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Abstract 

N6-methyladenosine (m6A), the most prevalent RNA modification in eukaryotes, plays a critical role in the develop-
ment and progression of various diseases, including cancer, through its regulation of RNA degradation, stabilization, 
splicing, and cap-independent translation. Emerging evidence underscores the significant role of m6A modifica-
tions in both pro-tumorigenic and anti-tumorigenic immune responses. In this review, we provide a comprehen-
sive overview of m6A modifications and examine the relationship between m6A regulators and cancer immune 
responses. Additionally, we summarize recent advances in understanding how m6A modifications influence tumor 
immune responses by directly modulating immune cells (e.g., dendritic cells, tumor-associated macrophages, and T 
cells) and indirectly affecting cancer cells via mechanisms such as cytokine and chemokine regulation, modula-
tion of cell surface molecules, and metabolic reprogramming. Furthermore, we explore the potential synergistic 
effects of targeting m6A regulators in combination with immune checkpoint inhibitor (ICI) therapies. Together, 
this review consolidates current knowledge on the role of m6A-mediated regulation in tumor immunity, offering 
insights into how a deeper understanding of these modifications may identify patients who are most likely to benefit 
from immunotherapies.
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Background
Tumor immunity represents a highly intricate and 
dynamic component of cancer biology, encompassing 
both innate and adaptive immune responses [1, 2]. The 
immune system exerts a pivotal role in recognizing and 
eliminating emerging tumor cells through the process 

of cancer immunoediting, which involves both protec-
tive and tumor-promoting mechanisms [3]. A deeper 
understanding of the interactions between different 
immune cell populations and the tumor microenviron-
ment can furtherance the development of more effec-
tive therapeutic strategies, aimed not only at directly 
targeting tumors but also at reprogramming the 
immune system to sustain durable antitumor responses 
[4]. In recent years, cancer immunotherapy approaches, 
including cancer vaccines, immune checkpoint inhibi-
tors (ICIs), and adoptive cell transfer therapies, have 
transformed the landscape of cancer treatment [5]. 
Nevertheless, these immunotherapies demonstrate 
efficacy in only a subset of cancer patients and are fre-
quently associated with the development of treatment 
resistance, underscoring the urgent need for novel 
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therapeutic strategies to enhance the efficacy and dura-
bility of immune-based cancer treatments [5].

N6-Methyladenosine (m6A), the methylation of 
adenosine at the N6 position, is the most prevalent 
RNA modification in mammalian eukaryotic cells [6, 
7]. Typically, m6A modifications occur within a con-
served consensus sequence, RRACH (where R = G or 
A and H = A, C, or U), with an enrichment near the 
3′ untranslated region (3′ UTR) and stop codons [6, 
7]. This modification is a reversible and dynamic pro-
cess, regulated by three key groups of proteins: “writ-
ers” (methyltransferases that catalyze the methylation 
process), “readers” (binding proteins that recognize 
and interpret the m6A mark), and “erasers” (demethy-
lases that remove the methyl group) [8, 9]. m6A modi-
fication has been recognized as a crucial regulator of 
RNA metabolism, influencing RNA stabilization, deg-
radation, splicing, and cap-independent translation. 
Moreover, it has been implicated in the pathogenesis 
and progression of various diseases, including cancer 
[6, 10]. Despite its well-established roles, the relation-
ship between m6A modification and tumor immunity, 

as well as its impact on cancer immunotherapy, has not 
been comprehensively elucidated.

In this review, we present a current and comprehen-
sive analysis of m6A modifications and their role in 
modulating immune responses within the tumor micro-
environment (TME). Furthermore, we explore how these 
modifications influence the enhancement of immuno-
therapy efficacy, offering insights into potential strategies 
for improving therapeutic outcomes in cancer treatment.

The process of m6A modification
RNA m6A modification is a dynamic and reversible 
process regulated by several key components, includ-
ing methyltransferases, demethylases, and methylation-
binding proteins (Fig. 1) [11, 12]. The methyltransferase 
complex, which functions as the “writer” of m6A modi-
fications, consists of methyltransferase-like 3 (METTL3) 
and methyltransferase-like 14 (METTL14) proteins, 
along with their associated cofactors: WT1-associated 
protein (WTAP), RNA-binding motif protein 15/15B 
(RBM15/15B), Vir-like m6A methyltransferase-asso-
ciated protein (VIRMA), and zinc finger CCCH-type 

Fig. 1  Mechanisms of RNA m6A modification. The graphic was created by Figdraw (www.​figdr​aw.​com)
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containing protein 13 (ZC3H13). These components 
collaboratively catalyze the methylation of adenosine 
residues, contributing to the regulation of m6A modifica-
tions [13]. It is well-established that METTL3, a protein 
that binds to S-adenosylmethionine (SAM), functions 
as the catalytic core of the m6A methyltransferase com-
plex, while METTL14 provides structural support and 
WTAP serves as a stabilizing factor [14, 15]. RBM15/15B 
facilitates the localization of the complex by binding to 
METTL3 and WTAP, thereby recruiting the methyltrans-
ferase complex to specific RNA target sites [16]. VIRMA 
directs the complex to the 3′ UTR or stop codon regions 
of messenger RNA (mRNA) [17]. Additionally, ZC3H13 
interacts with WTAP to stabilize the methyltransferase 
complex within nuclear speckles, enhancing its catalytic 
activity [18]. Recent studies have identified additional 
methyltransferases, including METTL16, METTL5, and 
ZCCHC4 [19–21]. METTL16 plays a critical role in con-
trolling the expression of methionine adenosyltransferase 
2A (MAT2A) mRNA and U6 snRNA, thereby maintain-
ing SAM homeostasis and contributing to DNA damage 
repair [22, 23]. Moreover, METTL5 and ZCCHC4 are 
involved in the methylation of 18S rRNA and 28S rRNA, 
respectively, further expanding the scope of RNA modifi-
cations in cellular processes [20, 21].

The “erasers” of m6A modifications are enzymes 
responsible for removing m6A marks from RNA, utiliz-
ing Fe2⁺ as a cofactor, with α-ketoglutarate serving as a 
substrate for the demethylation process [6]. Fat mass 
and obesity-associated protein (FTO), AlkB homolog 
5 (ALKBH5), and ALKBH3 have been identified as 
key m6A erasers [24]. FTO removes methyl groups 
from m6A sites, preferentially binding to pre-mRNA 
in intronic regions, thereby selectively regulating RNA 
splicing and 3′-end processing [25]. ALKBH5, on the 
other hand, regulates mRNA export and metabolism by 
demethylating m6A-modified RNAs [26]. In contrast, 
ALKBH3 is specifically involved in the removal of m6A 
from tRNA, rather than mRNA, highlighting its distinct 
functional role in RNA metabolism [27].

The “readers” of m6A modifications selectively bind 
to methylated RNAs, affecting RNA fate and mediating 
specific biological functions [28, 29]. Key m6A reader 
proteins include YT521-B homology (YTH) domain 
family proteins (YTHDF1/2/3), YTH domain-contain-
ing proteins (YTHDC1/2), heterogeneous nuclear ribo-
nucleoproteins (HNRNPC, HNRNPG, HNRNPA2B1), 
insulin-like growth factor 2 mRNA-binding proteins 
(IGF2BP1/2/3), and eukaryotic translation initiation 
factor 3 (eIF3) [9, 30, 31]. YTHDF proteins, including 
YTHDF1, YTHDF2, and YTHDF3, function as princi-
pal m6A-binding proteins [32, 33]. They regulate m6A-
modified mRNA through a unified model, where the 

effect of YTHDF proteins on m6A-modified mRNAs is 
proportional to the number of m6A sites [34]. YTHDF1 
primarily facilitates mRNA translation, YTHDF2 pro-
motes mRNA degradation, and YTHDF3 performs both 
functions [32, 33]. Additionally, YTHDC1 and YTHDC2, 
also YTH domain-containing proteins, play critical roles 
in RNA processing. YTHDC1 binds to both mRNAs and 
non-coding RNAs (ncRNAs), aiding in their process-
ing and nuclear export, while YTHDC2 regulates the 
translation and stability of target genes [35–37]. The het-
erogeneous nuclear ribonucleoprotein (HNRNP) fam-
ily, including HNRNPA2B1, HNRNPC, and HNRNPG, 
represents another group of RNA-binding proteins that 
function as m6A readers [9, 31]. HNRNPA2B1 enhances 
primary miRNA processing and regulates alternative 
splicing and mRNA maturation [38, 39]. Additionally, 
HNRNPA2B1 acts as a RNA matchmaker to mediate 
effects of m6A [40]. Although HNRNPC and HNRNPG 
do not directly bind to m6A sites, they modulate the 
selective splicing of transcripts by recognizing and 
interacting with m6A-dependent structural switches 
[9, 30, 31]. Independent m6A-binding proteins, such as 
IGF2BP1, IGF2BP2, and IGF2BP3, enhance mRNAs’ 
translation and stability by specifically recognizing the 
consensus sequence GG(m6A)C [41, 42]. Eukaryotic 
translation initiation factor 3 (eIF3) is also regarded as a 
reader of m6A and plays a vital role in the mRNA trans-
lation process [43]. Recently, proline-rich coiled-coil 2A 
(PRRC2A) has been identified as a novel m6A reader that 
participates in the regulation of mRNA stabilization [44].

The process of m6A modification is intricate and mul-
tifaceted, governed by a variety of regulators categorized 
as “writers,” “erasers,” and “readers.” Despite this clas-
sification, our understanding of the m6A modification 
process remains limited. For instance, the diversity and 
functional roles of “writers” warrant further explora-
tion and refinement. Additionally, the functions of m6A 
“readers” are notably complex and varied, necessitating 
thorough investigation. The m6A pathway proteins are 
regulated by multiple mechanisms, including phospho-
rylation, SUMOylation and caspase-mediated cleavage. 
For example, Zhang et  al. demonstrated that caspase-
mediated cleavage of YTHDF2 antagonizes its anti-viral 
activity during Epstein-Barr virus reactivation process 
[45]. SUMOylation, a post-translational modification, 
modulates the stability and function of m6A pathway 
proteins such as METTL3 and YTHDF2 [46–48]. Explor-
ing these regulatory mechanisms, especially in the con-
text of m6A modification, is crucial.

Overall, the process of m6A modification is an intri-
cate and complex process involving multiple molecules, 
such as METTL3, FTO and YTHDF1. It has been shown 
that dysfunctional m6A modification contributes to 
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the development and progression of various malignant 
tumors [6]. Consequently, a comprehensive understand-
ing of the molecular intricacies associated with m6A 
modification is essential for elucidating its role in various 
cancers.

M6A modification directly regulates immune cell function 
in TME
Immune cells, including macrophages, natural killer (NK) 
cells, dendritic cells (DCs), myeloid-derived suppressor 
cells (MDSCs), and T cells, play a crucial role in tumor 
progression by functioning within the TME to either sup-
press or promote cancer development [49–52]. The m6A 
modification is believed to be involved in various aspects 
of tumor immunity by modulating these cell populations 
and their functions, thereby contributing to the establish-
ment of an immunosuppressive TME that enables can-
cers to evade immune surveillance and destruction [5, 30, 
53]. In this context, we highlight recent findings pertain-
ing to these interactions.

DCs
DCs play a multifaceted role in tumor progression, act-
ing as both promoters and inhibitors of cancer develop-
ment depending on the specific context [54, 55]. They 
are essential for initiating immune responses by present-
ing antigens to T cells; however, their functionality can 
be compromised within the TME, resulting in immune 
tolerance and enhanced tumor progression [54, 55]. 
Recent studies have focused on the regulatory effects of 
m6A modifications on the activation of DCs within the 
immune response in the TME.

Wang et  al. demonstrated that the targeted deple-
tion of METTL3 in DCs led to impaired phenotypic 
and functional maturation of these cells, as evidenced 
by decreased expression of the costimulatory molecules 
CD40 and CD80, along with reduced production of the 
cytokine IL-12. Consequently, the capacity of DCs to 
stimulate T cell responses was significantly diminished 
in both in vitro and in vivo models [56]. Mechanistically, 
METTL3-mediated m6A modifications of CD80, CD40, 
and TIR domain-containing adaptor protein (TIRAP) 
transcripts in DCs enhanced their translation, thereby 
upregulating T cell activation and toll-like receptor 4 
(TLR4)/NF-κB signaling-induced cytokine production 
[56]. Conversely, the absence of the m6A reader YTHDF1 
in classical DCs increased the capacity of these cells for 
cross-presentation of tumor antigens and cross-priming 
of CD8 + T cells by enhancing the translation of mRNAs 
encoding lysosomal proteases, which facilitate antigen 
degradation within lysosomes [57]. Collectively, these 
findings indicate that m6A modifications play significant 
roles in modulating the activation and cross-presentation 

of tumor antigens by DCs, thereby offering new thera-
peutic strategies centered on DCs for cancer treatment.

Tumor‑associated macrophages (TAMs)
TAMs are a critical component of the tumor microen-
vironment, exhibiting a dual role in both cancer pro-
gression and immune response [58, 59]. They display 
remarkable plasticity, capable of polarizing into either 
M1 or M2 phenotypes, which exert opposing effects on 
tumor dynamics [58, 59]. A comprehensive understand-
ing of TAM behavior and manipulation is essential for 
developing effective cancer therapies [60]. An increas-
ing body of research has established a link between m6A 
modification and the activation and plasticity of TAMs 
(Fig.  2). Lihui Dong and colleagues employed single-
cell RNA sequencing to identify a C1q + TAM subset 
in tumors from a Lewis lung carcinoma (LLC) mouse 
model, characterized by a distinct RNA m6A methyla-
tion molecular phenotype [61]. Furthermore, METTL14-
deficient TAMs were found to impair the CD8 + T cell 
infiltration and antitumor response by modulating the 
m6A methylation of the Epstein-Barr virus-induced 3 
(EBI3) transcript [61]. In the context of glioma, neuron-
derived exosomal miR-200c-3p was shown to reduce the 
levels of the m6A writer ZC3H13 in microglia, impair-
ing the methylation of dual specificity phosphatase 9 
(DUSP9) mRNA, activating the p-ERK pathway, and 
ultimately inducing microglial M2 polarization [62]. The 
deficiency of METTL3 led to the absence of m6A modi-
fication on interleukin 1 receptor-associated kinase 3 
(IRAK3) mRNA, resulting in its prolonged half-life and 
elevated levels. This accumulation subsequently inhibited 
TLR signaling-mediated macrophage activation, thereby 
facilitating tumor growth in vivo [63]. In addition to its 
effects on macrophage activation, METTL3 deficiency 
also influences the reprogramming of these immune cells. 
Yin et al. observed that mice lacking METTL3 exhibited 
increased infiltration of M1/M2-like TAMs and regula-
tory T cells into tumors. Mechanistically, the absence of 
METTL3 disrupted the YTHDF1-mediated translation 
of sprouty-related EVH1 domain-containing 2 (SPRED2), 
enhancing the activation of STAT3 and NF-κB via the 
ERK pathway. This disruption facilitated the polariza-
tion of bone marrow-derived macrophages (BMDMs) 
into M1 and M2 phenotypes [64]. Overall, these findings 
underscore the crucial roles of m6A regulators in modu-
lating macrophage function within the TME.

MDSCs
MDSCs represent a heterogeneous population of 
immune cells that play a pivotal role in cancer progres-
sion by establishing an immunosuppressive tumor 
microenvironment [65, 66]. These cells are implicated 
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in various malignancies, including lung, ovarian, endo-
metrial, and liver cancers, where they facilitate immune 
evasion, promote tumor growth, and contribute to treat-
ment resistance [65, 66]. Following exposure to ionizing 
radiation, the depletion of YTHDF2 in myeloid cells has 
been shown to enhance antitumor immunity and reduce 
tumor radioresistance. This effect is mediated by the 
modulation of MDSC differentiation, as well as the inhi-
bition of their infiltration and suppressive functions [67]. 
Bone morphogenetic protein and activin membrane-
bound inhibitor (BAMBI), a pseudoreceptor for TGF-β, 
negatively regulates TGF-β signaling and influences can-
cer progression. YTHDF2 directly binds to and degrades 
Bambi transcripts in MDSCs in an m6A-dependent man-
ner, thereby affecting both the tumor-infiltrating capacity 
and suppressive function of MDSCs through the inhibi-
tion of TGF-β signaling [68]. Additionally, lactate-derived 
lactylation of histone lysine residues represents an epi-
genetic modification that directly promotes gene tran-
scription from chromatin [69]. Xiong et al. demonstrated 
that H3K18 lactylation upregulates METTL3 in tumor-
infiltrating myeloid cells (TIMs). Moreover, METTL3 
enhances m6A methylation on Janus kinase 1 (JAK1) 
mRNA in TIMs, promoting JAK1 protein translation and 
subsequent phosphorylation of STAT3, which further 
amplifies the immunosuppressive capacity of TIMs [70]. 
In summary, m6A methylation is likely to mediate the 
infiltration and functional dynamics of MDSCs in tumors 

following radiotherapy. However, further investigation is 
warranted to elucidate how m6A methylation influences 
tumor progression and therapy through its effects on 
MDSCs.

NK cells
NK cells are a crucial component of the innate immune 
system, with a well-established role in both antiviral and 
antitumor responses [71, 72]. These cells utilize a range of 
mechanisms to identify and eliminate virus-infected and 
malignant cells [71, 72]. Recent attention has been drawn 
to the significance of m6A RNA modification in regu-
lating NK cell-mediated antitumor immunity. Ma et  al. 
demonstrated that YTHDF2 expression is elevated in NK 
cells upon activation by cytokines, tumors, and cytomeg-
alovirus infection. Furthermore, the ablation of YTHDF2 
in NK cells impairs their antitumor and antiviral func-
tions by destabilizing the mRNA of TAR DNA-binding 
protein (TARDBP) and modulating the activity of signal 
transducer and activator of transcription 5 (STAT5) and 
Eomesodermin (Eomes) [73]. In a separate study, Song 
et  al. noted a positive correlation between METTL3 
expression and effector molecule production in tumor-
infiltrating NK cells. Deletion of METTL3 in NK cells 
led to reduced infiltration and impaired function in the 
TME, due to diminished SHP-2 levels, which in turn sup-
pressed activation of the MAPK and AKT signaling axis 
in an m6A-dependent manner [74]. However, the roles 

Fig. 2  Roles of m6A modifications in modulating macrophage function within the TME. The graphic was created by Figdraw (www.​figdr​aw.​com)
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of other m6A regulators in NK cell function and cancer 
progression remain largely unexplored.

T cells
T cells are the primary effector cells in cellular immu-
nity, playing a critical role in combating viral infections 
and eliminating tumor cells [75]. T cell-based cancer 
immunotherapy, which exploits their capacity to recog-
nize and destroy cancer cells, has demonstrated consid-
erable therapeutic potential [76, 77]. Enhancing T cell 
function within the TME has emerged as a promising 
strategy to inhibit tumor progression [76, 77]. Increasing 
evidence highlights the role of m6A RNA modification in 
regulating T cell homeostasis and function. For example, 
the deletion of METTL3 in CD4 + T cells disrupts their 
homeostasis and differentiation by impairing IL-7-me-
diated STAT5/suppressor of cytokine signaling (SOCS) 
activation [78]. Additionally, it compromises the func-
tion and stability of Treg cells by inhibiting IL-2/STAT5 
signaling, while simultaneously enhancing T effector cell 
cytokine secretion and promoting antitumor immune 
responses within the TME [79]. Furthermore, deubiqui-
tinase ubiquitin-specific peptidase 47 (USP47) was found 
to prevent YTHDF1 ubiquitination, thereby disrupting its 
interaction with the translation initiation machinery and 
reducing m6A-mediated c-MYC translation efficiency, 
which is crucial for maintaining Treg cell metabolic and 
functional homeostasis [80]. Among T cell subtypes, γδ T 
cells also exert an essential role in cancer immunity [81]. 
In our recent research, we found that exosomal Throm-
bospondin 1 (THBS1) derived from gastric cancer (GC) 
cells regulates METTL3- or IGF2BP2-mediated m6A 
modification, activating the RIG-I-like receptor signaling 
pathway in Vγ9Vδ2 T cells, thereby enhancing their cyto-
toxicity against GC cells [82].

B cells
B cells (B lymphocytes), an important type of white blood 
cell in the immune system, possess a specific recep-
tor known as the B cell receptor (BCR) and are primar-
ily responsible for humoral immune responses [83, 84]. 
B cells can directly recognize antigens, as well as take 
up, process, and present them to T cells, particularly 
CD4 + helper T cells [83, 84]. Recent studies have high-
lighted the crucial and synergistic role of B cells in tumor 
control [85] and the involvement of m⁶A modifications 
in regulating B cells in cancers. For instance, YTHDC1 is 
highly expressed in B-cell acute lymphoblastic leukemia 
(B-ALL), where it binds to and stabilizes m⁶A-modified 
KMT2C mRNA. This interaction increases histone H3K4 
methylation and the expression of DNA damage response 
(DDR)-related genes, ultimately leading to a decreased 
DNA damage response in B-ALL [86]. Additionally, 

Meng et al. demonstrated that nuclear cap-binding pro-
tein 1 (NCBP1) enhances the m⁶A catalytic function of 
METTL3, increasing c-MYC expression and promot-
ing the proliferation of diffuse large B-cell lymphoma 
(DLBCL) [87]. Furthermore, studies have shown that 
Protein arginine methyltransferase 5 (PRMT5)-deficient 
mouse B cells exhibit dysregulated distribution of RNA 
m⁶A modifications, which slows colorectal tumor pro-
gression [88]. These findings indicate that m⁶A modifica-
tion exerts complex regulatory roles in B cell-mediated 
tumor immune responses. Therefore, developing targeted 
therapeutic drugs against key proteins such as YTHDC1 
and METTL3, based on the regulatory mechanisms of 
m⁶A modification, holds promise for enhancing the anti-
tumor functions of B cells.

Collectively, m6A modification, one of the most sig-
nificant epigenetic regulators, plays a crucial role in the 
function of various immune cells within the TME. It is 
particularly important to underscore the influence of 
m6A modification on the interactions between cancer 
cells and immune cells. In the following section, we will 
focus on the effects of m6A modification on mediating 
these interactions.

Role of m6A methylation in the regulation of interactions 
between cancer cells and immune cells
Recent studies have shown that aberrant m6A RNA 
modification in cancer cells significantly impacts the 
infiltration and function of various immune cells, 
including T cells, TAMs, and MDSCs, thereby result-
ing in the development of an immunosuppressive TME 
[89]. In this context, we provide an overview of the role 
of m6A modification in modulating the interactions 
between cancer cells and immune cells.

m6A modification regulates immune respones 
via cytokines
It is well established that type II interferon (e.g., IFN-
γ) and type I interferons (e.g., IFN-α and IFN-β) are 
key mediators of the interactions between cancer cells 
and immune cells within the TME [90, 91]. Increasing 
evidence suggests that m6A RNA modification plays 
a critical role in regulating the production of IFNs in 
cancer cells, thereby influencing the immune response 
in the TME (Fig.  3) [5]. IFN-γ, a pleiotropic cytokine, 
is particularly important in cellular immunity and the 
stimulation of antitumor immune responses [92]. Loss 
of YTHDF1 has been shown to mediate overexpres-
sion of IFN-γ receptor 1 (IFNGR1) in GC cells, enhanc-
ing the IFN-γ response and promoting the expression 
of major histocompatibility complex class I (MHC-I) 
on tumor cells, facilitating the presentation of immuno-
genic tumor cells to cytotoxic T lymphocytes (CTLs) and 
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triggering strong antitumor responses [93]. In another 
study, Zhang et  al. identified m6A in circKEAP1, dem-
onstrating that decreased m6A modification induced by 
METTL3 reduced circKEAP1 expression and stability in 
osteosarcoma cells. Overexpression of circKEAP1 inter-
acted with RIG-I, thereby enhancing antitumor immu-
nity via the IFN-γ pathway [94]. Type I IFNs, including 
IFN-α and IFN-β, exert direct effects on cancer cells and 
indirect effects through immune effector cells and the 
vasculature [95]. Jin et  al. uncovered a novel ALKBH5/
RIG-I/IFN-α axis, demonstrating that m6A-dependent 
binding of HNRNPC to DDX58 mRNA (which encodes 
RIG-I) promotes tumor immune evasion in head and 
neck squamous cell carcinoma (HNSCC) by facilitating 
immune escape [96]. Furthermore, loss of YTHDF2 in 
bladder cancer (BLCA) cells activated an innate immune 
response, enhancing CD8 + T cell infiltration into the 
TME. Mechanistically, YTHDF2 binds to the coding 
region of DDX58 mRNA and mediates its degradation 
in an m6A-dependent manner, leading to upregulation 
of IFN-β expression [97]. In glioblastoma (GBM) stem 
cells, METTL3 and YTHDF2 have been implicated in 
Yin Yang 1 (YY1)-mediated IFN-β signaling and antigen 
presentation through m6A methylation, reducing Treg 

cell infiltration and improving the efficacy of immune 
checkpoint therapy [98]. In a word, m6A modifications 
promote antitumor immune responses through the reg-
ulation of IFNs. Enhancing m6A-mediated IFN signal-
ing may represent a novel approach to improving cancer 
immunotherapy.

In addition to IFNs, other cytokines, such as IL-6, are 
also involved in m6A modification-mediated tumor 
immune responses. Utilizing single-cell RNA sequencing, 
Wang et  al. and colleagues demonstrated that YTHDF1 
promotes the accumulation of MDSCs and suppresses 
cytotoxic CD8 + T cell function in the tumor tissues 
of spontaneous non-alcoholic steatohepatitis-associ-
ated hepatocellular carcinoma (NASH-HCC) models 
[99]. Mechanistically, YTHDF1 binds to m6A-modified 
enhancer of zeste homolog 2 (EZH2) mRNA, facilitat-
ing its translation. This upregulates IL-6 expression and 
secretion, which in turn recruits and activates MDSCs, 
leading to CD8 + T cell dysfunction [99]. However, fur-
ther research is needed to elucidate the involvement 
of additional cytokines in m6A modification-mediated 
immune responses within the TME.

Fig. 3  m6A modification regulates the interactions between cancer cells and immune cells through the cytokones and chemokines. The graphic 
was created by Figdraw (www.​figdr​aw.​com)

http://www.figdraw.com
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m6A modification regulates immune respones 
via chemokines
Chemokines are chemotactic cytokines that regulate 
immune cell migration and function as a double-edged 
sword in tumor immune responses [100]. m6A RNA 
modifications have been implicated in the regulation of 
chemokines within cancer cells, influencing the infiltra-
tion of immune cells into the TME (Fig.  3). In colorec-
tal cancer (CRC), knockdown of METTL3 disrupted the 
m6A-dependent basic helix-loop-helix family member 
e41 (BHLHE41)-CXCL1 axis, leading to reduced accu-
mulation of MDSCs, while promoting sustained acti-
vation and proliferation of CD4 + and CD8 + T cells, 
ultimately suppressing CRC progression [101]. Similarly, 
the m6A demethylase ALKBH5 plays a role in modulat-
ing immune responses in TME via chemokine signal-
ing. Silencing or inactivating ALKBH5 in GBM cells 
significantly reduced hypoxia-induced recruitment of 
TAMs and immunosuppression by regulating the m6A- 
lncRNA NEAT1-splicing factor proline and glutamine 
rich (SFPQ)-CXCL8/IL8 signaling pathway [102]. In 
non-small-cell lung cancer (NSCLC), ALKBH5 mediated 
m6A modification of JAK2 mRNA, activated the JAK2/
p-STAT3/CCL2/CXCL10 axis, leading to the recruit-
ment of PD-L1 + TAMs and promoting M2 macrophage 
polarization [103]. Recent studies have also reported the 
involvement of m6A readers YTHDF1 and YTHDF2 in 
chemokine-induced immune responses within the TME. 
Overexpression of YTHDF1 enhanced the translation 
of p65 in CRC cells in an m6A-dependent manner, with 
the YTHDF1/p65 axis upregulating MDSC migration 
via the CXCL1-CXCR2 axis, thereby antagonizing func-
tional CD8 + T cells [104]. Conversely, loss of YTHDF2 in 
tumor cells led to macrophage recruitment via CX3CL1 
and enhanced mitochondrial respiration in CD8 + T cells 
by impairing tumor glycolysis [105]. Interestingly, in peri-
tumoral hepatocytes, YTHDF2 facilitated oxaliplatin-
induced antitumor immune responses by stabilizing C 
CX3CL1 transcripts in an m6A-dependent manner, pro-
moting CD8 + T cell recruitment and activation [106].

m6A modification regulates immune respones via cell 
surface molecules
Tumor cells express surface molecules critical to tumor 
immunity, including immune checkpoints such as PD-L1, 
CTLA-4, and V-domain Ig suppressor of T cell activation 
(VISTA) [107, 108]. These molecules play a key role in 
regulating antitumor immunity by either co-stimulating 
or co-inhibiting the cytotoxic functions of T cells, making 
them important targets for immunotherapeutic strategies 
[107, 108]. Emerging evidence indicates that m6A RNA 
modification modulates immune responses in the TME 
through its regulation of these checkpoint molecules.

PD-L1, also known as CD274, is a prominent inhibi-
tory checkpoint molecule that controls T cell activ-
ity by interacting with its receptor, PD-1 [109]. Tumor 
cells exploit various molecular mechanisms, including 
m6A modification, to upregulate PD-L1 expression and 
evade T cell-mediated immunity [110, 111]. Moreover, 
silencing of METTL3 significantly reduced m6A modi-
fication in breast cancer (BC) cells, decreased PD-L1 
mRNA stability, and inhibited PD-L1 expression via the 
m6A-IGF2BP3 axis, enhancing antitumor immunity 
by promoting T cell activation, infiltration, and reduc-
ing exhaustion [112]. In BLCA cells, downregulation of 
METTL3 reduced m6A modification in PD-L1 mRNA, 
thereby decreasing its stabilization by IGF2BP1, which 
enhanced the cytotoxicity of CD8 + T cells against tumor 
cells [113]. Similarly, knockdown of ALKBH5 in intra-
hepatic cholangiocarcinoma (ICC) cells increased m6A 
modifications in the 3′UTR of PD-L1 mRNA, resulting 
in its degradation via YTHDF2. This resulted in reduced 
MDSC infiltration and enhanced antitumor T cell immu-
nity [114]. Moreover, both methionine-restricted diets 
and YTHDF1 knockdown were shown to reduce m6A 
methylation and translation of immune checkpoints, 
including PD-L1 and VISTA, in cancer cells, thereby 
restoring CD8 + T cell infiltration into the tumor [34]. 
Collectively, these findings suggest that m6A-associated 
proteins directly regulate PD-L1 expression in cancer 
cells in an m6A modification-dependent manner, high-
lighting their potential as targets in immunotherapy.

m6A modification can indirectly regulate PD-L1 
expression in tumor cells by influencing various genes 
and signaling pathways. Chromobox 1 (CBX1), a histone 
methylation regulator, has been identified as significantly 
upregulated with m6A hypomethylation in metastatic 
nasopharyngeal carcinoma (NPC) tissues [115]. The 
m6A-modified CBX1 mRNA is recognized and desta-
bilized by the m6A reader YTHDF3. CBX1 downregu-
lates the proportion of tumor-infiltrating CD8 + T cells 
and TNFα + CD8 + T cells through the IFN-γ-STAT1 
signaling pathway, leading to the upregulation of PD-L1 
[115]. In hepatocellular carcinoma (HCC), YTHDF2 
facilitates the m6A-dependent translation of ETS vari-
ant transcription factor 5 (ETV5), which induces PD-L1 
transcription and suppresses CD8 + T-cell-mediated 
antitumor immunity [116]. Furthermore, Yang Liu and 
colleagues reported that IGF2BP1-mediated stabiliza-
tion of c-MYC mRNA reduced PD-L1 expression in HCC 
cells, significantly enhancing immune cell infiltration, 
including CD4 + and CD8 + T cells, CD56 + NK cells, 
and F4/80 + macrophages [117]. In NSCLC, LINC02418, 
a negative regulator of PD-L1 expression, was positively 
correlated with infiltration of CD8 + T cells. Inhibition of 
METTL3 via m6A modification, mediated by YTHDF2, 
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upregulated LINC02418, leading to reduced PD-L1 
expression and enhanced T cell-mediated apoptosis via 
E3 ligase tripartite motif containing 21 (TRIM21) [118]. 
Additionally, circIGF2BP3 was found to contribute to 
immune evasion in NSCLC cells by reducing PD-L1 
ubiquitination and preventing its proteasomal degrada-
tion. This occurred through the stabilization of ubiquitin 
aldehyde binding 1 (OTUB1) mRNA in a plakophilin 3 
(PKP3)-dependent manner, with METTL3 mediating the 
m6A modification and circularization of circIGF2BP3 in 
a YTHDC1-dependent manner [119]. In ICC, METTL3-
induced m6A methylation of circSLCO1B3 stabilized 
its expression, which impaired antitumor immunity by 
suppressing the ubiquitin–proteasome-dependent deg-
radation of PD-L1 by the E3 ubiquitin ligase speckle 
type BTB/POZ protein (SPOP) [120]. These studies col-
lectively suggest that m6A modification controls PD-L1 
expression and tumor immunity through a variety of 
mechanisms involving oncogenes, lncRNAs, and circR-
NAs (Fig. 4).

Beyond PD-L1, m6A modification also influences the 
tumor immune response through other cell surface mol-
ecules. One well-established mechanism of immune eva-
sion is the downregulation or loss of antigens or MHC-I 

molecules, which are responsible for presenting antigens 
to T cells [121]. Lin et  al. demonstrated that the deple-
tion of YTHDF1 regulated the translation of lysosomal 
genes, limiting lysosomal proteolysis of MHC-I mole-
cules and antigens. This mechanism ultimately restored 
the infiltration and cytotoxicity of CD8 + T cells within 
the TME [122]. CD58, a ligand of CD2 expressed on T 
lymphocytes, enhances T cell activation [123]. Overex-
pression of heat shock protein family A (Hsp70) member 
4 (HSPA4) in GC cells increased the levels of ALKBH5, 
which negatively regulated CD58 expression via m6A 
RNA demethylation, thereby inhibiting the cytotoxic 
activity of CD8 + T cells [124]. Similarly, leukocyte 
immunoglobulin-like receptor B4 (LILRB4), a member of 
the leukocyte Ig-like receptor superfamily, is associated 
with monocytic leukemia and facilitates tumor cell infil-
tration into tissues while suppressing T cell activity [125, 
126]. Su et al. found that both pharmacological inhibition 
and genetic depletion of FTO enhanced the sensitivity 
of acute myeloid leukemia cells to T cell-mediated cyto-
toxicity and counteracted immune evasion induced by 
hypomethylating agents, particularly through the down-
regulation of immune checkpoint genes such as LILRB4 
[127]. These findings underscore the broad regulatory 

Fig. 4  m6A modification modulates PD-L1 expression in cancer cells. The graphic was created by Figdraw (www.​figdr​aw.​com)

http://www.figdraw.com
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role of m6A modification in modulating surface mole-
cules involved in immune responses, beyond PD-L1, thus 
influencing tumor-immune interactions.

m6A modification regulates immune respones via energy 
metabolism reprogramming
Metabolic reprogramming is a hallmark of malignant 
tumors, playing a pivotal role in sustaining tumorigen-
esis and progression by altering cancer signaling path-
ways [128, 129]. Crucially, this reprogramming has 
been shown to influence the tumor immune responses 
through the release of various metabolites, including lac-
tate, prostaglandin E2 (PGE2), and arginine, which affect 
the immune landscape within the TME [129]. Recent 
studies have increasingly focused on the role of m6A 
modification in mediating the interconnected metabolic 
reprogramming of both tumor and immune cells within 
the TME, highlighting its significance in cancer progres-
sion and immune modulation.

Aerobic glycolysis, commonly referred to as the War-
burg effect, provides cancer cells with a growth advantage 
by supplying energy and biosynthetic precursors neces-
sary for proliferation [130]. Additionally, aerobic glycoly-
sis plays a critical role in establishing immunosuppressive 
networks within the TME [131]. Emerging research has 
demonstrated that m6A modification regulates aerobic 
glycolysis in cancer cells, thereby influencing immune cell 
function in the TME. For instance, FTO-mediated m6A 
demethylation in tumor cells enhances the expression 
of transcription factors c-Jun, JunB, and C/EBPβ, which 
rewires glycolytic metabolism. Silencing of FTO reduces 
glycolytic activity in tumor cells, leading to the restora-
tion of CD8 + T cell function and inhibition of tumor 
growth [132]. Phosphoglycerate mutase 1 (PGAM1), an 
enzyme involved in glycolysis, converts 3-phosphoglyc-
erate to 2-phosphoglycerate [133]. In CRC, METTL3-
mediated m6A modification on circQSOX stabilizes it 
via IGF2BP2, increasing circQSOX expression in CRC 
cells. This elevated circQSOX level promotes intratu-
moral infiltration of Treg cells while reducing CD8 + T 
cell infiltration by sponging miR-330–5p and miR-326 
to increase PGAM1 expression and lactate production 
[134]. Hexokinases (HKs), which modulate the first step 
of glycolysis—phosphorylation of glucose to glucose-
6-phosphate—are critical enzymes in this pathway [135]. 
Among HK isoenzymes, HK3 is highly expressed in renal 
cell carcinoma (RCC) tissues [136]. Li et  al. reported 
that HNRNPC facilitated the interaction between circ-
ZBTB44 and IGF2BP3 via m6A modification, and circ-
ZBTB44 recruited IGF2BP3 to enhance the mRNA 
stability of HK3. Moreover, circZBTB44 promoted M2 
macrophage polarization in RCC by upregulating HK3 
[137]. These findings suggest that m6A modification is a 

key regulator of enzymes involved in aerobic glycolysis in 
cancer cells, which in turn modulates immune cells such 
as CD8 + T cells, Treg cells, and M2 macrophages.

Cholesterol metabolism is frequently dysregulated in 
various cancers, and cholesterol-associated metabolites 
have been identified as key regulators of tumor immunity 
[138]. In non-alcoholic fatty liver disease-hepatocellular 
carcinoma (NAFLD-HCC), METTL3 enhances m6A 
methylation on the mRNA of sterol regulatory element-
binding protein (SREBP) cleavage-activating protein 
(SCAP), promoting its translation and activating cho-
lesterol biosynthesis. This metabolic alteration impairs 
the CD8 + T cell function in the TME through elevated 
levels of cholesterol and cholesteryl esters [139]. These 
insights into metabolic reprogramming underscore the 
significance of m6A modification in regulating energy 
metabolism within cancer. Nevertheless, further research 
is necessary to investigate the influence of m6A modifi-
cation on other metabolic pathways, such as fatty acid 
and amino acid metabolism, and their impact on tumor 
immune responses.

m6A modification regulates immune respones via other 
mechanisms
In addition to cytokines, chemokines, cell surface mol-
ecules, and energy metabolism reprogramming, other 
mechanisms contribute to the impact of m6A modifi-
cation on tumor immunity. For instance, as a secretory 
antagonist of the classical Wnt signaling pathway, Dick-
kopf-1 (DKK1) has been linked to tumor immunity [140]. 
In CRC models, ALKBH5 promotes the accumulation of 
MDSCs while reducing NK cells and cytotoxic CD8 + T 
cells, facilitating tumorigenesis via the Wnt/β-catenin/
DKK1 axis by downregulating Wnt suppressor AXIN2 
through m6A RNA demethylation [141]. Furthermore, 
Chen et  al. demonstrated that FTO depletion in HCC 
cells elevated the activation and recruitment of tumor-
infiltrating CD8 + T cells by inhibiting the interaction 
between glycoprotein non-metastatic melanoma protein 
B (GPNMB) and the CD8 + T cell surface receptor syn-
decan 4 (SDC4). Mechanistically, FTO increased m6A 
levels on GPNMB mRNA, stabilizing it from degradation 
by the YTHDF2 [142]. These data highlight the impor-
tant crosstalk between m6A modifications and tumor 
immune responses, underscoring its potential clinical 
significance.

m6A regulators act as biomarkers for cancer immune 
response
The involvement of m6A regulators in immune responses 
to tumors renders them particularly significant as poten-
tial biomarkers for cancer-related immune responses 
[143, 144]. Chong et  al. established a scoring system 
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known as the m6Sig score, which quantifies the m6A 
modification patterns in individual cases of colon cancer 
based on identified m6A-related signature genes [145]. 
Patients with colon cancer exhibiting a lower m6Sig score 
demonstrated prolonged survival, enhanced immune 
infiltration, and a correlation with increased tumor 
mutation burden, PD-L1 expression, and higher muta-
tion rates in significant mutation genes (SMGs) such as 
PIK3CA and SMAD4 [145]. Similarly, investigations into 
m6A modification patterns have revealed a significant 
association between m6Ascore and the tumor immune 
landscape in patients with GC and clear cell renal cell 
carcinoma (ccRCC) [146, 147]. Consequently, we further 
explore the potential of m6A regulators as biomarkers for 
cancer immune response (Table 1).

In patients with CRC, the expression of the METTL3 
protein exhibited a significant correlation with the 
infiltration of CD33 + MDSCs in tumor tissues [101]. 
Furthermore, higher levels of METTL3 and IGF2BP3 
expression were observed in PD-L1-positive BC tissues 
[112]. Additionally, another m6A methyltransferase, 
METTL14, along with m6A levels in tumor stromal 
cells, was found to be associated with dysfunctional T 
cell levels in CRC patients [61]. A growing body of evi-
dence suggests that demethylases, including ALKBH5 
and FTO, are linked to the survival of cancer patients and 
the infiltration of immune cells within tumor tissues. For 
instance, Zhai et  al. explored the clinical significance of 

ALKBH5 in CRC patients and identified high ALKBH5 
protein expression as an independent poor prognostic 
factor for CRC. Moreover, elevated ALKBH5 expression 
correlated with reduced infiltration of CD8 + T cells in 
CRC tissues [141]. An inverse correlation was also noted 
between ALKBH5 levels and the expression of the RNA 
sensor RIG-I and IFNα protein in tissue specimens from 
patients with HNSCC [96], indicating a negative correla-
tion between ALKBH5 level and antitumor immunity. In 
clinical samples of GBM, a significant positive correla-
tion between ALKBH5 and CD68 + TAMs was observed 
[102]. Furthermore, ALKBH5 level positively correlated 
with PD-L1 expression and macrophage infiltration 
in NSCLC patients [103]. In a cohort of ICC patients, 
tumors with high levels of ALKBH5 also demonstrated 
strong PD-L1 expression [114], suggesting that ALKBH5 
plays a role in creating an immunosuppressive microen-
vironment. Additionally, FTO, another m6A demethy-
lase, is upregulated in HCC tumors. Importantly, HCC 
patients exhibiting high FTO expression had worse over-
all and disease-free survival compared to those with low 
FTO expression [142].

In addition to the writers and erasers of m6A modi-
fication, the readers, including YTHDF1, YTHDF2, 
and IGF2BP1, may represent potential biomarkers for 
responses to cancer immunotherapies. Bai et al. reported 
that elevated levels of YTHDF1 in GC tissues are asso-
ciated with a poor prognosis for GC patients [148]. 

Table 1  The correlation between m6A regulators and immune indexex in cancer tissues

CRC​ colorectal cancer; MDSC Myeloid-derived suppressor cell; BC breast cancer; GBM glioblastoma; NSCLC non-small-cell lung cancer; HNSCC head and neck squamous 
cell carcinoma; TAM tumor-associated macrophage; ICC intrahepatic cholangiocarcinoma; HCC hepatocellular carcinoma; GC gastric cancer; BLCA bladder cancer; RIG-I 
RNA sensor RIG-I

Name Cancer type Marker type Sample size Prognostic value Association Refs.

METTL3 CRC​ Protein 167 Positive correlation with CD33 + MDSC infiltration [101]

METTL3/IGF2BP3 BC Protein 140 Positive correlation with PD-L1 expression [112]

METTL14 CRC​ mRNA 22 Positive correlation with CD8 + T cell infiltration [61]

ALKBH5 GBM Protein 39 Positive correlation with CD68 + TAM infiltration [102]

ALKBH5 NSCLC Protein 55 Positive correlation with PD-L1 and TAM infiltration [103]

ALKBH5 HNSCC Protein 138 Negative correlation with the RIG-I and IFN-α [96]

ALKBH5 ICC Protein 127 Positive correlation with PD-L1 expression [114]

ALKBH5 CRC​ Protein 775 Poor prognosis [141]

FTO HCC mRNA/Protein 95 Poor overall and dis-
ease-free survival

[142]

YTHDF1 GC Protein/mRNA 278/101 Poor survival [148]

YTHDF1 CRC​ Protein 408 Poor survival Negative correlation with the IFN-γ response path-
way and CD8 + T cell infiltration

[104]

YTHDF1 CRC​ Protein 200 Negative correlation with CD8 + T cell infiltration [149]

YTHDF1 Melanoma Protein 48 Negative correlation with CD8 + T cell infiltration [122]

YTHDF2 BLCA Protein 128 Poor overall survival [97]

YTHDF2 BLCA Protein 68 Negative correlation with the RIG-I [97]

IGF2BP1 HCC Protein 90 [117]
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Similarly, YTHDF1 has demonstrated prognostic signif-
icance in the cancer tissues of patients with CRC [104]. 
Notably, the protein levels of YTHDF1 exhibit a nega-
tive correlation with the infiltration of CD8 + T cells in 
tumor tissues of CRC and melanoma patients [104, 122, 
149]. Furthermore, YTHDF2 is significantly upregulated 
in BLCA tissues, with lower expression levels of YTHDF2 
correlating with improved outcomes for BLCA patients 
[97]. Additionally, Liu et al. found that IGF2BP1 expres-
sion is elevated in liver tissues of patients with HCC com-
pared to adjacent normal tissues [117]. Accordingly, these 
m6A regulators may function as prognostic biomarkers 
and could reflect the antitumor immune response.

Targeting m6A regulators improves the response to ICI 
immunotherapy
Cancer immunotherapies, including checkpoint inhibi-
tors and adoptive cell therapy, have emerged as a for-
midable clinical strategy for the treatment of cancer 
[150, 151]. The clinical application of ICIs, such as anti-
CTLA-4 and anti-PD-1/PD-L1 antibodies, across vari-
ous cancer types represents a significant advancement in 
oncological therapeutics [152]. However, accumulating 
evidence suggests that ICIs are not universally effective; 
rather, they demonstrate efficacy in a limited subset of 
cancer patients who exhibit defects in cancer antigen-
specific T-cell activation or impaired T-cell infiltration 
into tumors [153]. Given that m6A modifications exert 
critical effects on immune cell infiltration and function 
within the TME, targeting m6A regulators may represent 
an effective strategy to enhance the efficacy of immune 
checkpoint inhibitor therapy (Table 2).

In the MC38 allograft mouse model, knockout of 
METTL3 in tumor cells or treatment with STM2457, a 
highly potent and selective inhibitor of METTL3, syn-
ergistically enhances the efficacy of anti-PD-1 therapy, 
significantly reducing MDSC infiltration and increas-
ing CD8 + T cell infiltration. This combination therapy 
demonstrates the strongest inhibitory effect on tumor 
growth [101]. Similar findings have been observed in the 
CT26 allograft mouse model [101]. In a separate study, 
the combination of STM2457 with anti-PD-1 therapy 
resulted in improved survival in mice bearing AT3 tri-
ple-negative breast cancer (TNBC) compared to single-
agent therapy [154]. The combination of anti-PD-1 and 
STM2457 treatment also markedly increased the levels 
of IFN-γ + and Granzyme B + CD8 + T cells in NAFLD-
HCC tumors and exhibited synergistic inhibition of 
tumor growth in syngeneic orthotopic NAFLD-HCC 
models [139]. Furthermore, depletion of Mettl3 in mye-
loid cells was associated with reduced responsiveness to 
anti-PD-1 therapy in melanoma B16 tumor metastasis 
models [64]. Collectively, these data support the notion 

that targeting METTL3 in conjunction with ICIs may 
provide therapeutic benefits across multiple cancer types, 
including CRC, TNBC, NAFLD-HCC, and melanoma.

Treatment with Dac51, a potent inhibitor of FTO, has 
been shown to enhance T cell infiltration and synergisti-
cally augment the effects of anti-PD-L1 blockade, as evi-
denced by the reduced growth of B16-OVA and MC38 
tumors and the extension of overall survival [132]. Addi-
tionally, CS2, another FTO inhibitor, in combination with 
anti-PD-1 therapy, significantly promoted the infiltration 
of CD45 + F4/80 + macrophages, particularly antitumoral 
M1 macrophages, in spontaneous HCC tumors. Fur-
thermore, CS2 treatment effectively suppressed tumor 
growth and enhanced the therapeutic efficacy of anti-
PD-1 in the HCC mouse model [142].

Notably, genetic knockout of FTO in melanoma cells 
resulted in a marked increase in CD4 + tumor-infiltrat-
ing lymphocyte (TIL) numbers and IFN-γ production in 
B16F10 melanoma following anti-PD-1 blockade. Silenc-
ing of FTO further sensitized melanoma cells to IFN-γ 
and enhanced the response of melanoma to anti-PD-1 
treatment in murine models [155]. Zhai et al. employed 
a virus-like nanoparticle (VNP) system to deliver specific 
ALKBH5 siRNAs (VNP-siALKBH5) directly into tumors. 
This combination achieved the most pronounced growth 
inhibitory effects against MC38 allografts. Consistent 
with these findings, treatment with VNP-siALKBH5 
alongside anti-PD-1 significantly reduced intratumoral 
accumulation of MDSCs while increasing infiltration of 
CD8 + T cells and NK cells [141]. Additionally, knock-
down of ALKBH5 significantly enhanced the inhibitory 
effect of anti-PD-L1 in LLC NSCLC tumors [103]. Col-
lectively, these studies indicate that pharmacological 
inhibition or silencing of FTO and ALKBH5, two critical 
demethylases, can substantially sensitize cancers to ICI 
therapy.

Remarkably, the concurrent inhibition of m6A read-
ers YTHDF1 and YTHDF2 in combination with ICIs 
may mitigate resistance to immunotherapy in can-
cer. Bao et  al. utilized a VNP system to deliver specific 
Ythdf1-siRNA into tumors, successfully downregulating 
YTHDF1 expression within tumor tissues [104]. They 
further demonstrated that treatment with VNP-siYthdf1 
significantly enhanced the inhibitory effects against 
MC38 and CT26 tumor growth following anti-PD-1 
treatment. This combination therapy notably suppressed 
the recruitment of MDSCs and increased the tumor 
infiltration of IFN-γ + CD8 + T cells and Granzyme 
B + CD8 + T cells [104]. In a separate study, the combi-
nation of YTHDF1 knockdown and anti-PD-1 therapy 
significantly prolonged overall survival in mice bear-
ing MC38 or CT26 tumors compared to those receiving 
either treatment alone [149]. The silencing of YTHDF1 
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Table 2  Targeting m6A regulator improves the response to ICI immunotherapy

VNP-siYthdf1: Vesicle-like nanoparticles (VNPs)-encapsulated YTHDF1-siRNA; CS2, a specific inhibitor of FTO; DC-Y13-27, as an inhibitor of YTHDF2; LNP-siYthdf1, lipid 
nanoparticles (LNP)-encapsulated siYthdf1; DF-A7, one compound mediated the degradation of YTHDF2; VNP-siALKBH5, vesicle-like nanoparticle–encapsulated 
ALKBH5-siRNA

M6A regulator Malignancy ICB drugs Tumor model Effects/observations Refs.

METTL3 CRC​ Anti-PD1 METTL3-single guide RNA/
STM2457

MC38/CT26 allografts Potentiates the Effect 
of AntiPD1 Therapy

[101]

METTL3 TNBC Anti-PD1 STM2457 AT3 TNBC model Improved survival 
for the combination 
of STM2457 with anti-PD1 
therapy

[154]

METTL3 NAFLD-HCC Anti-PD1 METTL3 knockdown/VNP-
si METTL3/STM2457

Hepa1-6/RIL-175 tumors Inhibiting METTL3 
plus PD-1 blockade 
improves response 
to immunotherapy

[139]

METTL3 Anti-PD1 METTL3 knockout B16 tumour METTL3 depletion 
in myeloid cells impairs 
PD-1 blockade therapeutic 
efficacy

[64]

FTO Anti-PD-L1 DAC51 B16-OVA/MC38 tumors Slower growth of B16-
OVA and MC38 tumors, 
and their overall survival 
was significantly pro-
longed

[132]

FTO Melanoma Anti-PD-1 FTO knockdown B10F10 FTO inhibition can reduce 
resistance to anti-PD-1 
therapy

[155]

FTO HCC Anti-PD-1 CS2 Orthotopic liver injection 
mouse model; spontane-
ous HCC tumours

Sensitised HCC to anti-
PD-1 therapy

[142]

ALKBH5 CRC​ Anti-PD1 VNP-siALKBH5 MC38 tumor Enhances the efficacy 
of anti-PD1 therapy

[141]

ALKBH5 NSCLC Anti-PD-L1 ALKBH5 knockdown LLC allografts Lung cancer cells 
with high ALKBH5 expres-
sion are more sensitive 
to anti-PD-L1 therapy

[103]

YTHDF1 Anti-PD1 YTHDF1 knockdown CT26/MC38 tumours The combination therapy 
prolonged OS of mice

[149]

YTHDF1 Anti-PD-L1/anti-CTLA-4 YTHDF1 knockdown B16/F10 tumours Tumor-intrinsic YTHDF1 
deficiency enhances 
responses to ICI therapy

[122]

YTHDF1 CRC​ Anti-PD-1 VNP-siYTHDF1 MC38/CT26 syngeneic 
tumours

Augments anti-PD1 
therapy in CRC​

[104]

YTHDF1 NASH-HCC Anti-PD1 LNP-si YTHDF1 RIL-175 tumor Synergistically decreased 
tumor burden

[99]

YTHDF2 Anti-PD-L1 DC-Y13-27 MC38/B16 tumor The triple therapy 
of DC-Y13-27, IR, 
and anti-PD-L1 gave rise 
to the most robust antitu-
mor effects

[67]

YTHDF2 Anti-PD-L1/anti-PD-1 DF-A7 MC38 tumor Improves antitumor 
efficacy of PD-1/PD-L1 
blockade therapy

[105]

YTHDF2 Liver tumor Anti-PD1 YTHDF2 knockout MC38 liver metastatic 
tumor

The synergistic therapeutic 
effects of chemotherapy 
and immunotherapy 
on liver cancer were 
dependent on hepatic 
YTHDF2 expression

[106]
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using lipid nanoparticles encapsulated with siYthdf1 
(LNP-siYthdf1), in conjunction with anti-PD-1 therapy, 
synergistically inhibited MDSC recruitment and acti-
vated CD8 + T cell function in mouse models of NASH-
HCC, thereby reducing tumor burden and growth [99]. 
Furthermore, tumor-intrinsic YTHDF1 deficiency dem-
onstrated synergistic effects with anti-CTLA-4 or anti-
PD-L1 antibodies, leading to reduced tumor volume and 
extended overall survival in mice bearing B16/F10 cells 
[122]. Notably, the synergistic effects of YTHDF2 inhibi-
tion combined with ICI therapy have garnered consider-
able attention. DC-Y13-27, a derivative of the YTHDF2 
inhibitor DC-Y13, preferentially inhibits YTHDF2 bind-
ing to m6A-modified RNA. It has been established 
that, compared to either monotherapy, the combina-
tion of DC-Y13-27 and anti-PD-L1 significantly slowed 
the growth of MC38 tumors, while the triple therapy of 
DC-Y13-27, radiotherapy, and anti-PD-L1 resulted in 
the most pronounced antitumor effects [67]. Xiao et  al. 
validated that targeting YTHDF2 with the compound 
DF-A7, which mediates YTHDF2 degradation, effectively 
controls tumor growth and enhances antitumor efficacy 
when combined with anti-PD-1/PD-L1 therapy [105]. 
Interestingly, YTHDF2 in hepatocytes exhibited antitu-
mor functions by modulating CX3CL1-induced CD8 + T 
cell infiltration. Additionally, YTHDF2 depletion in 
hepatocytes increased the antitumor efficacy of oxalipl-
atin and anti-PD-1 antibody combination therapy in the 
liver [106].

In summary, these findings indicate that the suppres-
sion of various m6A regulators enhances the response to 
ICI immunotherapy across multiple cancer types, thereby 
offering a promising avenue for future research in immu-
notherapy. It is imperative that the combination therapy 
targeting m6A regulators alongside ICIs be evaluated in 
clinical settings to assess its therapeutic efficacy.

Conclusions and perspectives
In recent years, significant advancements have been 
made in the field of m6A modifications, with an increas-
ing emphasis on the relationship between m6A modi-
fications and tumor immunity [5, 8, 30]. This review 
summarizes the involvement of m6A modification in 
regulating immune cells within the TME through vari-
ous direct and indirect mechanisms. Specifically, m6A 
modifications can directly influence the populations and 
functions of diverse immune cells, including DCs, TAMs, 
MDSCs, NK cells, and T cells, thereby contributing to the 
establishment of an immunosuppressive TME. Moreover, 
m6A modifications can modulate cancer cell behavior to 
influence the immune response by regulating cytokines, 
chemokines, cell surface molecules, and metabolic repro-
gramming. Importantly, pharmacological inhibition or 

silencing of various m6A regulators has been shown to 
enhance the response to ICI immunotherapy across dif-
ferent cancer types by altering the immune landscape of 
the TME. Collectively, these findings highlight the critical 
role of m6A modifications as regulators of tumor immune 
responses, positioning them as potential biomarkers and 
therapeutic targets for cancer immunotherapy.

Significantly, several challenges within this field remain 
to be addressed. Although numerous studies have inves-
tigated the clinical relevance of m6A regulators and the 
tumor immune landscape in specimens from various 
cancers (Table 1), these investigations have typically uti-
lized a limited number of tumor samples, which may 
result in inconclusive findings. Additionally, the molecu-
lar mechanisms by which m6A-mediated posttranscrip-
tional modifications influence immune responses in the 
TME have yet to be fully elucidated. For instance, beyond 
PD-L1, it remains unclear whether m6A modifications 
can regulate other immune checkpoint molecules such as 
B7-H3, VISTA, and B7-H4 in tumor cells. Furthermore, 
while researchers have focused on the synergistic effects 
of targeting m6A regulators in conjunction with ICI ther-
apy, the roles of m6A modifications in other forms of can-
cer immunotherapy, including adoptive cell therapies and 
cancer vaccines, require further experimental validation. 
Importantly, although no clinical trials have yet evaluated 
m6A inhibitors for cancer treatment, combining these 
inhibitors with ICI therapy holds promise for enhancing 
anticancer efficacy. Future clinical trials are essential to 
substantiate these findings in human subjects.

In conclusion, our review highlights the roles and 
mechanisms associated with m6A modification-medi-
ated immune responses within the TME, potentially 
providing a pathway for improving immunotherapy by 
targeting specific m6A regulators.
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