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Cancer immunotherapy has demonstrated remarkable efficacy across multiple
tumor types. Despite their significant clinical benefits, most patients with solid
tumors remain refractory to immunotherapy, and initial responders frequently
develop acquired resistance. Tumor plasticity is a key driver of resistance to
cancer immunotherapy. In this review, we discuss how epigenetic and metabolic
plasticity of tumor contributes to immunotherapy resistance and highlight
emerging strategies targeting these programs to overcome resistance and
improve clinical outcomes.
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Introduction

Cancer immunotherapy, including immune checkpoint blockade (ICB) and chimeric
antigen receptor (CAR)-T cell therapy, has established a new paradigm for cancer therapy.
ICB targeting programmed cell death protein 1 (PD-1), its ligand PD-LI, or cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) has produced durable clinical responses across
diverse cancer types (1-7). CAR-T therapy has demonstrated unprecedented efficacy in
hematological malignancies, particularly in patients with refractory B-cell leukemias and
lymphomas (8-10). Despite these remarkable clinical successes, many patients are refractory
or eventually develop acquired resistance to immunotherapy (11, 12). Moreover, the clinical
benefit of immunotherapy remains limited in most solid tumors.

Resistance to immunotherapy can arise from both tumor-intrinsic and tumor-extrinsic
mechanisms that allow cancer cells to escape immune surveillance. In this review, we focus
on tumor-intrinsic plasticity that confers immunotherapy resistance (13). These adaptations
include downregulation of antigen processing and presentation, disruption of interferon
signaling, reduced production of signals required for immune cell recruitment and
infiltration, and resistance to T cell-mediated cytotoxicity. Importantly, these tumor-
intrinsic adaptations can be driven by epigenetic and metabolic rewiring and their crosstalk
(14), which regulate immune evasion (15-20). Epigenetic remodeling reshapes the tran-
scriptional landscape governing immunologic recognition and responsiveness, while met-
abolic rewiring alters nutrient availability and metabolite accumulation within the tumor
immune microenvironment (TIME), thereby modulating antigen presentation and effector
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T cell function. In this review, we discuss how tumor-intrinsic
epigenetic and metabolic reprogramming promotes resistance to
immunotherapy and highlight emerging therapeutic strategies
that target tumor cell plasticity to enhance the efficacy of

cancer immunotherapy.

Epigenetic plasticity in cancer affects
immunotherapy resistance

Tumor cells dynamically remodel their interactions with
immune cells within the TIME to evade immune surveillance and
acquire resistance to cancer immunotherapies (11, 21, 22). One of
the key mechanisms underlying this immunomodulatory capacity is
epigenetic reprogramming, whereby DNA methylation, histone
modifications, and chromatin remodeling reshape transcriptional
programs in cancer cells, ultimately affecting the cellular states and
functions of surrounding immune cells (23, 24) (Figure 1). Such
examples include suppression of immunogenic antigen expression,
downregulation of antigen-presenting machinery, and reduced
chemokine secretion that recruits T cells (Figure 1). This limits
the recruitment and activation of cytotoxic T cells and fosters an
immunosuppressive TIME.

Genome-wide CRISPR-Cas9 screens have identified several
epigenetic regulators that govern T cell-dependent anti-tumor
response and resistance to immune checkpoint blockade (ICB)
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(25-27). Among the major resistance factors is the polybromo
and BRGl-associated factors (PBAF) complex, a subtype of the
SWI/SNF chromatin remodeling complex. In the murine B16F10
melanoma cell line, inactivation of PBAF components, including
Arid2 and Pbrm]1, upregulated the expression of interferon (IFN)-y-
responsive genes, such as Cxcl9 and Cxcl10, which encode key
chemokines that recruit effector T cells into the TIME (25).
Disruption of the PBAF complex increased T cell infiltration and
potentiated anti-tumor immune responses (25). Alterations in SW1/
SNF chromatin remodeling complexes that are associated with the
immune-active tumor microenvironment further underscore the
connection between chromatin regulation and ICB resistance.
SMARCA4-mutated tumors are characterized by increased T cell
infiltration and enhanced clinical responsiveness to ICB (28). In
murine ovarian cancer models, Smarca4 deficiency activates the
RNA-sensing pathway, leading to enhanced expression of type I
IFN-stimulated genes and major histocompatibility complex
(MHC) class I, thereby increasing tumor immunogenicity in vivo
(29). Similarly, other SWI/SNF subunits, including ARID1A, are
negatively associated with type I IFN production in tumor cells (30).
These findings identify SWI/SNF complexes as important regula-
tors of tumor immunogenicity and determinants of resistance
to immunotherapy.

Another CRISPR-Cas9 screen targeting epigenetic regulators
associated with ICB resistance identified SETDBI, a histone H3-
lysine 9 (H3K9) methyltransferase and the catalytic subunit of the
KAP1 and HUSH complexes, as a key mediator of tumor immune
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Epigenetic reprogramming of tumor cells contributes to immunotherapy resistance. Alterations in DNA methylation, histone modifications, and
chromatin remodeling in tumor cells downregulate the expression of IFN- y responsive genes, MHC class | genes, and ERVs leading to resistance to
cancer immunotherapy. The histone methyltransferases EZH2, SETDB1, and G9a and the histone demethylase LSD1 promote transcriptional repression,
whereas the PBAF chromatin-remodeling complex containing SMARCA4 regulates chromatin states. DNA methyltransferases further induce
transcriptional repression. In contrast, histone deacetylases and reduced activity of TET2 attenuate transcription activation of IFN- y responsive genes and
ERVs. In the cytoplasm, USP22-mediated deubiquitination stabilizes EZH2, promoting its accumulation, whereas decreased sensing of ERV-derived
dsRNA reduces the IFN response. Pharmacological inhibition of EZH2, G9a, DNMTs, or HDACs can reverse these epigenetic programs and restore tumor
immunogenicity. Upward and downward arrows indicate increased and decreased responses, respectively. (EZH2, enhancer of zeste homolog 2; PBAF,
polybromo and BRG1-associated factor; IFN- v, interferon-gamma; MHC, major histocompatibility complex; ERV, endogenous retrovirus; Ub, ubiquitin;
dsRNA, double-stranded RNA; DNMTi, DNA methyltransferase inhibitor; EZH2i, EZH2 inhibitor; HDACI, histone deacetylase inhibitor).
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evasion (31). SETDBI suppresses the expression of immunogenic
transposable elements (TEs) that mimic viruses and upregulate type I
IFN responses. Consequently, the generation and presentation of TE-
derived antigens on MHC class I molecules are reduced, impairing
tumor recognition by CD8" T cells and attenuating anti-tumor
immune responses. Mechanistically, SETDBI is recruited to TE loci
by KDM5B, a histone H3-lysine 4 (H3K4) demethylase in a
demethylase-independent manner (32). Notably, KDM5B expression
is inversely correlated with clinical responsiveness to ICB in patients
with melanoma. A loss of KDM5B induces a robust type I IFN
response in the melanoma model. These findings establish the
KDMS5B-SETDBI1 axis as a critical epigenetic regulator of tumor
immune evasion and immunotherapy resistance.

Reduced MHC class I expression represents a major mechanism
of resistance to ICB by limiting neoantigen presentation and
subsequent activation of cytotoxic CD8" T cells. Multiple epigenetic
regulators contribute to intratumoral transcriptional silencing of
MHC class I genes. For example, enhancer of zeste homolog 2
(EZH2), the catalytic subunit of Polycomb repressive complex 2
(PRC2), represses MHC class I expression through histone H3-
lysine 27 (H3K27) trimethylation and chromatin compaction (17,
33). Ubiquitin-specific peptidase 22 (USP22), a deubiquitinating
enzyme is also associated with ICB resistance. USP22 enhances
EZH2-mediated downregulation of MHC class 1 expression and
reduces intratumoral CD8" T cell infiltration by deubiquitinating
and protecting EZH2 from proteasomal degradation (34). Usp22
inhibition combined with anti-PD-1 therapy exhibits greater tumor
regression than anti-PD-1 therapy alone (34).

An increasing body of work suggests that other posttransla-
tional modifications (PTMs), including SUMOylation and
lactylation, also contribute to immune evasion and resistance to
immunotherapy (35-39). Increased SUMOylation in cancer cells
promotes immune evasion by suppressing the MHC class I antigen
presentation (36). In hepatocellular carcinoma (HCC) cells, H3K18
lactylation increases chromatin accessibility at the promoters of
transcriptional repressor GATA binding 1 (TRPS1) and E-twenty-
six transformation-specific variant 1 (ETV1), leading to their
upregulation (40). TRPS1 confers resistance to CD8" T cell-medi-
ated cytotoxicity through a GLUTI1-dependent glycolytic positive
feedback loop, whereas ETV1 inhibits CD8" T cell infiltration by
enhancing chemokine (C-C motif) ligand 2 (CCL2) transcription. A
GLUT]1 inhibitor and anti-CCL2 antibody combined with anti-PD-
1 therapy enhances antitumor immunity and improves ICB re-
sponse. Another study using human HCC cells demonstrated that
H3K18 lactylation increases the expression of major vault protein,
which suppresses CD8" T cell-mediated antitumor activity by
stabilizing PD-L1 (41). Given the emerging roles of SUMOylation
and lactylation in tumor-intrinsic immune evasion, the potential
contribution of these PTMs to immunotherapy resistance is an
intriguing topic for further investigation.

DNA methylation dynamics also play an essential role in
regulating tumor immunogenicity. Reduced activity of ten-eleven
translocation methylcytosine dioxygenase 2 (TET2) attenuates IFN-
YV-JAK-STAT signaling in tumor cells, resulting in decreased ex-
pression of T helper 1 (Thl)-associated chemokines and reduced
infiltration of tumor-infiltrating lymphocytes (TILs) (42). Deletion
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of Tet2 in murine melanoma and colon cancer models confers
resistance to anti-PD-L1 therapy, highlighting the importance of
active DNA demethylation in maintaining anti-tumor immune
responses (42). Taken together, accumulating evidence demon-
strates that epigenetic regulators are associated with ICB resistance

through multiple mechanisms of immune evasion.

Epigenetic drugs synergize with
cancer immunotherapy

Growing evidence indicates that epigenetic reprogramming is a
central driver of resistance to cancer immunotherapy, providing a
compelling rationale for combining epigenetic therapies (epidrugs)
with ICB to restore tumor immunogenicity and improve therapeu-
tic efficacy. Among the most extensively investigated combinations
are DNA methyltransferase (DNMT) inhibitors. In patients with
relapsed or refractory NK/T-cell lymphoma, DNMT inhibition
combined with anti-PD-1 immunotherapy enhances the expression
of endogenous retroviral elements (ERVs), thereby activating viral
mimicry and type I IFN signaling, which in turn increases tumor
sensitivity to PD-1 blockade (15, 43). Likewise, combined inhibition
of DNMTs and histone deacetylases (HDACs) activates ERV
transcription and type I IFN signaling in non-small cell lung
cancer (NSCLC) cells (44). This transcriptional activation leads to
increased expression of the T cell chemoattractant CCL5 and
enhanced recruitment of CD8" TILs into the tumor microenviron-
ment. Additionally, combined epidrugs suppress the expression of
exhaustion-associated genes while promoting the expression of
activation- and memory-associated genes, thereby improving the
durability of responses to ICB.

HDAC inhibitors alone also remodel the TIME to potentiate
immunotherapy. In murine SM1 melanoma, the selective HDAC6
inhibitor Nexturastat A combined with anti-PD-1 blockade signif-
icantly increased the infiltration of CD8" T cells and natural killer
(NK) cells while simultaneously neutralizing increased expression
of PD-L1 and MHC class I induced by anti-PD-1 blockade (45).
These changes are accompanied by a reduction in pro-tumoral M2
macrophages, which are key immune cells involved in immune
evasion and tumor progression. Tumor-intrinsic regulation of
macrophage recruitment is another mechanism of immune evasion.
For example, overexpression of FBXL16 in glioma cell lines inhibits
cytokine release, thereby limiting the recruitment of M2 macro-
phages to the TIME and reducing immune evasion (46).

Several studies have further demonstrated that targeting histone
methylation enhances responsiveness to ICB. EZH2 inhibition signif-
icantly restores MHC class I expression in human and murine head
and neck squamous cell carcinoma (HNSCC) cells, which leads to
increased antigen-specific CD8" T cell proliferation and IFN-y pro-
duction (47). Combined treatment with an EZH2 inhibitor and anti-
PD-1 therapy suppresses tumor growth in anti-PD-1-resistant HNSCC
models (47). Similarly, the EZH2 inhibitor GSK126 sensitizes NSCLC
to PD-1 blockade by inducing double-strand RNA (dsRNA)-IFN
pathway stress and upregulating antigen presentation gene expression
(48, 49). Dual inhibition of EZH2 and the histone methyltransferase
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G9A using HKMTI-1-005 upregulates the expression of
immunostimulatory genes, including the chemotactic chemokines
(Cxcl9, Cxcl10, Cxclll, and Ccl5) and ERV-K endogenous retroviral
family transcripts in a murine ovarian cancer model (50). These
transcriptional changes increase infiltration of cytotoxic T lymphocytes
and NK cells while reducing tumor-promoting FoxP3" CD4 T cells
(50). In addition, depletion of the H3K4 demethylase LSD1 promotes
the viral mimicry pathway and restores sensitivity to PD-1 blockade in
refractory B16 melanoma tumors (16).

Collectively, epigenetic therapies enhance the efficacy of cancer
immunotherapy through multiple complementary mechanisms,
including restoration of viral mimicry and IFN signaling, reactiva-
tion of antigen presentation machinery, and induction of
immunostimulatory chemokines. These transcriptional changes
lead to extensive remodeling of the TIME. Combination therapy
with epidrugs and ICB would serve as a promising approach to
sensitizing tumor cells to ICB.

10.3389/fimmu.2026.1968997

Metabolic plasticity in cancer affects
immunotherapy resistance

Metabolic reprogramming serves as one of the cancer hallmarks
(21). A substantial body of literature supports that aberrant uptake
or export of metabolites by cancer cells dynamically regulates
nutrient availability within the TIME, where immune cells need
to infiltrate, propagate, and be activated to exert immunologic
functions against cancer cells (38) (Figure 2). In this section,
relevant published works with in vivo preclinical validation are
highlighted to emphasize translational potential of metabolic in-
hibitors in combination with immunotherapy.

Cancer cells often upregulate glucose metabolism, mainly
through glycolysis, resulting in increased lactate production and
excretion into the TIME. Avid glucose uptake in cancer cells and
related metabolic competition within the TIME restrict effective
anti-tumor immune responses by reducing tumor-infiltrating
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Metabolic reprogramming of tumor cells contributes to immunotherapy resistance. Tumor-driven aberrant uptake or secretion of metabolites
regulates metabolite availability within the tumor immune microenvironment, affecting T cell survival, growth, and function. Decreased level of
glucose in TIME can downregulate tumor-intrinsic IFN-y pathway and anti-tumor immunity. Low pH in TIME through excess excretion of lactate or
uptake of bicarbonate negatively impacts T cell-mediated cytotoxicity. Cancer cells with high amino acid metabolic activities aberrantly uptake
glutamine or methionine and excrete ammonia, changing their levels in TIME. Moreover, tumor-intrinsic mTORCL1 activation limits amino acid
availability in TIME. Such metabolite availability in TIME inhibits T cell function and promotes immune evasion. T-cell-derived IFN-y inhibits tumor’s
ferroptosis defense system by downregulating cystine uptake. Lipid anabolic enzyme MOGAT1 restricts CD8* T cell infiltration. MHC class |-
mediated antigen presentation by tumor cells also affect T cell-mediated immunotherapy response through tumor-intrinsic autophagy machinery.
N-linked glycans and O-linked glycans negatively impact CAR-T therapy response, which on the other hand, reveals a potential therapeutic targeting
strategy. (2-DG, 2-deoxy-glucose; MGAT5, mannoside acetyl-glucosaminyltransferase 5; MHC, major histocompatibility complex; IFN- v, interferon-
gamma; MCT4, monocarboxylate transporter 4, MOGAT1, monoacylglycerol O-acyltransferase 1; TNF, tumor necrosis factor; BCH, 2-amino-2-
norbornanecarboxylic acid).
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lymphocyte function (51). On the other hand, highly glycolytic
cancer cells autonomously develop resistance to T cell-mediated
cytotoxicity regardless of glucose availability within TIME, via
downregulation of the IFN-v signaling pathway (52). Lactate, one
of the major metabolites secreted into TIME, and associated low pH
within TIME also contribute to immunosuppression. Increased
levels of lactate can inhibit T and NK cell survival and proliferation
(53). An acidic pH driven by excess lactate secretion from tumor
cells inhibits T cell function and infiltration, which can be mitigated
by neutralizing acidity with bicarbonate therapy (54). Combination
therapy using an lactate dehydrogenase (LDH) inhibitor or bicar-
bonate with immunotherapy can improve anti-tumor immune
responses by overcoming resistance (52, 54). Tumor type-specific
transporters responsible for the acidic TIME have been identified as
targets to improve the efficacy of immunotherapy. In colorectal
cancer, lactate efflux transporter monocarboxylate transporter 4
(MCT4) is a main transporter contributing to lactate efflux and
acidic TIME (55). MCT4 blockade together with an immune
checkpoint PD-L1 inhibitor attenuated tumor growth in vivo by
increasing intratumoral pH and T cell infiltration/activation. In
pancreatic cancer, bicarbonate influx transporter solute carrier
family 4 member 4 (SLC4A4) in epithelial ductal cells can lead to
acidification of TIME through active influx of bicarbonate into
cancer cells (56). Inhibition of SLC4A4 in combination with
immune checkpoint blockade can overcome immunotherapy resis-
tance, resulting in increased survival in vivo.

Diverted from glycolysis, glycan production and proper glyco-
sylation of cell surface proteins are important for antigen recogni-
tion by specific immunologic receptors as well as immune cell
infiltration (57). Aberrant extracellular N-glycans mediated by
mannoside acetyl-glucosaminyltransferase 5 (MGATS5) in pancre-
atic cancer cells confer resistance to CAR-engineered T cell-medi-
ated anti-tumor responses (58). Targeting the N-glycans with a
glycolysis inhibitor, 2-deoxy-D-glucose, in combination with dif-
ferent CAR-T therapies that are unique to different solid cancer
types (e.g. CD44v6 and CEA) can overcome the resistance in vivo
(58). MGAT5-dependent N-glycans protect tumor cells from pro-
death stimuli, whereas deletion of MGAT5 can re-sensitize immu-
notherapy-resistant pancreatic cancer cells to immune checkpoint
blockade (59). These studies emphasize critical roles for N-glycans
in mediating immunotherapy resistance, revealing an attractive
therapeutic vulnerability in this type of immune-cold cancers.
Cancer-associated mucins, heavily O-glycosylated proteins, can
work as physical barriers for immune cell infiltration and antigen
engagement by immune cells (60). To overcome low efficacy in
immunotherapy, a series of CAR-T-based therapies co-targeting
cancer-specific mucins (e.g. MUC1 and MUCI16) and tumor-
associated antigens has been developed (61-64). Some of
these CAR-T therapeutics have undergone or are currently under-
going phase I/II clinical trials (NCT04025216, NCT05812326,
NCT03525782, NCT06469281, and NCT07480954).

In addition to glucose, amino acids and their byproducts (e.g.
ammonia) play key roles in modulating anti-tumor immune re-
sponses. Glutamine is one of the amino acids found at decreased
levels in tumor interstitial fluid within the TIME in the immuno-
competent murine model of colorectal cancer (65). Glutamine-
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addicted cancers, such as triple-negative breast cancer (TNBC),
deplete glutamine within the TIME, thereby decreasing tumor-
infiltrating T cell cytotoxicity (66). Glutamine blockade generates a
more immune-reactive TIME by activating cytotoxic T cells while
inhibiting tumor cell growth (67). Inhibition of glutamine metab-
olism provides an attractive metabolic checkpoint to overcome
resistance to immunotherapy.

Ferroptosis, a unique cell death mechanism driven by iron-
dependent lipid peroxidation (68), acts as an important determi-
nant of therapeutic efficacy (69). IFN-y from CD8" T cells down-
regulates SLC3A2 and SLC7A11 expression in cancer cells, both of
which serve as critical subunits of the cystine importer system that
protects cancer cells from ferroptosis, thereby sensitizing cancer
cells to ferroptosis during immunotherapy (70). As such, depletion
of cystine or cysteine by cyst(e)inase (71) synergistically improves
anti-tumor immunity in combination with anti-PD-L1 therapy
through ferroptosis induction (70).

Dietary interventions could transiently modulate nutrient avail-
ability within TIME, thereby affecting cancer and immune cell
behaviors. Chen et al. reported that a brief, 16 hours of fasting can
promote the efficacy of immunotherapy by creating isoleucine-rich
TIME in both mice and humans (72). Increased metabolic stress in
cancer cells caused by short-term starvation releases isoleucine
into TIME, through which CD8" T cell-mediated cytotoxicity
is enhanced. Importantly, this intervention also increases CD8*
T cell-mediated cytotoxic programs in patients with neoadjuvant
immunotherapy. Exacerbated amino acid uptake in tumor cells
through inflammatory cytokine-induced mTORCI activity restricts
amino acid availability within TIME, conferring immune evasion
and resistance to immune checkpoint inhibitors (73). The molec-
ular circuit (ZBTB5-pS127-mTORC1) responsible for the nutri-
tional insufficiency in TIME exposes a therapeutic vulnerability to
overcome cancer immunotherapy resistance (73). Ammonia is one
of the byproducts from nitrogen-dependent metabolic processes,
predominantly produced by amino acid metabolism. In advanced
colorectal cancer, ammonia is accumulated by downregulation of
HNF4A and subsequently the ammonia clearance pathway in
cancer cells (74). Increased ammonia levels within TIME specifi-
cally induce growth retardation of CD4" and CD8" T cells as well as
their exhaustion, while growth of colon cancer cells, neutrophils,
and macrophages is minimally impacted (74). Detoxification of
ammonia can restore sensitivity to immune checkpoint blockade
with increased T cell infiltration and cytotoxic activity in vivo.

In vivo transcriptomic analyses in progressing breast cancer
discovered monoacylglycerol O-acyltransferase 1 (MOGAT1), an
enzyme involved in triglyceride synthesis, as a crucial mediator of
immune evasion (75). MOGAT1-overexpressing cancer cells could
not only promote neutral lipid anabolism and growth but also
inhibit CD8" T cell infiltration and T cell-mediated cytotoxicity.
Inhibition of MOGAT1 together with PD-1 blockade restores
immunotherapy sensitivity through an increased pool of highly
activated T cells in TIME.

Inactivation of the MHC class I antigen presentation pathway is
a well-established resistance mechanism to immunotherapy
through loss-of-function mutations or transcriptional downregula-
tion (76-79). Promoting degradation of MHC class I molecules via
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autophagy, a metabolic adaptation to nutrient deprivation, can also
lead to immunotherapy resistance in pancreatic cancer (80).
Inhibition of autophagy can restore cell surface levels of MHC
class I, thereby enhancing antigen presentation and associated
CD8" T cell responses. Furthermore, in combination with dual
immune checkpoint blockade therapy (anti-PD-1 and anti-CTLA-4
antibodies), treatment with an autophagy inhibitor, chloroquine,
presents a synergistic effect in reducing tumor burden.

Microbiota as producers of immune-modulatory metabolites in
the gut or in the TIME can directly affect tumor immunogenicity
and thus efficacy of immunotherapy (81, 82). One prominent
example is phytosphingosine, derived from Lacticaseibacillus
paracasei, which activates the MyD88-NF-kB pathway to increase
MHC class I expression and boosts ICI responses in breast cancer
and melanoma (83). This study provides the underlying mecha-
nisms of the clinically reported positive association between the
enrichment of specific microbiota strains and responses to ICI-
based therapy. As fecal microbiota transplantation (FMT) in ICI
non-responders has shown clinical benefits in melanoma (84, 85),
such mechanistic characterization will provide novel therapeutic
combinations beyond FMT for ICI non-responders.

Crosstalk between metabolite
availability and epigenetic plasticity
affects responses to immunotherapy

The interplay between metabolic adaptation and epigenetic
reprogramming serves as one of the key regulatory mechanisms
of cancer cell plasticity, including therapy resistance (14). Metabolic
intermediates provide building blocks for writing epigenetic marks
and cofactors for enzymes that erase epigenetic modifications.
Notable examples include acyl-CoA metabolites that serve as
donors for acylation (e.g. acetylation, lactylation, etc) and S-
adenosylmethionine (SAM), which serves as a methyl door for
histone, DNA, and RNA methylation, regulating gene transcription,
translation, and RNA stability (86). On the other hand, epigenetic
regulators modulate metabolic rewiring, enabling cancer cell sur-
vival and growth and promoting resistance to therapy (87).

In highly glycolytic liver cancer cells, expression of immuno-
modulatory molecule B7-H3 (CD276) is increased, suppressing
anti-tumor immunity upon PD-1 blockade (88). Lactate, produced
from glycolysis, promotes H3K18 lactylation at the B7-H3 promo-
ter, thereby upregulating B7-H3 expression and promoting evasion
of CD8" T cell-mediated cytotoxicity. Consistent with this mech-
anism, treatment with the LDH inhibitor, sodium oxamate in
combination with anti-PD-1 therapy presents a synergistic effect
in decreasing tumor burden in vivo.

Methionine serves as one of the key metabolic drivers in
influencing methylation of histones and DNA, and thus epigenet-
ically regulating gene transcription. Tumoral uptake of methionine
through SLC43A2 deprives CD8" T cells of methionine within the
TIME, impairing cytotoxic T cell function (89). Methionine defi-
ciency in CD8" T cells decreases H3K79me2 levels and STAT5
transcription, resulting in T cell death and dysfunction.
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Pharmacological inhibition of tumor’s methionine importer by
BCH (2-amino-2-norbornanecarboxylic acid) in combination
with anti-PD-L1 presented a synergistic anti-tumor immune re-
sponse in vivo.

Conversely, alterations in epigenetic regulators can reshape tumor
metabolism and thereby affect responses to immunotherapy. One
example is lysine demethylase 6A (KDM6A), an H3K27me2/me3
demethylase that is frequently mutated in bladder cancer (90). Loss
of KDM6A in bladder cancer cells induces metabolic reprogramming
characterized by reduced glycolysis and lactate production. The result-
ing decrease in lactate levels in TIME reduces H3K9 and H3K18
lactylation in regulatory T cells (Tregs), accompanied by decreased
expression of Treg-associated immunosuppressive genes. As a result,
loss of KDM6A enhances the response to anti-PD-1 therapy.

Epigenetic regulatory mechanisms underlying cellular defense
against ferroptosis have been extensively studied, mainly focusing
on regulation of cellular iron pools and the SLC7A11-glutathione-
GPX4 system (91). Noncoding RNAs, including IncRNAs, can also
regulate the ferroptosis sensitivity of cancer cells and thereby affect
responses to immunotherapy, primarily by modulating components
of the SLC7A11-glutathione-GPX4 defense system (92). For exam-
ple, IncRNA SSTR5-AS1 enhances SLC7A11 transcription through
STATS3 recruitment in ovarian cancer cell lines, resulting in resis-
tance to ferroptosis and immune escape in vitro (93).

Discussion

Utilizing tumor-intrinsic plasticity as a therapeutic vulnerability is a
growing area of interest in tackling immunotherapy resistance. In this
review, we highlight tumor-intrinsic plasticity, particularly epigenetic
and metabolic reprogramming, as a key driver of immunotherapy
resistance. Targeting these adaptive programs may enhance tumor
sensitivity to existing immunotherapies and represents a promising
strategy for overcoming resistance to immunotherapy. Currently,
dozens of phase I and II clinical trials are evaluating combinations of
immunotherapy with epidrugs [reviewed by Zhang et al. and Xu et al.
(94, 95)] or metabolic modulators [reviewed by Yang et al. and Trefny
et al. (96, 97)]. However, despite encouraging preclinical evidence, no
such combination has yet been approved by the U.S. Food and Drug
Administration (FDA). A major challenge in the clinical translation of
these combination therapy approaches is the limited specificity of
epidrugs and metabolic inhibitors. Since these agents can non-specif-
ically target different cell types within the TIME, they may induce
unintended molecular reprogramming in non-malignant cells, thereby
compromising efficacy and increasing toxicity. Improving the targeted
delivery of epidrugs or metabolic inhibitors can provide alternative
routes to avoid these adverse effects. For example, antibody-drug
conjugates can offer tumor cell-targeted delivery of epidrugs or
metabolic inhibitors to overcome tumor-intrinsic immunotherapy
resistance more effectively. Alternatively, epigenome editing technolo-
gies offer the potential to precisely modify epigenetic states in a tumor-
specific manner.

Due to tumor-intrinsic plasticity, such combinatorial therapeutic
strategies may also potentially lead to the development of acquired
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resistance. To better cope with or predict resistance to the combina-
tion treatment, utilization of emerging technologies such as single-cell
RNA-sequencing, spatial transcriptomics, and spatial metabolomics
will facilitate our understanding of how tumor-intrinsic adaptations
reshape the TIME (98). In particular, these technologies may help
resolve the spatial heterogeneity of tumor-intrinsic epigenetic and
metabolic states and their interactions with immune cells within the
TIME. Furthermore, machine learning and artificial intelligence (AI)-
assisted platforms can link the complicated spatial patterns with
clinical outcomes, promoting more rational clinical decision-making
in immunotherapy treatment.

Molecular characterization of how epigenetic and metabolic
reprogramming can regulate the response to immunotherapy in
conjunction with in vivo validation of such combinatorial treatment
options will open more therapeutic opportunities for patients refrac-
tory to immunotherapy. Technological advances in targeted drug
delivery, precise modulation of epigenetic and metabolic programs,
and accurate prediction of therapy outcome will benefit more cancer
patients by enhancing tumor susceptibility to immunotherapy.
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