 
Many studies stressed the important roles of EZH2 in 
DC maturation [255–260]. For example, EZH2 deficiency 
deletes H3K27 trimethylation at the Runx1 promoter, 
leading to RUNX1 upregulation which suppresses DC 
maturation [260].

DOT1L upregulates the expression of forkhead box 
transcription factor M1 (FOXM1) by di-methylating 
H3K79 on the promoter regions and then facilitates 
the downstream DC maturation suppressor Wnt family 
number 5A (WNT5A) upregulation. These DC-associ-
ated tumor-promoting effects are observed in pancreatic 
and colon cancer [261]. Moreover, H3K4me3 deposition 
at Il12, Cd86, Ccr7, Cd40, HLA-DR, and Stat3 loci is vital 
for DC maturation and cancer containment [262–264].

Multiple histone acetylation modifiers, such as TIP60, 
p300/CBP, and HDACs, are involved in regulating the 
response of DCs to pathological conditions includ-
ing infection, allergy, and inflammation [265–268]. For 
example, TIP60-mediated H4K12ac is upregulated in 
DCs upon alcoholic stimulation, restricting the expres-
sion of multiple pro-inflammatory cytokines such as 
IL-15 and TNF-α [268]. This mechanism may also be 
applied to cancer, particularly pancreatic cancer second-
ary to chronic alcoholic abuse.

The role of histone acetylation in DC maturation and 
function was also reflected in studies involving HDACis. 
For example, to explore how histone acetylation regulates 
DC development, authors utilized bone marrow cells 
from C57BL/6 J mice and stimulated them with different 
cytokines. The upregulation of PU.1, a key transcription 
factor in DC differentiation, is associated with H3K9 dea-
cetylation on its promoter regions, unlike the traditional 
linkage between histone acetylation and increased gene 

expression. In TSA-treated DCs, the H3K9ac is main-
tained at Sfpi1 (encoding PU.1), Fms-like tyrosine kinase 
3 (Flt3), and Irf8 locus, reducing their expression and 
blocking DCs development [269]. Moreover, VPA treat-
ment impairs CD40, CD80, TNF-α, and IL-6 produc-
tion, and reduces nuclear levels of IRF8 and IRF3 in DCs, 
associated with impaired differentiation and dysfunction 
[270].

Furthermore, METTL3 also plays an important role in 
DC activation by maintaining the production of costimu-
latory molecules like CD40 and CD80, and pro-inflam-
matory cytokines including IL-12 and TNF-α in DCs 
[271, 272]. However, the role of YTHDF1 in DC cells 
remains controversial. Wang et al. reported that YTHDF1 
upregulates CD40 and CD80 expression in DCs, while 
Han et  al. indicate that knocking out YTHDF1 in DC 
cells enhances antigens presentation and cross-primes 
cytotoxic CD8+ T cells against tumors by recognizing 
m6A on mRNA for lysosomal cathepsins, which are key 
in process for antigen presentation [273]. Therefore, fur-
ther investigation into the impact of RNA modification 
and its reader on DC cells would be required.

Both lncRNA and miRNA also regulate DCs in endog-
enous or exogenous manners. For example, miR-5119 
contributes to PD-L1 elimination in DCs and rescues 
exhausted T cells in breast tumor-bearing mice [274]. 
Another study also reported the potential of miR-
5119-containing cancer vaccine in cancer therapy [275]. 
Moreover, miR-212-3p contained in the exosomes from 
pancreatic cancer cells would impair the antigen-pre-
senting ability of DCs by suppressing regulatory factor 
X-associated protein (RFXAP) expression, a vital tran-
scription factor of MHC-II [276]. Moreover, lncRNAs 
also participate in DC regulation by controlling critical 
gene expression, including HOXA1, STAT3, and HIF-1α 
[277–280].

Taken together, although most studies exploring the 
epigenetic regulation of DCs are not in cancer, epigenetic 
therapies also offer novel strategies for reshaping DC 
phenotypes to establish more intensive antitumor TME.

Epigenetic regulation of myeloid‑derived suppressor cells
MDSC is also a highly heterogeneous group of immu-
nosuppressive cells within the TME. The two main 

(See figure on next page.)
Fig. 7  Epigenetic regulations of DCs and MDSCs. A Epigenetic regulation of DCs; B. Epigenetic regulation of MDSCs. The different colored modifier 
texts have the same meanings as Fig. 2. In DCs, DNMT1, EZH2, and miR-212-3p repress DCs’ cancer-suppressive functions, while other epigenetic 
regulators such as METTL3, lnc-DC, and YTHDF1 may enhance the antigen presentation ability and antitumor functions of DCs. To regulate MDSCs, 
histone modifiers such as SETD1B, MLL1, and KAT6A reshape histone modification patterns to promote MDSCs’ function and formation. DNMT1, 
DNMT3a/3b, and TET2 regulate the DNA methylation pattern on the key genes of MDSCs. Posttranscriptional regulators also exert a wide effect 
on MDSCs by regulating their differentiation, functions, and expansion. Created with BioRender.com
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Fig. 7  (See legend on previous page.)
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subgroups include neutrophil-like polymorphonuclear 
MDSCs (PMN-MDSCs) and monocyte-like mononuclear 
MDSCs (M-MDSCs) [281]. M-MDSCs repress both anti-
gen-dependent and antigen-independent T cell response 
by secreting nitric oxide (NO), IL-10, TGF-β, and ARG1, 
while PMN-MDSC primarily affect antigen-specific T 
cell response by ROS and reactive nitrogen species (RNS) 
[282, 283]. MDSCs also produce checkpoint molecules 
such as CTLA-4 and PD-L1 to attenuate T-cell activ-
ity [284, 285]. Additionally, MDSCs coordinate Treg 
cells and TAMs to exacerbate immunosuppression [286, 
287]. Besides interacting with immune cells, MDSCs also 
directly facilitate cancer metastasis and angiogenesis by 
producing matrix metalloproteinases (MMPs) [288, 289]. 
Therefore, debilitating the differentiation and mainte-
nance mechanisms of MDSCs is essential for tumor con-
trol, and here we focus on the epigenetic strategies to 
control MDSCs (Fig. 7b).

DNA methylation is a pivotal mechanism to inhibit 
the ARG1 and STAT3 expression and impair MDSC 
functions, and the effect methylases are DNMT3a 
and DNMT3b [290]. However, some studies found 
that DNMT1, DNMT3a, and DNMT3b contribute to 
MDSC-specific hypermethylation of some genes includ-
ing Runx1, Il1b, Tnf, Ripk1, and Ripk3 to maintain the 
immune-inhibiting effects of MDSCs and their survival 
[291, 292].

TET2 promotes MDSCs function and tumor growth 
by demethylating the promoters of immunosuppres-
sive genes like Tgfb1, Arg1, and T-cell immunoglobulin 
and mucin-domain containing-3 (Tim-3) [293]. TET2 
deletion would reduce ARG1 expression in MDSCs 
and increase T cell infiltration [212]. However, another 
study found that Tet2−/− mice lose tumor growth con-
trol as TET2 deletion upregulated IL-6 expression and 
enhanced MDSC expansion in the TME [294]. Therefore, 
the function of DNA methylation modifiers in MDSCs 
may exhibit variability in a context-dependent manner 
and require further investigation.

Histone methylation modifiers profoundly impact 
MDSCs. EZH2 inhibitors GSK126 and GSK343 pro-
mote MDSC expansion by inhibiting H3K27 methyla-
tion of differentiation-essential genes and upregulating 
pro-expansion pathways like JAK-STAT and TNF signal-
ing [295, 296]. Interestingly, in colitis, EZH2 inhibition 
alleviates symptoms and delays colon cancer onset sec-
ondary to colitis [296]. In addition, SETD1B is upregu-
lated in MDSCs to mediate H3K4 trimethylation at the 
Nitric oxide synthase 2 (Nos2) promoter and increases 
iNOS production to nitrate TCR and STAT1 on T cells, 
inhibiting their cytotoxicity [297]. The H3K4 methyla-
tion-catalyzed protein complex consisting of MLL1, WD 
repeat domain 5 (WDR5), Absent, small or homeotic 

discs-like 2 (ASH2L), and RB binding protein 5 (RBBP5) 
is decreased in MDSCs from lung cancer patients [298]. 
This is consistent with WDR5-dependent H3K4me3 dep-
osition on the Secreted phosphoprotein 1 (Spp1) promoter 
which enhances the osteopontin (OPN) production in 
MDSCs. SPP1 interacts with CD44 on T cells and then 
impairs T cells’ function [299].

Notably, 44% of HDAC-related genes were upregu-
lated in immature MDSCs from colorectal cancer (CRC) 
patients, while these genes were downregulated in PMN-
MDSCs. Several HATs’ expression in PMN-MDSCs and 
M-MDSCs are also upregulated [300]. KAT6A and p300/
CBP mainly drive the immunosuppressive effects of 
MDSCs. KAT6A acetylates on K20/K117 of SMAD3 and 
H3K23, increasing the transcription of tumor-promoting 
genes such as Il6 to enable breast cancer metastasis and 
MDSCs’ infiltration [301]. P300/CBP acetylates H3K27 
in MDSCs on Arg1 and Nos2 promoters to enhance their 
immunoinhibitory functions [302].

Different HDACs exhibit opposite effects on MDSCs. 
For example, HDAC11 knockout in mice would result 
in unlimited tumor growth caused by upregulated IL-10 
expression and more MDSCs with intensive immunosup-
pressive phenotype [303]. Conversely, HDAC2-induced 
Retinoblastoma 1 (Rb1) promoter deacetylation and gene 
silencing promote M-MDSC differentiation to PMN-
MDSCs, correlated with fostered tumor growth [304]. 
This evidence supports the pharmacological use of HDA-
Cis. For example, HDACi VPA showed inhibition effects 
on MDSCs by decreasing Arg1 and Pdl1 expression [305]. 
More studies are warranted to explore the efficacy of 
drugs targeting histone modification in MDSC inhibition 
and cancer control.

Immunosuppressive miRNAs, such as miR-30a [306], 
miR-494 [307], miR155, miR-21 [308], miR-449c [309], 
miR-21a, miR-21b, and miR-181b [298], are upregulated 
in MDSCs. Take miR-449c as an example, it degrades 
STAT6 mRNA to activate MDSC expansion and contrib-
utes to tumor growth. Immunosuppressive miRNAs can 
also be taken into MDSCs via exosomal vesicles secreted 
by cancer cells. Glioma, for instance, produces exosomes 
containing miR-29a and miR-92a to target High-mobil-
ity group box transcription factor 1 (Hbp1) and Protein 
kinase cAMP-dependent type I regulatory subunit alpha 
(Prkar1a) mRNA in MDSCs respectively. HBP1 represses 
proliferation-related genes, while Prkar1a deletion 
upregulates Tgfb, Il10, Arg1, and Nos2. Consequently, 
miR-29a and miR-92a strengthen the expansion of func-
tional MDSCs [310]. Immunostimulating miRNAs, such 
as miR-690 [311], miR-9 [312], and miR-223 [313], have 
been found to restrain MDSC function. For example, 
miR-690 reduces the level of CCAAT/enhancer-binding 
protein α (C/EBPα) during MDSC development, delaying 
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the terminal differentiation and immunosuppression of 
THC-induced MDSCs [311].

LncRNAs also contribute to the regulation of MDSCs. 
RNCR3 [314], PVT1 [315], and AK036396 [316] sus-
tain the immunosuppressive function of MDSCs, while 
MALAT1 [317] and lnc-C/EBPβ [318] repress MDSCs. 
Furthermore, lncRNAs interact with other epigenetic 
components. LncRNA Snhg6 induces EZH2 ubiquitina-
tion thereby promoting MDSC differentiation [319]. Lnc-
CHOP promotes H3K4me3 deposition on the promoter 
regions of Arg1, Nos2, Nox2 (encoding NADPH oxidase 
2), and Cox2 (encoding cyclooxygenase-2) in MDSCs, 
enhancing their immunosuppressive effects [320]. 
Additionally, METTL3-induced m6A modification on 
lncRNA Olfr29-ps1 upregulates its expression and inter-
action with miR-214-3p, preventing MyD88 inhibition, a 
positive regulator for MDSC differentiation and function. 
Olfr29-ps1 overexpression is associated with the upreg-
ulation of ARG1, COX2, NOX2, and iNOS in MDSCs 
[321]. Therefore, targeting ncRNAs in MDSCs may help 
reduce tumor immune escape by limiting MDSCs’ func-
tion in the TME.

Clinical applications of epigenetics agents
Intensive mechanistic studies provide the rationale for 
developing epi-drugs, and various agents targeting epi-
genetic regulators showing favorable efficacy in clinical 
trials [322]. This section summarizes the development, 
application, and combination therapy strategies of 
FDA-approved epi-drugs or newly developed epi-drugs 
that could potentially regulate immune cells within 
the TME. Clinical trials in progress are also discussed 
in the context of combining epi-drugs with traditional 
immunotherapies.

DNA methylation modulators
The major epi-drugs targeting DNA methylation are 
DNMTi. Azacitidine, decitabine, clofarabine, and arseni-
cal trioxide are approved for treating hematologic 
tumors, while several other agents are evaluated in clini-
cal trials [323]. For example, 5-aza-4’-Thio-2’-Deoxycyt-
idine (aza-TdC), an inhibitor of DNMT1, is currently in 
a phase I study for patients with advanced solid tumors 
(NCT03366116) [324]. Given the extensive DNMTs-
mediated regulations of immune cells within TME, it is 
promising to evaluate the potential of DNMTis utilized in 
the context of immunotherapy.

In short, DNMT inhibitors remove DNA methyla-
tion to reactivate the suppressed genes and reshape the 
phenotypes of immune cells. Decitabine treatment sig-
nificantly inhibits MDSC infiltration and elevates T cell-
mediated cytotoxicity in the mice model [292]. However, 

5-aza-dC maintains the Treg population with a stable 
FOXP3-positive phenotype [325].

DNMT inhibitors also engage in converting suppres-
sive M2-like macrophages into cytotoxic M1-like coun-
terparts to enhance antitumor immunity. In the mice 
breast cancer model, combination treatment of 5-aza-
dC and HDACi TSA upregulates M1-related cytokines 
such as IFN-γ while reducing M2-related cytokines such 
as IL-10 and IL-4 [326]. Moreover, decitabine stimu-
lates p65 phosphorylation and IL-6 production in mac-
rophages, inducing the formation of M1-like phenotype 
and T cell activation in the CRC model [327].

Moreover, azacitidine can promote KIR and IFN-γ pro-
duction in NK cells to enhance NK cell-mediated anti-
tumor immunity [328]. Both decitabine and azacitidine 
can inhibit suppressive receptor expression including T 
cell immunoreceptors with Ig and ITIM domains (Tigit) 
and killer cell lectin like receptor G1 (Klrg1) to repress 
NK cells-favored breast cancer metastasis [329]. How-
ever, azacitidine or HDACi butyric acid treatment would 
induce SIGLEC7 expression which impaired NK cell-
mediated cancer killing [167].

DCs treated by 5-aza-dC express high levels of CD40 
and CD86, while the secretion of T-cell-repressing 
cytokines IL-10 and IL-27 is downregulated [330]. A 
combination of azacitidine, romidepsin (a HDACi), and 
IFN-α2 (ARI) upregulates IRF accessibility to IFN-stim-
ulated genes (ISG) in DCs, increasing DC migration to 
tumor sites and cross-priming T cell [331]. Similarly, syn-
ergizing IFN-α, decitabine, and a DC-targeting DNA vac-
cine promotes the infiltration of DC, NK cells, and CD8+ 
T cells in melanoma sites and enhances the antitumor 
effects [332]. Therefore, DNMT inhibitors enhance anti-
tumor immunity by targeting multiple immune cells, and 
further investigation to assess the optimizing combina-
tion therapy regimens is warranted.

Histone modification modulators
Current epi-drugs targeting histone modification with 
potential for clinical application mainly include HDAC 
inhibitors, EZH2 inhibitors, KDM inhibitors, and BET 
inhibitors [333, 334].

HDAC and HAT inhibitors
HDAC and HAT inhibitors reshape the genomic histone 
acetylation and transcriptional profiles of immune cells to 
build cancer immunity. Due to the highly heterogeneous 
functions of 18 human HDAC subtypes [8], HDACis with 
substrate-specificity makes distinct effects on immune 
cells. First, HDACis can regulate immunosuppressive 
components in TME. Vorinostat induces MDSCs apop-
tosis to strengthen antitumor immunity while treating 
oral squamous cell carcinoma (OSCC)-bearing mice with 
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HDACi TSA restricts tumor growth by limiting ARG1 
and iNOS expression in MDSCs [335, 336]. Similarly, 
entinostat represses FOXP3 expression in Treg cells and 
impairs Treg-driven immunosuppression [337]. Sec-
ond, HDACi also supports antitumor components. For 
example, panobinostat maintains H3K27ac at the pro-
moter region of the type I IFN gene to enhance type I 
IFN expression in the TME [338, 339]. HDAC6 inhibi-
tor AVS100 was shown to facilitate the formation of 
pro-inflammatory M1-like TAMs and Teff in melanoma 
and colon cancer [340]. In addition, the HDAC3-specific 
inhibitor RGFP966 promotes T cells to secrete proin-
flammatory molecules including granzyme B, IFN-γ, and 
TNF-α [133]. Histone acetylation modulators also target 
immune cells in antitumor therapy. GNE-781, an inhibi-
tor of p300/CBP, represses ARG1 and iNOS secretion by 
MDSCs thereby blocking MDSC-induced immunosup-
pression [302]. p300/CBP inhibition also impairs Treg 
differentiation [95].

Nonetheless, some studies also pointed to the potential 
cancer-promoting effects of HDAC inhibitors. For exam-
ple, TSA treatment blocks HDAC9-mediated deacetyla-
tion on Foxp3 genes to boost Treg cells [341], while VPA 
promotes the distribution of H3K9ac and H3K4me3 over 
Il6 promoter regions to enhance M2 polarization of mac-
rophages [342]. HDACis such as TSA, VPA, and sodium 
butyrate (NaB) impair NK cell cytotoxicity [343]. There-
fore, the different effect mechanisms of HDACis should 
be further studied.

BET inhibitors
BET acts as a reader of histone modification and func-
tions by recruiting other effectors to regulate gene 
expression. JQ1 is a potent BET bromodomain inhibi-
tor making dichotomous effects on cancer immunity. 
JQ1 impairs the immunosuppressive functions of Breg 
cells by blocking BRD4-NF-κB p65 recruitment to the 
Il10 promoter region and IL-10 secretion [344]. JQ1 also 
reduces PD-L1 expression on both DCs and cancer cells 
[45]. INCB057643 is a novel BET inhibitor evaluated in 
phase I clinical trial and significantly reduces FOXP3 
expression in Treg cells [345]. Another novel BET inhibi-
tor PLX51107 also eliminates Treg cells in the TME and 
restricts melanoma growth. Notably, the combination of 
PLX51107 and PD-1 blockade shows remarkable efficacy 
compared to either single treatment [346].

HKMT and KDM inhibitors
Due to the active or inactive histone methylation pat-
terns generally regulating gene transcription, HKMT and 
KDM inhibitors can switch on or off the gene expression. 
EZH2 is the major therapeutic target for epigenetic ther-
apy development. The EZH2 inhibitor CPI-1205 reduces 

FOXP3 expression in Treg cells and reshapes them to the 
Th1-like phenotype [77]. Similarly, a preclinical study 
regarding the CPI-1205-ipilimumab (anti-CTLA-4) com-
bination achieves favorable patients’ responses in bladder 
cancer, as EZH2 inhibition induces Treg cells into a Teff-
like phenotype [347]. This combination also overcomes 
anti-PD1 therapy resistance by destabilizing Treg cells in 
liver metastasis [348]. In the nasopharyngeal carcinoma 
tissue, EZH2 inhibitor DZNep inactivates Treg cells and 
induces TAA-specific T cell cytotoxicity [349]. Its combi-
nation with DNMT inhibitor decitabine and anti-PD-L1 
treatment or adoptive T-cell therapy also achieved tumor 
control by inducing Th1-like chemokine secretion and 
subsequent cytotoxic CD8+ T cell infiltration in ovarian 
cancer model [24]. Moreover, EZH2 inhibitors UNC1999 
and EPZ005687 can promote NK cell maturation for can-
cer treatment in HPSCs [181]. There is some evidence 
for contrary results, such as the MDSC-promoting and 
Teff cell-inhibiting effects of EZH2 inhibitor GSK126 
reported in a study [295].

The well-investigated inhibitors of histone demethyl-
ases include JMJD3 inhibitors, such as GSK-J4, and LSD1 
inhibitors seclidemstat, both impair antitumor immu-
nity by limiting NK cells’ function [179, 350]. The novel 
nuclear LSD1 phosphorylated at serine 111 (nLSD1p)-
specific inhibitor, EPI-111, targets the nLSD1p-EOMES 
axis in exhausted T cells from immunotherapy-resistant 
melanoma patients or mouse models, revitalizing dys-
functional T cells for tumoricidal immunity [351]. Over-
all, regulating histone methylation shows great potential 
in reprogramming the TME, and corresponding inhibi-
tors have shown favorable effects in several cancer types.

Combination therapy with epigenetic drugs 
and immunotherapies
In terms of the significant regulatory effects of epi-drugs, 
their appropriate coordination with immunotherapies 
rationally leads to more synergetic therapy efficacy. The 
most widely used immunotherapies are immune check-
point blockades (ICBs) and adoptive cell therapy (ACT) 
[352].

Combination with immune checkpoint blockades
Several epi-drugs are being investigated with ICBs in 
clinical trials. The combination of DNMTis with ICBs 
enhances tumoricidal immunity by upregulating T cell 
and NK cell infiltration, boosting IFN-γ expression, and 
reducing T cell exhaustion, MDSCs, and Treg cell infil-
tration [119, 353]. In treating Hodgkin lymphoma, decit-
abine combined with anti-PD-1 blocker camerlizumab 
significantly increases the complete remission (CR) rate 
(71% versus 32%) and 6-month response rate (100% 
versus 76%) compared to camerlizumab monotherapy 
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[354]. Moreover, combining HDACis with ICBs, such as 
vorinostat plus pembrolizumab or entinostat plus pem-
brolizumab, receives promising results in NSCLC treat-
ment [355, 356]. The synergization of HDAC6-specific 
inhibitor nexturastat A with an anti-PD-1 blockade pro-
motes immune cell infiltration and reduces M2-like mac-
rophages in the TME, enhancing antitumor immunity 
[357]. A regimen of entinostat plus anti-CTLA-4 or anti-
PD-1, or a combination of all three, achieves prolonged 
tumor-free survival in mouse models of pancreatic can-
cer or breast cancer by suppressing MDSCs and stimu-
lating cytotoxic T cells in the TME [358]. These findings 
align with molecular evidence of M2-like macrophage 
impairment and MDSC-mediated immunosuppression 
in TSA treatment. The use of anti-PD-L1 blockers tar-
gets TSA-induced PD-L1 upregulation, improving tumor 
control and extending survival in tumor-bearing mice 
[359]. Similarly, combining the EZH2 inhibitor CPI-
1205 enhances ipilimumab efficacy in the mice model 
[347]. The combination of BETi JQ1 and PD-1 antibody 
reduces Treg cells and increases Th1-like T cell infiltra-
tion in mice bearing with lung cancer [360]. Other epi-
drugs combined with ICBs such as BETi PLX51107 and 
HDACi chidamide enhance tumor control in mice mod-
els by reprogramming the immune composition of TME 
[346, 361].

In worth mentioning, that epigenetic drugs can not 
only enhance immunotherapy efficacy by directly regu-
lating immune cells’ function but also via reactivating 
transposable elements (TEs), a unique DNA sequence 
that is mobile within the genome of tumor cells and some 
immune cells [362, 363]. For example, LSD1 inhibitor 
GSK-LSD1 elevates H3K4me2 and the expression of a 
group of endogenous retroviruses  (ERVs) which subse-
quently leads to increased double-stress RNA (dsRNA) 
stress and immunogenicity of cancer cells, along with 
enhanced T cell infiltration in TME and anti-PD-1 effect. 
The mechanism of combination therapy has been shown 
in multiple cancer types [28]. Similarly, the upregula-
tion of treatment-induced neopeptides (t-neopeptides) 
from ERV-derived polyadenylated transcripts can be 
presented by MHC molecules and therefore enhances T 
cell-induced antitumor immunity [364]. Taken together, 
epi-drugs combined with ICBs elicit substantial potential 
as a novel therapeutic strategy.

Combination with adoptive cell therapy
ACT refers to extracorporeal pre-treating immune 
cells to enhance their antitumor function. The most 
potent example is chimeric antigen receptor T-cell 
therapy (CAR-T). T cells are equipped with bio-edit-
ing T-cell surface receptors to recognize specific tumor 

neoantigens (rises from tumor-specific mutations and 
not expressed in non-malignant cells) to kill cancer cells 
specifically [365]. Other ACTs such as CAR-NK and 
CAR-macrophages are under study. Since epigenetic reg-
ulation is the hallmark mechanism that reshapes immune 
cells within the whole cancer immunity cycle, utilizing 
epi-drugs to reprogram immune cells of ACT is a great 
potential therapy regimen (Table 1).

Combining epi-drug with ACT aligns to harness epi-
genetics in immune cells to regulate tumor immunity. 
Decitabine-treated CAR-T cells showed decreased 
expression of exhaustion-related genes such as Eomes, 
Tcf7, and Ctla4, alongside enhanced cytotoxicity and 
pro-inflammatory cytokine production, indicating the 
strengthened CAR-T cell function [366]. The class I 
HDACis M344 and chidamine promote CAR-T cell cyto-
toxicity by blocking HDAC1 and maintaining H3K27ac, 
which facilitates transcription of Tcf4, Lef1, and Ctnnb1. 
These proteins form a transcription complex that acti-
vates the H3K27ac-dependent WNT signaling pathway 
to promote cytokine production, tumoricidal function, 
and resistance to exhaustion of CAR-T cells [367]. BETi 
JQ1 and a p300 inhibitor block BRD4-p300 recruitment 
to the Batf promoter region to block BATF expression 
and maintain the antitumor function of CAR-T cells 
[368]. Tet2-deleted CAR-T cells demonstrate enhanced 
clinical efficacy in treating chronic lymphocytic leu-
kemia and prostate cancer, suggesting the potential of 
TET2 inhibitors in sensitizing CAR-T therapy [369, 370]. 
Moreover, LSD1 inhibitors can used in CAR-T cell pre-
processing before ACT [18]. The role of epi-drugs in 
combination with CAR-NK, CAR-M, or TCR-T lacks 
experimental evidence. In conclusion, how to utilize epi-
drugs in ACT to obtain the most favorable efficacy is 
worthy of further exploration.

Discussion
Substantial evidence confirms the regulatory role of epi-
genetics in immune cells, offering potential strategies for 
cancer treatment. Multiple epi-drugs are under investi-
gation for clinical use or have been approved for treating 
various cancers. In this review, we summarize current 
knowledge of the molecular mechanisms by which epi-
genetic regulation mediates the development, differentia-
tion, and functional evolution of immune cells, especially 
their performance in the cancer context.

Great advantages and potentials are presented in epi-
genetically targeting immune cells in cancer treatment. 
The most promising one is the epigenetic plasticity of 
immune cells. For example, developing agents to reac-
tivate METTL3 could enhance antitumor immunity by 
activating NK cells and DCs [202, 271]. This tack can be 
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Table 1  Selected clinical trials combining epigenetic targeting agents and immunotherapies

Epigenetic Modification Class Agents Cancer Type Drugs Combination (Target) Phase (Trial ID)

DNA methylation DNMTi Azacitidine MDS FDA-approved

Dendritic Cells Vaccination I (NCT04999943)

NKR-2 (CAR-T) I (NCT03612739)

Atezolizumab (PD-L1) Ib (NCT02508870)

Durvalumab (PD-L1) I (NCT02117219)

Durvalumab (PD-L1) II (NCT02281084)

Durvalumab (PD-L1) II (NCT02775903)

Durvalumab (PD-L1) and/
or Tremelimumab (CTLA-4)

I (NCT02117219)

Nivolumab (PD-1) II/III (NCT03092674)

Nivolumab (PD-1) I/II (NCT03259516)

Nivolumab (PD-1) and Lirilumab 
(KIR2DL1/2L3)

II (NCT02599649)

Nivolumab (PD-1) and/or Ipili-
mumab (CTLA-4)

II (NCT02530463)

Pembrolizumab (PD-1) II (NCT03094637)

Sabatolimab (TIM-3) II (NCT05201066)

Sabatolimab (TIM-3) I (NCT03066648)

Tislelizumab (PD-1) II (NCT06536959)

AML FDA-approved

Avelumab (PD-L1) I/II (NCT02953561)

Avelumab (PD-L1) and/or Gem-
tuzumab Ozogamicin (CD33) 
or PF-04518600 (OX40)

Ib/II (NCT03390296)

Durvalumab (PD-L1) II (NCT02775903)

Lirilumab (KIR2DL1/2L3) II (NCT02399917)

Nivolumab (PD-1) I/II (NCT03825367)

Nivolumab (PD-1) II/III (NCT03092674)

Nivolumab (PD-1) and Relatlimab 
(LAG-3)

II (NCT04913922)

Nivolumab (PD-1) and/or Ipili-
mumab (CTLA-4)

II (NCT02397720)

NKR-2 (CAR-T) I (NCT03612739)

Pembrolizumab (PD-1) II (NCT04284787)

Pembrolizumab (PD-1) II (NCT03769532)

Pembrolizumab (PD-1) II (NCT02845297)

Sabatolimab (TIM-3) I (NCT03066648)

Tislelizumab (PD-1) II (NCT06536959)

Vadastuximab talirine (CD33) I (NCT01902329)

Vadastuximab talirine (CD33) III (NCT02785900)

JMML FDA-approved

B-ALL GDC-0199 (CAR-T) II (NCT06078306)

B-cell Non-Hodgkin Lymphoma CD19/CD22 (CAR-T) II (NCT05797948)

CML Sabatolimab (TIM-3) II (NCT05201066)

CRC​ Pembrolizumab (PD-1) II (NCT02260440)

Pembrolizumab (PD-1) with/
without Romidepsin (HDAC)

I (NCT02512172)

DLBCL Avelumab (PD-L1) and/or Utomi-
lumab (4-1BB) or Rituximab 
(CD20)

Ib (NCT02951156)

Obinutuzumab (CD20) and Tuci-
dinostat (HDAC)

II (NCT05823701)

Hodgkin Lymphoma Nivolumab (PD-1) I (NCT05162976)

Melanoma Pembrolizumab (PD-1) II (NCT02816021)

Microsatellite-stable CRC, Ovarian 
cancer, Breast cancer

Durvalumab (PD-L1) II (NCT02811497)
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Table 1  (continued)

Epigenetic Modification Class Agents Cancer Type Drugs Combination (Target) Phase (Trial ID)

NSCLC Nivolumab (PD-1) and Entinostat 
(HDAC)

II (NCT01928576)

Pembrolizumab (PD-1) II (NCT02546986)

NSCLC, Microsatellite-stable CRC, 
HNSCC, Urothelial Carcinoma, 
Melanoma

Pembrolizumab (PD-1) and Epac-
adostat (IDO-1)

I/II (NCT02959437)

Osteosarcoma Nivolumab (PD-1) Ib/II (NCT03628209)

Ovarian Cancer Pembrolizumab (PD-1) II (NCT02900560)

Pancreatic Cancer Pembrolizumab (PD-1) II (NCT03264404)

PTCL Durvalumab (PD-L1) with/with-
out Romidepsin (HDAC)

I/IIa (NCT03161223)

Decitabine MDS FDA-approved

Tislelizumab (PD-1) II/III (NCT03092674)

Dendritic Cells Vaccination I (NCT04999943)

Ipilimumab (CTLA-4) I (NCT02890329)

Pembrolizumab (PD-1) Ib (NCT03969446)

Spartalizumab (PD-1) and/
or Sabatolimab (TIM-3)

I (NCT03066648)

Spartalizumab (PD-1) with/
without Sabatolimab (TIM-3)

II (NCT05201066)

SX-682 (CXCR1/2) I (NCT04245397)

AML FDA-approved

Pembrolizumab (PD-1) I/II (NCT02996474)

Camrelizumab (PD-1) II (NCT04353479)

Ipilimumab (CTLA-4) I (NCT02890329)

Nivolumab (PD-1) I (NCT04277442)

Pembrolizumab (PD-1) Ib (NCT03969446)

Spartalizumab (PD-1) and/
or Sabatolimab (TIM-3)

I (NCT03066648)

Tislelizumab (PD-1) II/III (NCT03092674)

Vadastuximab talirine (CD33) I (NCT01902329)

Vadastuximab talirine (CD33) III (NCT02785900)

Advanced Esophageal Squamous 
Cell Carcinoma

Tislelizumab (PD-1) II (NCT05638984)

Breast Cancer Pembrolizumab (PD-1) II (NCT02957968)

(With Cedazuridine in Agent 
ASTX727) Pembrolizumab (PD-1)

I (NCT05673200)

CML Spartalizumab (PD-1) with/
without Sabatolimab (TIM-3)

II (NCT05201066)

Head and Neck Cancer Durvalumab (PD-L1) I (NCT03019003)

Hodgkin Lymphoma Camrelizumab (PD-1) II/III (NCT04510610)

Camrelizumab (PD-1) II (NCT03250962)

Camrelizumab (PD-1) with/
without Tucidinostat (HDAC)

II (NCT04514081)

Camrelizumab (PD-1) and Tucidi-
nostat (HDAC)

II (NCT04233294)

Mucosal Melanoma Nivolumab (PD-1) Ib/II (NCT05089370)

NSCLC Nivolumab (PD-1) II (NCT02664181)

NSCLC, Esophageal Carcinoma Pembrolizumab (PD-1) I/II (NCT03233724)

PMBCL Camrelizumab (PD-1) I/II (NCT03346642)

PTCL, CTCL Pembrolizumab (PD-1) I (NCT03240211)

Guadecitabine CRC​ Nivolumab (PD-1) Ib/II (NCT03576963)

Advanced Liver, Pancreatic, Bile 
Duct, Gallbladder Cancer

Durvalumab (PD-L1) Ib (NCT03257761)

AML Atezolizumab (PD-L1) Ib (NCT02892318)

MDS, CML, AML Atezolizumab (PD-L1) I/II (NCT02935361)
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Table 1  (continued)

Epigenetic Modification Class Agents Cancer Type Drugs Combination (Target) Phase (Trial ID)

Melanoma Ipilimumab (CTLA-4) Ib (NCT02608437)

NSCLC Pembrolizumab (PD-1) 
and Mocetinostat (HDAC)

Ib/II (NCT03220477)

NSCLC, Melanoma Nivolumab (PD-1) and Ipili-
mumab (CTLA-4)

II (NCT04250246)

NSCLC, Prostatic Cancer Pembrolizumab (PD-1) I (NCT02998567)

Ovarian, Primary Peritoneal, Fal-
lopian Tube Cancer

Pembrolizumab (PD-1) II (NCT02901899)

Atezolizumab (PD-L1) and CDX-
1401 (NY-ESO-1)

I/IIb (NCT03206047)

Renal Cancer Durvalumab (PD-L1) Ib/II (NCT03308396)

SCLC Durvalumab (PD-L1) and Tremeli-
mumab (CTLA-4)

I (NCT03085849)

Urothelial Carcinoma Atezolizumab (PD-L1) II (NCT03179943)

Histone Acetylation HDACi Vorinostat CTCL FDA-approved

Neuroblastoma Dinutuximab (GD2) II (NCT02559778)

Glioblastoma Pembrolizumab (PD-1) I (NCT03426891)

Breast Cancer Pembrolizumab (PD-1) II (NCT04190056)

Pembrolizumab (PD-1) II (NCT02395627)

DLBCL, FL, Hodgkin Lymphoma Pembrolizumab (PD-1) I (NCT03150329)

HNSCC, SGC Pembrolizumab (PD-1) I/II (NCT02538510)

NSCLC Pembrolizumab (PD-1) I/II (NCT02638090)

Prostate, Renal, Urothelial Cancer Pembrolizumab (PD-1) I/Ib (NCT02619253)

Squamous Cell Carcinoma Pembrolizumab (PD-1) II (NCT04357873)

Romidepsin CTCL FDA-approved

Breast Cancer Nivolumab (PD-1) I/II (NCT02393794)

CRC​ Pembrolizumab (PD-1) with/
without Azacitibine (DNMT)

I (NCT02512172)

PTCL Durvalumab (PD-L1) I/IIa (NCT03161223)

Belinostat PTCL FDA-approved

B-cell Non-Hodgkin Lymphoma Ibritumomab tiuxetan (CD20) 
and Rituximab (CD20)

II (NCT01686165)

Urothelial Carcinoma Durvalumab (PD-L1) I (NCT05154994)

Panobinostat CRC, Breast Cancer, NSCLC Spartalizumab (PD-1) Ib (NCT02890069)

DLBCL Rituximab (CD20) II (NCT01238692)

Rituximab (CD20) II (NCT01282476)

Melanoma Ipilimumab (CTLA-4) I (NCT02032810)

Myeloma Daratumumab (CD38) I (NCT04956302)

Chidamide PTCL Chinese FDA-apprved

Bladder Cancer Tislelizumab (PD-1) II (NCT04562311)

DLBCL Obinutuzumab (CD20) and Azac-
itidine (DNMT)

II (NCT05823701)

Hodgkin Lymphoma Camrelizumab (PD-1) and Decit-
abine (DNMT)

II (NCT04233294)

Camrelizumab (PD-1) and Decit-
abine (DNMT)

II (NCT04514081)

CRC​ Sintilimab (PD-1) II (NCT04724239)

Melanoma, RCC, NSCLC Nivolumab (PD-1) Ib/II (NCT02718066)

NSCLC Envafolimab (PD-L1) II (NCT05068427)

Pembrolizumab (PD-1) II (NCT05141357)

Nivolumab (PD-1) III (NCT04674683)

Entinostat Breast Cancer FDA BTD

Advanced Solid Tumors Pembrolizumab (PD-1) I (NCT02909452)

Bladder Cancer Pembrolizumab (PD-1) II (NCT03978624)

Breast Cancer Atezolizumab (PD-L1) Ib/II (NCT03280563)
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Table 1  (continued)

Epigenetic Modification Class Agents Cancer Type Drugs Combination (Target) Phase (Trial ID)

Atezolizumab (PD-L1) II (NCT02708680)

Nivolumab (PD-1) and Ipili-
mumab (CTLA-4)

I (NCT02453620)

Bintrafusp Alfa (TGF-β & PD-L1) I (NCT04296942)

CNS Tumor, Solid Tumor Nivolumab (PD-1) I/II (NCT03838042)

HPV-related Cancer, Small Bowel 
Cancer, Colon Cancer

Bintrafusp Alfa (TGF-β & PD-L1) 
and NHS-IL12

I/II (NCT04708470)

Lymphoma Pembrolizumab (PD-1) II (NCT03179930)

MDS Pembrolizumab (PD-1) Ib (NCT02936752)

Melanoma Pembrolizumab (PD-1) II (NCT02697630)

Pembrolizumab (PD-1) II (NCT03765229)

NSCLC Nivolumab (PD-1) and Azaciti-
dine (DNMT)

II (NCT01928576)

NSCLC, Melanoma, CRC​ Pembrolizumab (PD-1) Ib/II (NCT02437136)

Ovarian Cancer, Peritoneal Can-
cer, Fallopian Tube Cancer

Avelumab (PD-L1) I/II (NCT02915523)

Pancreatic Cancer, Cholangio-
carcinoma

Nivolumab (PD-1) II (NCT03250273)

RCC​ Nivolumab (PD-1) and Ipili-
mumab (CTLA-4)

II (NCT03552380)

Atezolizumab (PD-L1) I/II (NCT03024437)

SCLC Atezolizumab (PD-L1) I (NCT04631029)

Mocetinostat Hodgkin Lymphoma Brentuximab Vedotin (CD30) I/II (NCT02429375)

Melanoma Nivolumab (PD-1) and Ipili-
mumab (CTLA-4)

Ib (NCT03565406)

NSCLC Nivolumab (PD-1) II (NCT02954991)

Pembrolizumab (PD-1) and Gua-
decitabine (DNMT)

Ib/II (NCT03220477)

NSCLC, Advanced Solid Tumor Durvalumab (PD-L1) I/II (NCT02805660)

ACY-241 NSCLC Nivolumab (PD-1) Ib (NCT02635061)

NSCLC, Melanoma Nivolumab (PD-1) and Ipili-
mumab (CTLA-4)

I (NCT02935790)

Valproic acid Virus-associated Cancer Avelumab (PD-L1) II (NCT03357757)

DLBCL Rituximab (CD20) I/II (NCT01622439)

Glioblastoma Nivoluman (PD-1) I (NCT02648633)

Tinostamustine Melanoma Nivoluman (PD-1) I (NCT03903458)

Abexinostat Advanced Solid Tumors Pembrolizumab (PD-1) I (NCT03590054)

Domatinostat Gastrointestinal Cancers Avelumab (PD-L1) II (NCT03812796)

Merkel Cell Carcinoma Avelumab (PD-L1) II (NCT04393753)

Avelumab (PD-L1) II (NCT04874831)

Melanoma Nivolumab (PD-1) and Ipili-
mumab (CTLA-4)

Ib (NCT04133948)

Nanatinostat EBV + Solid Tumor Pembrolizumab (PD-1) Ib/II (NCT05166577)

Histone Methylation EZH2i Tazemetostat FL FDA-approved

Epithelioid Sarcoma FDA-approved

NSCLC Pembrolizumab (PD-1) Ib/II (NCT05467748)

HNSCC Pembrolizumab (PD-1) I/II (NCT04624113)

Advanced Solid Tumors Durvalumab (PD-L1) II (NCT04705818)

FL, DLBCL Atezolizumab (PD-L1) I (NCT02220842)

Malignant Rhabdoid Tumor, 
Atypical Teratoid Rhabdoid 
Tumor, Epithelioid Sarcoma, 
Chordoma

Nivolumab (PD-1) and Ipili-
mumab (CTLA-4)

I/II (NCT05407441)

Urothelial Carcinoma Pembrolizumab (PD-1) I/II (NCT03854474)

Valemetostat ATL Japanese MHLW-approved

FL Rituximab (CD20) I/II (NCT05683171)



Page 25 of 34Ji et al. Molecular Cancer           (2025) 24:66 	

applied to different epigenetics in various immune cells 
based on molecular rationales. Moreover, the epigenetic 
changes in cancer cells and immune cells are reversible, 
meaning that targeting the corresponding epigenetic 
modulators could re-functionalize genes, reversing can-
cer cells into a more normal state and immune cells into 
tumoricidal types [371]. By targeting epigenetic regula-
tors instead of specific mutated proteins, epi-drugs are 
potentially applicable to multiple cancers.

However, disadvantages come along. As epi-drug 
targets epigenetic modulators to reprogram the gene 
expression, it would require appropriate time to observe 
the response. This would burden the clinical trial as 
long-term evaluation would be required [372]. Similarly, 
without a cancer-specific target, targeting epigenetic 
regulators that are presented in normal cells may bring 
unwanted side effects. Several clinical trials were termi-
nated due to intolerant toxicity in epi-drug monotherapy 
or combination with other therapy. Early in 2006, a phase 
II study of HDACi depsipeptide for metastatic neuroen-
docrine tumors was terminated due to severe cardio-
toxicity [373]. Even approved HDACis have side effects, 

including cardiotoxicity, sepsis, and myelosuppression 
[374]. A Phase I/II trial of the vorinostat-rituximab-
CHOP (cyclophosphamide, doxorubicin, vincristine, and 
prednisolone) regimen in DLBCL patients showed a high 
incidence of febrile neutropenia (38%) and sepsis (19%), 
along with a low response rate, discouraging its use in the 
general DLBCL population [375]. Therefore, the predic-
tion and prevention strategies for toxicity and side effects 
of epi-drugs warrant more research.

The divergent and dichotomous effects of epigenetic 
regulation are notable. Epi-drugs will reshape immune 
cells, the interaction between different immune cells, 
or immune-cancer cell interaction, and the non-target 
effects are inevitable. For example, HDAC6 inhibition 
impairs Treg differentiation and function by destabiliz-
ing FOXP3, while HDAC10 deletion promotes FOXP3 
expression by preventing histone acetylation [86, 87]. The 
integrated effects of epi-drugs should be considered in 
the complicated TME. How to balance the effects of epi-
genetic modulators on each component of TME must be 
addressed before broader clinical use.

Table 1  (continued)

Epigenetic Modification Class Agents Cancer Type Drugs Combination (Target) Phase (Trial ID)

HCC Atezolizumab (PD-L1) I/II (NCT06294548)

HNSCC Pembrolizumab (PD-1) Ib/II (NCT05879484)

Metastatic Prostate, Urothelial, 
Renal Cell Cancers

Ipilimumab (CTLA-4) I (NCT04388852)

CPI-1205 Advanced Solid Tumors Ipilimumab (CTLA-4) I/II (NCT03525795)

LSD1i Seclidemstat Ewing Sarcoma FDA FTD

Gynecologic Cancer Pembrolizumab (PD-1) I (NCT04611139)

Iadademstat AML FDA ODD

SCLC FDA ODD

SCLC Atezolizumab (PD-L1) and Dur-
valumab (PD-L1)

I/II (NCT06287775)

INCB059872 SCLC Nivolumab (PD-1) I/II (NCT02712905)

Nivolumab (PD-1) I/II (NCT02959437)

NSCLC, Microsatellite-stable CRC, 
HNSCC, Urothelial Carcinoma, 
Melanoma

Pembrolizumab (PD-1) and Epac-
adostat (IDO-1)

I/II (NCT02959437)

Bomedemstat SCLC Atezolizumab (PD-L1) I/II (NCT05191797)

Histone Modification Readers BETi BMS-986158 Selected Advanced Tumours Nivolumab (PD-1) I/II (NCT02419417)

ZEN-3694 Breast Cancer Pembrolizumab (PD-1) I (NCT05422794)

Prostate Cancer Pembrolizumab (PD-1) II (NCT04471974)

Solid Tumor Nivolumab (PD-1) and/or Ipili-
mumab (CTLA-4)

I (NCT04840589)

INCB057643 NSCLC, Microsatellite-stable CRC​ Pembrolizumab (PD-1) I/II (NCT02959437)

Abbreviations: MDS Myelodysplastic syndrome, AML Acute myeloid leukemia, JMML Juvenile myelomonocytic leukemia, B-ALL B cell acute lymphoblastic leukemia, 
CML Chronic myeloid leukemia, CRC​ Colorectal carcinoma, DLBCL Diffuse large B cell lymphoma, NSCLC Non-small cell lung cancer, HNSCC Head and neck squamous 
carcinoma, PTCL Peripheral T-cell lymphoma, PMBCL Primary mediastinal large B-cell lymphoma, CTCL Cutaneous T-cell lymphoma, SCLC Small cell lung cancer, FL 
Follicular lymphoma, SGC Salivary gland cancer, RCC​ Renal cell carcinoma, ATL Adult T-cell leukaemia/lymphoma
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Other limitations such as drug delivery and off-target 
effects also hinder the clinical use of epi-drugs. Cur-
rently approved epi-drugs are exclusively used for hema-
tological cancers. Their applications on solid tumors are 
limited. Due to the complex TME, drug delivery and 
exposure may be disturbed, especially the contact of 
adoptive transferred therapeutic cells to cancer cells. Pos-
itive results from the epi-immunotherapy combination 
may be attributed to immunotherapy drugs converting 
the TME to a state conducive to epi-drug effectiveness. 
Further investigation into suitable epi-drug delivery 
methods, such as using nanoparticles or bispecific anti-
bodies, is required.

Furthermore, off-target effects may impact the clinical 
use of epigenetic drugs. Metallo-β-lactamase domain-
containing protein 2 (MBLAC2) is a common off-target 
protein of various HDACis. Although the function of 
MBLAC2 is not well understood, its inhibition by HDACi 
leads to accumulated extracellular vesicles, highlighting 
the presence of HDACi off-target effect [376]. Similarly, 
the LSD1 inhibitor SP-2509 was found to be potentially 
promiscuous, targeting proteins other than the intended 
one, leading to unexpected toxicity [377, 378]. To address 
these problems, CRISPR/Cas9 can be used to create 
more selective epigenetic modulators, minimizing toxic 
off-target effects and enhancing drug delivery.

In addition to directly targeting epigenetic regulators, 
modulating epigenetic modification-related metabolism 
in immune cells offers the potential for cancer treatment. 
The TLR4-MyD88-TRIF signaling cascade accelerates 
glycolysis and the TCA cycle in macrophages, providing 
more acetyl-CoA for histone acetylation and subsequent 
M1 polarization of macrophages [379]. Therefore, TLR4 
agonists may aid in tumor control. Similarly, increased 
expression of the methionine transporter SLC43A2 in 
cancer cells results in greater methionine uptake than 
surrounding T cells, leading to decreased H3K79me2 
deposition in the T cell genome and impaired T-cell cyto-
toxicity [380]. This finding is consistent with the reduced 
H3K79me2 and STAT5 in Dot1l-deleted CD8+ T cells. 
Using a tumor-cell-specific SLC43A2 inhibitor may 
thus enhance tumoricidal T-cell function by restoring 
H3K79me2 levels. Therefore, manipulating metabolites 
essential for epigenetic regulations represents another 
therapeutic strategy.

Moreover, novel epigenetic processes have emerged to 
determine immune cell functions. For example, p300/
CBP catalyzes histone acetylation in TAMs associated 
with glioblastoma, promoting IL-10 expression and 
diminishing antitumor T cells [381]. Citrullination also 
occurs on Stat1 in TAMs, leading to blockage of MHC-II 
expression and Teff function [382]. Similarly, histone cit-
rullination contributes to the pro-inflammatory function 

of T cells in the multiple sclerosis contexts, implicating 
its potential role in tumor immunity [383]. Therefore, 
targeting these epigenetic pathways understudies shows 
great prospects in regulating immune cells in TME.

In summary, leveraging epigenetic regulation of 
immune cells is feasible to reestablish antitumor immu-
nity. Uncovering molecular mechanisms suggests sig-
nificant potential for both epi-drug monotherapy and 
combination with immunotherapy. Enhancing the speci-
ficity, optimizing the doses and delivery of existing epi-
genetic modulators for cancer therapy are important to 
prevent toxicity and off-target effects. The development 
of target therapies for unachievable epigenetic compo-
nents such as ncRNA will lead to further advancements 
in cancer therapy.
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