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Since its initial identification in 2019, lactylation has emerged as a critical posttranslation modification,
attracting substantial research interest due to its diverse roles in biological processes. Lysine lactylation
represents arecently characterized posttranslational modification wherein lactate moieties are covalently
attached to protein lysine residues through both enzymatic and nonenzymatic pathways. Lactate, a
primary glycolytic product, suggests a link between cell metabolism and protein function regulation. In
neoplastic tissues, the Warburg effect induces preferential glucose-to-lactate metabolismin cancer cells,
establishing hypoxic conditions and elevated lactate concentrations as defining characteristics of the
tumor microenvironment. Extensive research has demonstrated lactate’s pivotal role in tumor metastasis
and patient outcomes, particularly through its influence on tumor immune microenvironment remodeling,
although the precise molecular mechanisms remain under investigation. The characterization of lysine
lactylation provides a novel framework for understanding these mechanisms and presents innovative
opportunities for therapeutic intervention. This review examines the influence of lactylation on the tumor
microenvironment and its effect in various malignancies and explores emerging therapeutic strategies,
including genetic manipulation, small-molecule inhibitors, clinical pharmaceuticals, and nanoparticle-
based approaches, offering new perspectives in cancer treatment.
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Introduction: Elucidation of Lactylation as a
Neoteric Posttranslation Modification in Tumor

Tumor cell development is attributed to the synergistic effects
of genetic alterations and metabolic reprogramming. Aberrant
metabolic pathways in tumor cells facilitate their enhanced pro-
liferation and metastatic potential. Specifically, altered amino
acid catabolism, dysregulated lipid metabolism, and fatty bio-
synthesis acid oxidation, as well as the maintenance of NADH
[reduced form of nicotinamide adenine dinucleotide (oxidized
form) (NAD")] metabolism for redox homeostasis, collec-
tively promote accelerated cellular growth [1]. Notably, the
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up-regulation of glycolysis in tumor cells, even in a phenome-
non such as the Warburg effect, is particularly important among
these metabolic alterations.

Carl Wilhelm Scheele first isolated lactic acid from sour milk
in 1780. Under physiological pH, lactic acid predominantly
exists in its deprotonated form, known as lactate. The period
spanning from the early observations of lactic acid by von
Muralt in the late 19th century to the seminal muscle experi-
ments conducted by Fletcher and Hopkins in 1907 is commonly
referred to as the “pre-lactic acid era” During this era, research-
ers established a positive correlation between lactate accumula-
tion and the intensity of glycolysis in muscle tissue [2]. The
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lactate shuttle has elucidated the role of lactate in facilitating
the transfer of glycolytic substrates and mediating cell signal
transduction [3], thereby establishing a link between glycolytic
and oxidative pathways. Brooks further demonstrated the uti-
lization of lactate under aerobic conditions, challenging long-
held misconceptions about lactate metabolism [4]. In the 1920s,
Otto Warburg observed that tumor cells preferentially pro-
duced large amounts of lactate through glycolysis under nor-
moxic conditions, a phenomenon later termed the “Warburg
effect” [5,6]. However, the precise mechanisms by which the
Warburg effect contributes to cancer progression remain an
active area of investigation.

A seminal study published in 2019 demonstrated that lactate-
mediated lactylation of specific lysine residues functions as a
histone modification that directly regulates gene transcription at
the chromatin level. This posttranslational modification, analo-
gous to acetylation, methylation, phosphorylation, and other
histone marks, has the potential to modulate the expression of
various oncogenes and tumor suppressor genes [7]. Accordingly,
this review aims to elucidate the role of lactylation within the
tumor immune microenvironment and discuss its potential
implications for cancer immunotherapy (Fig. 1).

Lactate Metabolism and Lactylation:
Mechanisms and Implications in Tumor

Lactate homeostasis in tumor: Production,

utilization, and clearance mechanisms

The primary pathway for lactate production is through glucose
glycolysis, as a byproduct of glucose metabolism. When in an
oxygen-deficient environment, the pyruvate produced from
glucose through a series of pathways instead of entering the
mitochondrial tricarboxylic acid (TCA) cycle, it is converted
into lactate acid through lactate dehydrogenase (LDH) [8]. If
lactate accumulates, symptoms of lactic acidosis may occur,
necessitating the removal of excess lactate. When oxygen condi-
tions improve or intense exercise ceases, lactate is converted
into pyruvate under the action of lactate dehydrogenase, then
enters the TCA cycle via pyruvate dehydrogenase to participate
in aerobic reactions, or undergoes gluconeogenesis to convert
into glucose [9].

In cancer cells, another pathway for lactate production is the
breakdown metabolism of glutamine [10]. Warburg observed
that tumor cells in aerobic conditions still secrete glucose in the
form of lactate [5]. Using BC nuclear magnetic resonance (NMR)
spectroscopy, researchers have examined the metabolic activity
of glioblastoma cells. These studies revealed the coexistence of
aerobic glycolysis and an active TCA cycle. This led to the dis-
covery of elevated glutamine metabolism in these cells, in which
carbon derived from glutamine exits the mitochondria, is con-
verted to pyruvate in the cytoplasm, and subsequently contrib-
utes to lactate production [10].

Stereochemistry and biological significance of
lactate isomers in tumor metabolism
Due to the stereochemistry of its chiral carbon atom, lactate
has 3 forms of isomers in organisms: racemic DL-lactate,
D-lactate, and L-lactate.

L-Lactate is the predominant stereoisomer in the human body.
Under anaerobic conditions, glucose is primarily metabolized to
pyruvate in skeletal muscle fibers and subsequently reduced to
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lactate through a NADH-dependent pathway, generating adenos-
ine triphosphate (ATP). The accumulation of lactate can lead to
lactic acidosis. LDH catalyzes the interconversion between lactate
and pyruvate, thereby regulating this metabolic process. LDH
catalyzes both the forward and reverse reactions in this reversible
redox process [11]. In hepatocellular carcinoma (HCC) cells,
lactate accumulation creates an acidic microenvironment, com-
promising the activity of L-lactate dehydrogenase [12].

D-Lactate is predominantly found in lower organisms, origi-
nating from 2 primary sources: the metabolism of carbohy-
drates and lipids [13], and production by intestinal microbiota
[14]. p-Lactate facilitates the transport of certain metabolic
substrates. Research has identified 3 transport proteins that
transfer D-lactate to the inner mitochondrial membrane. The
metabolism and excretion pathways of D-lactate remain
subjects of ongoing debate in the scientific community [15].
Elevated D-lactate levels have been observed in both urine and
blood samples of diabetic patients [16]. Conversely, reduced
D-lactate metabolism in Alzheimer’s disease (AD) patients may
serve as a potential biomarker [17].

Multifaceted functions of lactate in tumor: From
energy metabolism to signaling molecule

Providing and balancing energy

Lactate was traditionally considered a mere byproduct of anaer-
obic glycolysis, often regarded as metabolic waste. However,
recent studies have revealed that lactate, along with pyruvate,
plays a pivotal role in maintaining intracellular redox homeo-
stasis by buffering the NAD*/NADH ratio [18]. Accumulating
evidence confirms that glucose is the primary energy substrate
for cerebral metabolism. In nontumor tissues such as the brain,
lactate can also act as an alternative energy substrate under
glucose deprivation and modulate neuronal excitability, par-
ticularly in proopiomelanocortin (POMC) neurons [19,20].
Furthermore, lactate promotes both the release and mitochon-
drial uptake of magnesium ions, thereby supporting mitochon-
drial bioenergetics [21].

Importantly, within the tumor microenvironment (TME),
lactate functions not only as a metabolic byproduct but also as
a versatile energy mediator, facilitating metabolic cooperation
among heterogeneous tumor and stromal cell populations.
Tumors are intrinsically characterized by both spatial and meta-
bolic heterogeneity [22]. A hallmark of rapidly proliferating
solid tumors is their tendency to outpace neovascularization,
leading to localized hypoxia, especially in cells situated far from
functional vasculature [23]. These hypoxic tumor cells primarily
depend on anaerobic glycolysis, converting pyruvate to lactate
via lactate dehydrogenase A (LDHA), followed by export through
monocarboxylate transporter 4 (MCT4). In contrast, tumor cells
in well-oxygenated regions, typically adjacent to vasculature,
utilize lactate as an oxidative substrate. These cells express ele-
vated levels of MCT1 and lactate dehydrogenase B (LDHB),
enabling efficient lactate import and subsequent conversion
to pyruvate for entry into the TCA cycle [24,25]. This spatially
organized metabolic compartmentalization establishes an intra-
tumoral lactate shuttle, enhancing metabolic flexibility and
supporting tumor persistence under nutrient-deprived condi-
tions. Beyond tumor cells, cancer-associated fibroblasts (CAFs)—
the predominant nonmalignant stromal component in the
TME—also actively engage in this metabolic crosstalk [26].
Under stimulation by diverse cytokines and extracellular matrix
(ECM) remodeling signals, normal fibroblasts undergo metabolic
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Fig.1. Comprehensive overview of lactylation in tumor pathogenesis. This schematic delineates the mechanistic basis of lactylation modifications, their physiological functions
in nonneoplastic contexts, potential therapeutic targets, and their multifaceted effects on the TME. In neoplastic tissues, lactylation modifications are predominantly driven

by augmented glycolytic activity and the hypoxic milieu characteristic of the TME

. Lactylation modifications exert diverse and cell type-specific effects on the functional

capabilities and developmental trajectories of various immune cell populations within the TME. Emerging evidence suggests that modulation of lactylation processes may

represent a promising avenue for novel therapeutic interventions in oncology.

reprogramming, giving rise to the CAF phenotype. Compared
to their quiescent counterparts, CAFs show up-regulated
glucose uptake, heightened glycolytic flux, and enhanced
lactate production [27]. These metabolic adaptations allow
CAFs to deliver lactate or ketone bodies to neighboring
tumor cells, thereby sustaining tumor proliferation and sur-
vival through a mechanism known as the “reverse Warburg
effect” [26]. This lactate-driven metabolic symbiosis bufters
intracellular acidity and serves as a flexible energy reservoir,
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thereby facilitating tumor progression under hypoxic or nutri-
ent-limited conditions.

Fatty acid metabolism

Metabolic reprogramming is a defining hallmark not only of
cancer cells but also of the surrounding stromal and immune
cell populations [28]. One emerging and increasingly appreci-
ated aspect of this reprogramming is the metabolic crosstalk
between lactate metabolism and lipid biosynthesis. Lactate,
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produced in large quantities through aerobic glycolysis (i.e.,
the Warburg effect), serves as a major carbon source for gen-
erating acetyl-coenzyme A (CoA)—a central precursor in de
novo fatty acid biosynthesis. This metabolic shift is particularly
evident under hypoxic or glucose-restricted conditions, where
lactate becomes a preferred anabolic substrate for lipid synthe-
sis in both tumor and stromal cells [29-31]. Consequently,
elevated lactate levels have been shown to enhance fatty acid
biosynthesis [32].

Mechanistically, lactate-derived acetyl-CoA facilitates fatty
acid biosynthesis by activating ATP citrate lyase (ACLY) and
acetyl-CoA carboxylase (ACC), thereby promoting membrane
formation, energy storage, and the generation of signaling lipids
essential for rapid tumor proliferation [33,34]. Additionally,
lactate can activate sterol regulatory element-binding protein
2 (SREBP2) in tumor-infiltrating dendritic cells (DCs)—a mas-
ter transcriptional regulator of lipogenesis—thereby further
amplifying lipid metabolic pathways [35]. In inflammatory
microenvironments, lactate accumulation up-regulates the
expression of the lactate transporter SLC5A12 on CD4™ T cells.
This phenotypic shift in CD4" T cells establishes a positive
feedback loop that promotes fatty acid synthesis [36]. The con-
vergence of lactate metabolism and fatty acid biosynthesis con-
stitutes a critical metabolic-immune interface within the TME.
This metabolic axis not only sustains tumor cell survival under
metabolic stress but also reprograms immune cells into a
tumor-supportive phenotype, thereby highlighting promising
targets for metabolic intervention in cancer therapy.

Role of lactate as a signal molecule

Even before the discovery of histone lactylation, numerous studies
had already established that lactate exerts diverse nonmetabolic
functions, including the regulation of inflammation, tumor
progression, and oxidative stress [3]. Among the approxi-
mately 800 members of the G protein-coupled receptor (GPCR)
family, GPR81—also known as hydroxycarboxylic acid receptor
1 (HCARI)—has emerged as a highly selective receptor that
senses extracellular lactate. It is widely expressed in various cell
types, such as neurons, adipocytes, cancer cells, and retinal cells
[37-40]. Within the TME, which is frequently characterized by
elevated glycolytic activity, excessive lactate accumulates in the
extracellular space and activates GPR81 on the surface of tumor
cells [41]. In multiple tumor models, pharmacological or genetic
inhibition of GPR81 has been shown to significantly suppress
cancer cell proliferation and metastasis. For example, in lung can-
cer, the blockade of either lactate production or GPR81 signaling
leads to down-regulation of PD-L1 expression, thereby enhanc-
ing treatment sensitivity and reducing drug resistance [42].
Similarly, in both pancreatic and HCCs, silencing GPR81 mark-
edly impairs cellular proliferation and metastatic capacity [43].
In colorectal cancer (CRC), lactate activates the GPR81/ade-
nosine 3',5'-monophosphate (cAMP)/protein kinase A (PKA)/
CREB (cAMP response element-binding protein) signaling axis,
which suppresses MLH1 expression, thereby impairing mismatch
repair processes and promoting chemoresistance [44]. Likewise,
in cervical cancer, GPR81 knockdown reduces the expression
of ABCBI1 and increases sensitivity to doxorubicin [45]. In
breast cancer, GPR81 inhibition restores major histocompat-
ibility complex (MHC) class II expression in DCs, effectively
reversing immune suppression and enhancing antitumor immu-
nity [42]. Furthermore, inhibition of GPR81 signaling via the
phosphatidylinositol 3-kinase (PI3K)/Akt/cAMP pathway has
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been reported to down-regulate amphiregulin (AREG), a key pro-
angiogenic factor [46]. Given that PI3K/Akt activation is known
to transcriptionally up-regulate vascular endothelial growth factor
(VEGF) expression, it is plausible that GPR81-mediated lactate
signaling contributes to tumor angiogenesis through a VEGF-
dependent mechanism [46,47].

GPR81 signaling is also implicated in epithelial-mesenchymal
transition (EMT), a critical process in tumor metastasis. In
esophageal cancer cells, lactate-induced activation of the GPR81/
Wnt/p-catenin pathway promotes EMT [48]. In CRC, GPR81-
mediated degradation of DEPDCS5 facilitates EMT and is closely
associated with metastatic progression [49]. Additionally, GPR81
knockdown has been found to impair the transforming growth
factor-f (TGF-f)/Smad signaling axis in models of pulmonary
fibrosis [50]. Given the well-established role of TGF-f as a pleio-
tropic cytokine that promotes both EMT and early tumor pro-
gression, it is reasonable to hypothesize that GPR81-mediated
lactate signaling may influence EMT through TGF-p-related
mechanisms [51]. Beyond its role in tumor cells, GPR81 also
functions as a metabolic sensor and immunomodulatory mol-
ecule. Evidence suggests that activation of signal transducer
and activator of transcription 3 (STAT3) contributes to the
immunosuppressive effects mediated by GPR81 signaling [52].
Interestingly, interleukin-6 (IL-6)/STAT3 signaling has also been
implicated in EMT within tumor-infiltrating myeloid cells
(TIMs), CAFs, and tumor-associated adipocytes [53-55], sug-
gesting that STAT3/IL-6 pathways may jointly participate in
GPR81-mediated EMT. Recent findings have expanded the func-
tional relevance of GPR81 beyond cancer biology. Specifically,
GPR81 expression in adipose tissue has been linked to tumor-
induced cachexia, where it contributes to both adipose and
muscle wasting, ultimately worsening patient prognosis and
reducing survival [56].

Taken together, these findings support the notion that lactate
acts as a signaling molecule by serving as a ligand for GPR81,
orchestrating a wide spectrum of downstream effects including
immune evasion, metabolic reprogramming, chemoresistance,
angiogenesis, and EMT. The subsequent identification of lac-
tylation has further bridged lactate metabolism with epigenetic
regulation. In the following section, we will explore the role of
lactylation in tumor biology and discuss how targeting lactate-
derived modifications may offer translational insights for future
cancer therapies.

Molecular mechanisms and regulation of protein

lactylation in tumor

Protein lactylation occurs via 2 mechanistically distinct path-
ways: an enzymatic pathway that is tightly regulated, and a non-
enzymatic pathway driven by metabolic byproducts. In the
enzymatic pathway, the histone acetyltransferase p300 catalyzes
the transfer of lactyl groups from lactyl-CoA—derived from
L-lactate—to specific lysine residues, particularly on histones [7].
This modification is reversible and dynamically regulated, with
histone deacetylases HDAC1 to HDAC3 functioning as delac-
tylases; among them, HDAC3 exhibits a stronger activity toward
L-lactylated sites than D-lactylated ones [57]. Enzymatic lacty-
lation is generally site-specific and plays a key role in transcrip-
tional reprogramming and epigenetic regulation in response to
metabolic signals. In contrast, nonenzymatic lactylation arises
spontaneously, without enzymatic catalysis, through a metabolite-
driven acyl transfer process. A well-characterized route
involves the glycolytic byproduct methylglyoxal (MGO), which
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reacts with glutathione (GSH) via glyoxalase I (GLO1) to form stress—SLG accumulates in the cytosol. This accumulation
S-p-lactoylglutathione (SLG). SLG is normally hydrolyzed by =~ enables SLG to act as a reactive acyl donor, transferring its
glyoxalase II (GLO2) to regenerate GSH and produce p-lactate. ~ D-lactoyl group to lysine residues on nearby proteins via a non-
However, under conditions of GLO2 down-regulation—suchas ~ enzymatic mechanism, often facilitated by adjacent cysteine
nuclear factor kB (NF-kB)-mediated inflammation or metabolic residues [58] (Fig. 2).
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Fig. 2. Mechanistic pathways of enzymatic and nonenzymatic lactylation processes in tumor. In neoplastic cells, the precursor for lactylation modifications, lactate, is primarily
derived from 3 metabolic pathways: glutaminolysis, glycolysis, and extracellular lactate uptake. Glutamine is internalized via the SN2 and ASCT2 transporters, subsequently
undergoing deamidation glutamated catalyzed through glutaminase (GLS). Glutamate is further metabolized to a-ketoglutarate (a-KG) by glutamate dehydrogenase (GLUD);
after that, it enters the mitochondrial TCA cycle. a-KG through the TCA cycle can be metabolized to acetyl-CoA, while cytosolic citrate can undergo fatty acid synthesis. These
fatty acids can then be changed into mitochondria via carnitine palmitoyltransferase | (CPT1) for p-oxidation, yielding acetyl-CoA. This acetyl-CoA is transformed to lactate
through the sequential actions of pyruvate dehydrogenase (PDH) and lactate dehydrogenase A (LDHA). Glucose, conversely, is internalized via various glucose transporter
(GLUT) isoforms and undergoes glycolysis, culminating in lactate production. Extracellular lactate can be directly imported as a precursor for lactylation modifications via
the sodium/glucose cotransporter SLC5A12 and members of the MCT family. Lactate can undergo lactylation modifications through both enzymatic and nonenzymatic
mechanisms. Two enzymes have been identified to catalyze lactylation modifications: p300, which utilizes acetyl-CoA as a donor, and alanyl-tRNA synthetase (AARSL), which
synthesizes lactoyl-AMP from ATP and lactate. Both enzymes facilitate histone lactylation. In nonenzymatic pathways, the glycolytic byproduct MGO rapidly conjugates with
GSH to form lactoylglutathione (LGSH), a reaction catalyzed by GLO1. LGSH can subsequently act as an acyl donor, nonenzymatically transferring lactoyl groups to lysine
residues on target proteins, resulting in protein lactylation. Histone lactylation modifications can modulate the transcription of various genes, including ARG1, YTHDF2, and
METTLS3, thereby eliciting specific biological responses.
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The biological implications of these 2 pathways differ signifi-
cantly. Enzymatic lactylation is tightly regulated and contributes
to precise transcriptional control and chromatin remodeling. In
contrast, nonenzymatic lactylation may act as a broader meta-
bolic sensor that passively links glycolytic flux to protein struc-
ture and function, often attenuating inflammatory signaling or
metabolic enzyme activity. Together, these dual modes of lacty-
lation highlight the multifaceted role of lactate—not only as a
metabolic end-product but also as a key modulator of protein
function and tumor cell behavior within the TME.

Lactylation-Induced Phenotypic and
Functional Alterations in Tumor: Implications
for Tumor Progression

Lactate functions as a signaling molecule in the GPCR pathway.
It has 2 mechanisms: autocrine and paracrine. Lactate secreted
by cancer cells activates GPR81 on the same cancer cells in the
autocrine pathway. The paracrine pathway, conversely, involves
lactate from cancer cells activating GPR81 on diverse cell types
in the TME, such as immune cells, endothelial cells, and adi-
pocytes. Activation of GPR81 consequently promotes multiple
tumorigenic processes, including angiogenesis, immune eva-
sion, and chemoresistance [38].

Relationship with tumor formation and invasion

Tp73 is a kind of homolog in the tumor suppressor p53 that is
frequently overexpressed in tumors, conferring a propagating
advantage to cancer cells. This protein augments glycolysis, thereby
potentiating the Warburg effect [59,60].

GPR81, a lactate receptor primarily found in adipose and
muscle tissues, is activated by lactate and highly up-regulated
in most cancer cells [42,43,61]. This up-regulation facilitates
tumor cell hyperplasia and survival. For instance, in lactate-rich
lung cancer microenvironments, lactate stimulates the rise of
PD-L1 (programmed death-ligand 1) expression, a process
mediated by GPR81. Conversely, GPR81 signaling silencing in
cancer cells causes reduced PD-L1 protein levels and suppres-
sion of PD-L1 promoter activity [62]. Consequently, lactate
secretion by tumor cells modulates GPR81 signaling, signifi-
cantly impacting tumor growth and immune evasion.

Tumor-derived lactate generates an acidic extracellular
environment through the action of carbonic anhydrase-IX
(CA-IX) and sodium-hydrogen exchanger-1 (NHE1) [63].
This acidic milieu significantly impacts tumor cell survival
and proliferation. In pancreatic cancer cells, for example,
LAMC?2 (laminin subunit gamma-2) stimulates Akt-Ser?”?
phosphorylation, up-regulating NHE1 expression. This cas-
cade triggers the formation of actin-dependent dynamic pseu-
dopods and initiates the EMT program, enhancing tumor cell
invasiveness [64]. Analogous mechanisms have been documented
in various cancer types, including bladder, breast, and gastric
cancers [65-70].

Lactate is a kind of pleiotropic signaling molecule, orches-
trating protein turnover and modulating many signaling cas-
cades, for example, TGF-p/Smad, Wnt/p-catenin, IL-6/STAT3,
and hepatocyte growth factor/mesenchymal-epithelial transi-
tion factor (HGF/MET) pathways. These interconnected signal-
ing networks orchestrate critical processes in tumor progression,
such as basement membrane rebuilding and EMT, ultimately
promoting invasive phenotypes [71] (Fig. 3).
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Fig. 3. Multifaceted roles of lactate in tumorigenesis and progression. Canonically,
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multiple genes and initiates downstream signaling cascades, culminating in diverse
oncogenic processes including immune evasion, enhanced DNA repair mechanisms,
chemoresistance, and EMT.

The relationship between lactylation and tumor

immune evasion and suppression

Tumor immune evasion encompasses mechanisms by which neo-
plastic cells circumvent immune surveillance, subvert immune
processes, and foster a microenvironment permissive to tumor
growth [72].

Lactate efflux from tumor cells generates an acidic TME [63].
Elevated lactate concentrations suppress the nuclear factor of
activated T cells (NFAT) in T and natural killer (NK) cells,
attenuating interferon-y (IFN-y) production and facilitating
immune evasion [73]. Concurrently, lactate profoundly impairs
T cell propagation and cytokine production, the proportion up
to 95%, compromising their cytotoxic and lytic activities [74].
Furthermore, lactate induces macrophage polarization from the
pro-inflammatory M1 type to the immunosuppressive M2 type,
thereby reducing immune responses within the TME [7,75].

Monocytic myeloid-derived suppressor cells (M-MDSCs) play
a crucial role in tumor immune evasion. Lactate up-regulates
METTL3 (methyltransferase-like 3) expression in TIMs via H3K18
lactylation. METTL3 mediates m6 A modification of Jak1 (Janus
kinase 1) mRNA in TIMs. This augmentation of the m6 A-YTHDF1
axis modulates Jak1 protein translation and STAT3 phosphoryla-
tion. Moreover, 2 lactylation sites have been found in the zinc
finger domain of METTL3 [76]. Consequently, lactylation criti-
cally enhances the immunosuppressive capacity of TIMs.

In prostate cancer, PTEN (phosphatase and tensin homolog)
loss leads to up-regulation of the PI3K signaling pathway. PI3K
facilitates lactate production and tumor-associated macrophage
(TAM) immunosuppression [77].

As discussed above, this section specifically focuses on lactate-
based tumor escape mechanisms rather than lactylation-
mediated strategies. Although lactate can induce lactylation,
itis important to note that lactate levels do not always correlate
with the extent of protein lactylation. Given the intricate rela-
tionship between tumor escape mechanisms and the tumor
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immune microenvironment (TIME), the direct effects of pro-
tein lactylation on tumor immune evasion will be comprehen-
sively analyzed and summarized in subsequent chapters.

Targeting Lactylation to Modulate Immune
Responses in Tumor: Therapeutic Implications
and Strategies

The impact of lactylation on various types of tumors
Hepatocellular carcinoma

HCC is the predominant form of primary liver cancer and a
major contributor to global cancer-related mortality [78].
While early-stage HCC is often amenable to surgical resection,
advanced disease typically requires a multimodal approach
involving chemotherapy, targeted therapy, and immunotherapy
[79]. HCC is known for its remarkable metabolic adaptability.
Compared with normal hepatocytes that depend primarily on
oxidative phosphorylation, HCC cells rewire their metabolism
to favor aerobic glycolysis, even under normoxic conditions.
In parallel, they exhibit increased glutamine anaplerosis, de novo
fatty acid synthesis, and enhanced serine-glycine one-carbon
metabolism [80-82]. This metabolic reprogramming supports
rapid tumor growth and biosynthesis while also promoting
immune evasion and resistance to therapy [83].

One consequence of this glycolytic shift is the excessive pro-
duction and accumulation of lactate. Beyond serving as a meta-
bolic byproduct, lactate has emerged as a key regulator of gene
expression through posttranslational modifications such as lac-
tylation. Recent studies suggest that lactylation contributes to
HCC progression by linking metabolic activity to epigenetic and
functional changes in tumor cells. Sirtuin 3 (SIRT3), a mitochon-
drial delactylase, is expressed in HCC and acts as a tumor sup-
pressor by promoting apoptosis and inhibiting tumor growth.
Proteomic analyses have identified widespread lactylation in
virus-associated HCC, particularly on metabolic enzymes
involved in glycolysis and the TCA cycle [84]. These findings
indicate that lactylation may function as a metabolic rheostat,
sustaining anabolic metabolism and reinforcing the Warburg
effect. In addition to modifying metabolic enzymes, lactylation
also influences the epigenetic landscape of HCC. A recent study
identified demethylzeylasteral as a novel anticancer agent that
suppresses liver cancer stem cell formation by targeting histone
lactylation at H3K9la and H3K56la [85]. As liver cancer stem
cells are closely linked to tumor recurrence and treatment resis-
tance, targeting lactylation at specific histone sites may offer a
promising strategy to reduce tumor-initiating potential [86].

Colorectal cancer

CRC arises in a unique metabolic and immunological context
shaped by the gut microbiota [87]. Short-chain fatty acids
(SCFAs), such as butyrate, play dual roles in epithelial homeo-
stasis and tumor progression. Notably, butyrate has been shown
to suppress METTL3 expression, thereby influencing RNA
methylation patterns and modulating immune evasion in CRC.
This epigenetic regulation affects the TIM population, which
plays a key role in shaping an immunosuppressive microenvi-
ronment [88,89]. Beyond SCFAs, recent findings highlight the
role of tumor-resident microbiota in shaping CRC progression.
Specifically, intratumoral Escherichia coli has been shown to
enhance glycolysis in cancer cells, leading to increased lactate
production. This lactate, in turn, induces RIG-I lactylation in
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macrophages, suppressing NF-xB activation and NLRP3 infla-
mmasome signaling. The resulting M2 macrophage polariza-
tion promotes an immunosuppressive microenvironment and
facilitates liver metastasis [90].

Under hypoxic conditions—a hallmark of the tumor core—
CRC cells exhibit elevated glycolytic activity, leading to excess
lactate accumulation [91]. Lactate has been shown to enhance
the stability of B-catenin, a protein frequently overexpressed in
CRC [92]. Stabilized p-catenin subsequently activates the Wnt/
B-catenin signaling pathway, thereby promoting tumor cell
proliferation, invasion, and metastasis [93]. Although this effect
was initially attributed solely to signaling modulation, emerg-
ing evidence suggests that lactate may also exert its effects
through posttranslational modification (PTM) mechanisms,
particularly lactylation.

Non-small cell lung cancer

Non-small cell lung cancer (NSCLC), accounting for over 80%
of all lung cancer cases, is characterized by profound metabolic
reprogramming that supports tumor growth and therapeutic
resistance [94]. Emerging studies have revealed that lactate
plays a dual regulatory role in NSCLC metabolism and gene
expression.

On the one hand, exogenous lactate reduces glycolytic flux
by down-regulating HK1 and PKM while enhancing mitochon-
drial metabolism through up-regulation of SDHA and IDH3G.
These changes are partly mediated by increased histone lacty-
lation at gene promoters, linking lactate to transcriptional con-
trol of metabolic enzymes [95].

On the other hand, in NSCLC cells resistant to epidermal
growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs),
lactate contributes to a positive feedback loop with NNMT and
ALDH3A1. NNMT reduces histone methylation at EGR1 and
ALDH3A1 promoters, promoting their expression. ALDH3A1
enhances lactate production via LDHA, which in turn increases
H3K18 lactylation on the NNMT promoter through p300, sus-
taining NNMT up-regulation. This NNMT/ALDH3A1/lactate
axis forms a self-reinforcing loop that promotes EGFR-TKI
resistance and tumor proliferation [96]. Notably, global histone
lactylation and H3K18la levels are significantly elevated in
tumor tissues and cells from TKI-resistant NSCLC patients
compared with TKI-sensitive counterparts. These modifications
predominantly localize to the nucleus and are positively cor-
related with poor prognosis. Pharmacological inhibition of
NNMT in combination with osimertinib has demonstrated
synergistic antitumor effects in resistant xenograft models, high-
lighting the therapeutic potential of targeting lactate-driven
epigenetic regulation [96].

Taken together, lactate in NSCLC not only reprograms cel-
lular metabolism but also serves as a key epigenetic modulator
that contributes to therapeutic resistance, especially through
histone lactylation-mediated transcriptional regulation.

Melanoma

Melanoma, particularly its cutaneous and uveal subtypes, dem-
onstrates significant metabolic plasticity, characterized by high
glycolytic activity and lactate accumulation. Unlike many other
solid tumors, melanoma cells often retain functional mitochon-
dria, enabling them to flexibly switch between oxidative phos-
phorylation and aerobic glycolysis depending on nutrient and
oxygen availability. This metabolic adaptability supports rapid
growth, immune escape, and metastatic dissemination [97-99].
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Recent studies have highlighted lactate not only as a metabolic
byproduct but also as an epigenetic regulator in melanoma. In
ocular melanoma, elevated lactate levels correlate with poor clini-
cal outcomes and may serve as actionable biomarkers [100].
Mechanistically, lactate-induced histone lactylation enhances the
transcription of YTHDE2, an m6A reader protein that recognizes
and destabilizes methylated transcripts of PER1 and TP53—2 genes
involved in circadian rhythm and tumor suppression, respec-
tively. This degradation impairs cellular homeostasis, dampens
apoptotic responses, and promotes tumorigenesis [101]. These
findings suggest that lactate-driven lactylation in melanoma repro-
grams gene expression at both the epigenetic and posttranscrip-
tional levels, contributing to tumor initiation and progression.
Targeting this lactate-lactylation-YTHDF2 axis may offer novel
therapeutic avenues for metabolically active melanomas.

Renal cancer

Renal cell carcinoma (RCC) is the most common malignancy
of the urinary tract, with clear cell RCC (ccRCC) accounting
for approximately 75% of cases and exhibiting particularly poor
prognosis [102,103]. A hallmark of ccRCC is loss-of-function
mutations in the von Hippel-Lindau (VHL) gene, which drive
metabolic reprogramming toward aerobic glycolysis and exces-
sive lactate production [104,105]. Recent studies have shown
that lactate accumulation in ¢ccRCC not only reflects altered
metabolism but also contributes to tumor progression through
epigenetic regulation. Specifically, VHL inactivation enhances
histone H3K18 lactylation at the platelet-derived growth factor
receptor } (PDGFRp) promoter, up-regulating its expression
and promoting cell proliferation and migration. This lactate-
H3K18la-PDGFR axis establishes a positive feedback loop that
sustains oncogenic signaling [106]. Consequently, therapeutic
strategies targeting the disruption or modulation of this feed-
back loop present promising avenues for ccRCC treatment.

Comparative analysis and clinical perspectives

Histone lactylation has emerged as a shared regulatory mecha-
nism across multiple tumor types. In all 5 cancers reviewed,
lactate acts not only as a metabolic byproduct but also as an
epigenetic modulator that shapes gene expression and tumor
behavior. A common feature is the link between elevated gly-
colysis and increased lactate levels, which drive histone lacty-
lation at key promoter regions. This modification activates genes
involved in metabolism (HCC, ccRCC), immune evasion (CRC),
therapy resistance (NSCLC), and transcript stability (melanoma).
However, tumor-specific patterns are evident. In HCC, lacty-
lation supports stemness and metabolic enzyme activation. CRC
shows lactylation-microbiota interactions influencing immune
escape. NSCLC displays a self-reinforcing loop involving NNMT,
ALDH3A1, and H3K18la, contributing to drug resistance. In
melanoma, lactylation up-regulates YTHDF2, promoting mRNA
decay of tumor suppressors. ccRCC links VHL loss to lactate-
driven PDGFR activation through H3K18la (Fig. 4). Despite
different targets, positive feedback loops involving lactate and
lactylation are recurrent. These loops sustain oncogenic signaling
and contribute to poor prognosis.

Clinically, lactylation-related markers such as H3K18la and
YTHDEF2 may serve as prognostic indicators or therapeutic
targets. Inhibitors of lactylation regulators (e.g., p300 and
NNMT) show promise in preclinical models. Future therapies
may benefit from combining metabolic blockades with epigen-
etic modulation.
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Overall, lactylation bridges metabolism and chromatin
regulation. Its context-specific roles offer both mechanistic
insight and potential for targeted interventions in cancer
treatment (Table 1).

Targeting lactylation strategies (Fig. 5 and Table 2)
Gene interference

Gene therapy represents a crucial avenue in cancer treatment,
encompassing strategies based on genes, RNA, and immune
responses [107]. RNA interference, a form of gene interference,
operates at the RNA level to silence specific genes by inhibiting
their transcription or translation, thereby suppressing tumor
development [108].

Under hypoxic conditions, cancer cells generate lactate via
LDHA, and the target genes of c-Myc and hypoxia-inducible
factor 1 (HIF-1) encode LDHA. While the precise mechanism
of LDHA inhibition through RNA suppression remains elusive,
studies have demonstrated that LDHA gene knockout can delay
leukemia progression [109].

Lactate synthesized by cancer cells is extruded via MCTs
and CD147 [110]. Genetic interference targeting MCT1 or
CD147 disrupts tumor metabolism, ultimately inducing cell
death [111]. MCTs as the members of the solute carrier trans-
porter protein family are currently extensively employed in
targeted treatment strategies [112]. In the context of bladder
cancer, patients expressing MCT1 and CD147 exhibit a worse
prognosis when only treated by platinum-based chemotherapy.
RNA interference-mediated silencing of CD147 reduces MCT1
and MCT4 expression, thereby enhancing sensitivity to cispla-
tin [113]. Analogous phenomena have been documented in
many tumors, including gliomas, gastric cancer, CRC, and
other neoplasms [114-116].

Small-molecule or clinical drug strategies

LDHA is frequently overexpressed across a broad spectrum of
malignancies and is often associated with unfavorable clinical
outcomes [117]. This overexpression reflects the metabolic
reprogramming characteristic of many tumors, particularly
those reliant on aerobic glycolysis (the Warburg effect), where
LDHA plays a pivotal role in converting pyruvate to lactate and
sustaining NAD* regeneration.

In response to the central role of LDHA in cancer metabo-
lism, a number of small-molecule inhibitors have been devel-
oped to target this enzyme. Among them, FX11, a selective
LDHA inhibitor, has demonstrated promising antitumor activ-
ity. Notably, when used in combination with FK866, an inhibi-
tor of NAD* biosynthesis, FX11 induces significant tumor
regression in preclinical lymphoma models [118]. Beyond
lymphoma, FX11 has shown therapeutic potential in a variety
of LDHA-dependent tumors, including colon cancer, neuro-
blastoma, HCC, pancreatic cancer, melanoma, and breast can-
cer [118-125]. These findings suggest that LDHA inhibition
may be a viable strategy across multiple cancer types, especially
when integrated into combination regimens targeting cancer
metabolism more broadly.

Another well-characterized LDH inhibitor is oxamate, a
structural analog of pyruvate that competitively inhibits the
enzymatic conversion of pyruvate to lactate. Oxamate has been
reported to suppress tumor cell proliferation and progression
in several experimental models, including acute lymphoblastic
leukemia, nasopharyngeal carcinoma, and gastric cancer cell
lines [109,126,127]. Although less selective than FX11, oxamate
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intervention in cancer treatment.

provides important proof-of-concept evidence supporting LDH
inhibition as a therapeutic approach.

More recently, novel small-molecule inhibitors with enhanced
specificity for the LDHA isoform (LDH5)—such as ortho-
phenylenediamine and dibenzofuran derivatives—have been
identified and show improved biochemical selectivity and potency
[128]. These developments highlight a key clinical imperative:
the design of LDHA inhibitors with optimized selectivity, phar-
macokinetic properties, and tumor-penetrating capabilities.

LDHA inhibitors offer a promising avenue for targeting the
metabolic vulnerabilities of cancer cells, particularly in tumors
characterized by high glycolytic flux and lactate production.
Importantly, lactate not only is a metabolic byproduct but also
serves as a substrate for protein lactylation. Since LDH activity
directly governs intracellular and extracellular lactate levels,
pharmacological inhibition of LDHA may influence the extent
of protein lactylation in tumor cells. Thus, future research on
LDH-targeted therapies may benefit from integrating the regu-
latory landscape of lactate-driven epigenetic modifications,
paving the way for combined strategies that simultaneously
disrupt tumor metabolism and modulate lactylation-dependent
gene expression.

Nanoparticle strategies

Polyethylene glycol-conjugated proteins and small molecules
demonstrating significant polymer—polymer interactions can
function as nanoscale therapeutic agents or nanoparticles [129].
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Liposomes encapsulating chemotherapeutic small-molecule drugs
are utilized as solubilizing agents in cancer treatment [130].

Nanoparticle delivery systems offer a novel approach to miti-
gate the side effects associated with traditional drug delivery
methods. Poly(lactic-co-glycolic acid) (PLGA), a biopolymer
nanoparticle material, undergoes hydrolysis in vivo, yielding
lactate and glycolic acid monomers that enter the citric acid cycle,
thereby influencing lactate metabolism [131]. Additionally,
PLGA can mitigate the side effects of chemotherapeutic agents,
elevate drug concentrations, augment efficacy, and create a stable
environment for drug action [132]. However, PLGA is suscep-
tible to rapid activation by mononuclear macrophages, resulting
in premature drug release and inadequate tumor acid-responsive
drug release. Consequently, chitosan and polyethylene glycol are
frequently employed to optimize drug encapsulation [133].

In clinical applications, PLGA-based systems are widely uti-
lized as delivery vehicles for anticancer agents [134]. In HCC
treatment, PLGA serves as a carrier for sorafenib, addressing its
poor water solubility, rapid clearance, and limited absorption
[135]. For prostate cancer therapy, PLGA nanoparticles are
employed to encapsulate indocyanine green and docetaxel,
enhancing therapeutic efficacy [136]. Additionally, the release of
copper ions or copper ion carriers within the CRC microenviron-
ment induces cuproptosis, thereby enhancing therapeutic efhi-
cacy [137]. Analogous strategies are applied in many tumors,
such as breast cancer, lung cancer, and other malignancies
[138,139].
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Fig. 5. Therapeutic strategies targeting lactylation-mediated pathways in tumor.
This figure delineates diverse potential intervention strategies targeting lactylation
modifications, encompassing small-molecule inhibitors, genetic interference
techniques, and nanotechnology-based approaches. These approaches hold promise
for the development of novel lactylation-targeted interventions in future cancer
therapeutics.

Table 2. Novel therapeutic strategies targeting lactylation

While nanoparticle technology has not yet been applied to
inhibit lactate production in cancer treatment, nano-liquid
chromatography-mass spectrometry (LC-MS) and LC-MS/MS
technologies are frequently employed for comprehensive N-glycan
analysis in murine glycosylation models [140]. LC-MS and
LC-MS/MS technologies have emerged as predominant meth-
odologies for glycomic analysis [141-144], demonstrating
significant utility in diverse applications from polysaccharide
biomarker discovery to glycosylated biopharmaceutical analysis
[145-150]. In investigations of CARD9-related genetic immune
disorders, high-precision nano-LC-MS/MS is employed for lac-
tylation analysis, informing the development of novel clinical
treatment strategies [151] (Figs. 6 and 7).

Lactate-Induced Microenvironmental
Remodeling in Tumor: Implications for Tumor
Progression and Therapy Resistance

Composition and characteristics of the TME

The TME constitutes a highly dynamic and multifaceted eco-
system that encompasses not only malignant cells but also a
diverse array of nontransformed stromal and immune ele-
ments, as well as a complex repertoire of secreted signaling
molecules [152]. This environment includes heterogeneous
tumor cell populations, infiltrating and tissue-resident immune
cells, diverse stromal subsets, soluble factors, and a structurally

Targeting Intervention
strategies Targets pathways/drugs  Effects on cells Effects on cancer References
Gene LDHA RNAinterference  Reduce cell proliferation, induce Delay cancer progression [108,109]
interference cell cycle arrest at the GO/G1 phase
MCT1 Inhibit glycolysis Disrupt tumor metabolism [111,113]
and promote cell death
CD147 Suppress the generation of cancer  Improve survival rates and [113,230]
stem cells reduce tumor recurrence
Small molecular LDHA FX11 Selectively induce apoptosis, Block the growth of tumor [125]
drugs promote G1 phase cell cycle arrest  cells, demonstrating
preclinical efficacy
NAD* FK866 Inhibit glycolysis by suppressing Induce cancer regression [125,231]
LDHA activity and affects gluta-
mine utilization
LDH Oxamate Competitively inhibit LDH, Inhibit tumor growth and [126]
promote apoptosis by enhancing increase sensitivity to
mitochondrial ROS production radiotherapy
Reduce tumor cell survival by Decrease cancer prolifera- [127]
inhibiting the Akt/mTOR pathway tion and control cancer
progression
Other LDH  Phthalimide Inhibit LDHA and other isoen- / [128]
isoenzymes  Dibenzofuran zymes, reducing lactate produc-
tion and secretion
Nanostrategy / PLGA carrier Influence lactate metabolism Enhance bioavailability and [131]

reduce drug toxicity
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Fig. 6. Nanoparticle-mediated immunotherapeutic approaches for modulating lactate levels in the TME. Mildly alkaline NaHCO3 nanoparticles modulate lactate metabolism
through acid-base neutralization, consequently reversing the slightly acidic, immunosuppressive TME. These nanoparticles demonstrate potential as an adjuvant in tumor
immunotherapy. (A) Schematic of NaHCOs nanoparticles designed to modulate tumor acidity and trigger pyroptosis, thereby enhancing antitumor immune responses.
(B) Nanoparticle therapy attenuates tumor cell activity. (C) Nanoparticle therapy induces cellular apoptosis. (D to J) Apoptosis, ROS levels, cell morphology, ultrastructural
changes, pyroptosis-related protein expression, and cellular damage indicators were evaluated in 4T1 cells following nanoparticle treatment. (K and L) Nanoparticle therapy
elevates the pH of the TME and mitigates extracellular lactate release. (M) Extracellular lactic acid detection [219].

intricate ECM [153]. In addition to providing structural sup-
port, the ECM serves as a dynamic platform for intercellular
communication, comprising critical elements such as CAFs,
pro-angiogenic immune cell subsets, and vascular-associated
cell types (VACs) [154]. Host-derived cellular components
include CAFs, tumor endothelial cells (TECs), and a broad
range of immunomodulatory populations possessing both
effector and immunosuppressive properties [153]. Through
persistent and bidirectional molecular and metabolic crosstalk,
this cellular consortium significantly influences the metabolic
adaptability and survival mechanisms of tumor cells [155].
Recent advancements in cancer immunotherapy underscore
the central role of the TME in shaping therapeutic outcomes and
determining clinical prognosis [156]. Once viewed as a passive
scaffold, the TME is now recognized as an active player in tumor
evolution—an interactive domain where neoplastic, stromal, and
immune compartments dynamically coevolve and reprogram
one another. A key defining feature of this ecosystem is the
tumor’s immunological landscape, which is often categorized
into “immune-hot” and “immune-cold” phenotypes. Immune-
hot tumors are characterized by dense cytotoxic lymphocyte infil-
tration and heightened pro-inflammatory signaling, making
them more responsive to immune checkpoint blockade. Conversely,
immune-cold tumors exhibit limited immune cell infiltration
and a tolerogenic microenvironment, which is frequently
associated with resistance to immunotherapeutic strategies
[157,158]. This immunological dichotomy is closely intertwined
with tumor metabolic reprogramming, particularly the Warburg
effect—a hallmark metabolic shift wherein cancer cells favor
aerobic glycolysis even under normoxic conditions [25]. This
metabolic shift leads to substantial accumulation of intracellular
and extracellular lactate—the ionized form of lactic acid at
physiological ph. Far from a mere metabolic byproduct,
lactate has emerged as a potent immunometabolic regulator
[159,160]. It acidifies the extracellular milieu, dampens the
cytotoxic functions of effector T and NK cells, and promotes
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an immunosuppressive niche conducive to tumor progression.
As previously noted, lactate also acts as a substrate for histone
lactylation—a recently discovered epigenetic mark capable of
reprogramming transcriptional landscapes in tumor and immune
cells alike. Such lactylation-dependent regulation has been impli-
cated in promoting T cell exhaustion, macrophage polarization,
and Treg stability—mechanisms that synergistically contribute
to immune escape [161-164].

Therefore, the Warburg effect contributes not only to energy
metabolism but also to immunomodulation via lactylation. In
the subsequent sections, we explore how this integrated metabolic—
epigenetic axis modulates the activity of critical immune cell subsets—
including CD8" T cells, NK cells, TIMs, and Tregs—providing a
framework for therapeutic strategies aimed at targeting lactate
metabolism and lactylation (Fig. 8).

CD8" T cells

As key mediators of antitumor immunity, CD8" cytotoxic T lym-
phocytes (CTLs) are essential for recognizing and eliminating
malignant cells. Their effector function is primarily driven by the
release of cytotoxic granules (perforin, granzyme B) and proin-
flammatory cytokines, including IFN-y and tumor necrosis
factor-o (TNF-a) [165,166]. However, in the immunosuppressive
TME, CD8" T cell cytotoxicity is often impaired, facilitating
immune evasion and tumor progression. The TME imposes
diverse metabolic and molecular constraints that influence T cell
differentiation and effector function [167,168]. Through aerobic
glycolysis, tumor cells consume large quantities of glucose and
secrete excess lactate, leading to a nutrient-deficient and acidic
microenvironment. This metabolic competition deprives CD8*
T cells of critical nutrients—particularly glucose and amino
acids—thereby limiting their effector capacity and prolifera-
tion [168]. Simultaneously, lactate accumulation remodels the
epigenetic landscape of both tumor and immune cells via histone
lactylation [163,169]. Recent evidence shows that specific lacty-
lation including H3K9la and H3K18la exert distinct temporal
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Fig. 7. Nanoparticle-based therapeutic agents attenuate lactylation modifications in tumor. Figure demonstrates that PLGA-based anti-inflammatory nanoparticles loaded
with curcumin/resveratrol attenuate lipopolysaccharide (LPS)-induced lactylation modifications. (A to E) PM@Cur-RV nanoparticles were prepared via emulsification and
shown to promote M2 macrophage polarization and reduce L-lactyl lysine levels in inflammatory models, as confirmed by flow cytometry and Western blot analyses [220].

and functional effects on gene regulation in CD8" T cells. In
quiescent CD8" T cells, H3K9la is preferentially enriched at
genes associated with cellular dormancy and promotes oxidative
phosphorylation. By contrast, during activation, H3K18la accu-
mulates at effector gene loci, promoting glycolytic reprogram-
ming and enhancing immune responses [163]. PD-L1, a key
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immunotherapy target, is subject to regulation by lactylation.
Recent findings suggest that lactate-induced histone lactylation
in tumor cells indirectly suppresses CD8" T cell responses by
up-regulating immune checkpoints such as PD-L1 through
STAT5-mediated glycolytic activation [170,171]. Moreover,
H3K18la enrichment in tumor cells increases B7-H3 expression,
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Fig. 8. Multifaceted roles of lactylation in modulating the TME. Histone and nonhistone lactylation modifications exert critical influences on diverse immune cell populations
within the TME. A substantial body of evidence indicates that lactate, produced or secreted by neoplastic cells, exhibits multifaceted effects: suppressing the cytotoxic activities
of various immune cells, promoting tumor proliferation, compromising therapeutic efficacy, and facilitating metastatic progression (Table 1).

reducing CD8" T cell infiltration and promoting resistance to
PD-1 blockade [169]. Beyond transcriptional regulation, lacty-
lation also affects PD-L1 protein stability via nongenomic mech-
anisms. A recent study found that limiting serine and glycine
availability enhances PD-L1 lactylation, stabilizing the protein
by preventing its degradation [172]. This uncovers a novel mech-
anism whereby metabolic cues stabilize immune checkpoint
proteins independently of gene transcription, potentially affect-
ing immunotherapy outcomes. Additionally, H3K9la-dependent
IL-11 signaling contributes to CD8" T cell exhaustion, a
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dysfunctional state marked by reduced cytokine secretion [173].
Other studies indicate that histone lactylation may regulate sen-
sitivity to activation-induced cell death (AICD) via suppression
of NF-kB signaling [174]. Although PD-L1-mediated suppres-
sion is well documented, the broader roles of lactylation in regu-
lating CD8" T cell function via other ligand-receptor pathways
remain largely unexplored. Since exhausted T cells pose a key
challenge to immunotherapy, elucidating how lactate metabolism
and lactylation shape CD8™ T cell fate may enable the develop-
ment of novel therapeutic strategies.
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In summary, metabolic remodeling within the TME pro-
foundly shapes the phenotype, function, and therapeutic respon-
siveness of CD8" T cells. Lactate buildup and histone lactylation
have emerged as central regulators of T cell exhaustion and
tumor immune evasion. Deciphering these mechanisms not only
deepens our understanding of TME-mediated immunosuppres-
sion but also paves the way for metabolism-oriented immuno-
therapies in cancer.

NK cells

NK cells serve as essential early responders within the innate
immune system, offering frontline protection against virally
infected and malignant cells. In cancer, NK cells are particularly
significant for their ability to detect and eliminate circulating
tumor cells, thereby restricting metastatic spread [175,176].
Accordingly, NK cell functionality is now recognized as a critical
determinant of disease progression and response to therapy.
However, in the immunosuppressive TME, NK cell activity is
significantly impaired. This dysfunction is primarily driven by
metabolic stressors, including nutrient deprivation (e.g., glucose,
glutamine, and oxygen) and the buildup of immunosuppressive
metabolites such as adenosine and lactate [177]. These metabolic
constraints not only impair NK cell cytotoxicity but also affect
their infiltration, survival, and cytokine secretion [178]. Recent
clinical studies have revealed a strong association between
elevated intratumoral lactate levels and diminished NK cell
infiltration, with high “lactate scores” acting as negative prog-
nostic markers in various cancers. Transcriptomic profiling
has identified up-regulation of genes such as NR6A1, OSBP2,
and UNC119B, which are believed to mediate lactate-driven
suppression of NK cell recruitment. These findings indicate that
lactate functions not just as a metabolic byproduct, but as an
active regulator of immune exclusion within the TME [179,180].
Supporting this concept, natural killer T (NKT) cells isolated
from malignant pleural effusions demonstrate increased lac-
tate uptake and utilization, reflecting metabolic adaptation to
a high-lactate environment [181]. Although direct evidence
for lactylation-mediated dysfunction in NK cells is limited, par-
allels with CD8" T cell biology suggest that similar regulatory
mechanisms may be involved.

TIM cells

TIMs have an important impact in tumor immune evasion.
Conventionally, macrophage activation states are categorized
into 2 main types: the promoting inflammatory and cytotoxic
M1 phenotype, and the reducing inflammatory and reparative M2
phenotype. The M2 phenotype is associated with reduced inflam-
matory infiltration, enhanced angiogenesis, and maintenance of
an immunosuppressive TME, factors linked to poor prognosis
and tumor metastasis [182,183]. While lactate has been dem-
onstrated to promote TIM polarization toward the M2 pheno-
type in various tumors within the TME, its precise mechanism
of action remains elusive [184-186].The 2019 discovery of lactate
modification has established a direct link between epigenetic
regulation and metabolic reprogramming. Studies revealed that
H3K18 lactylation (H3K18la) promotes the demonstration of
M2-like genes, such as Arg-1, facilitating macrophage polariza-
tion and phenotypic alteration [7]. Subsequent investigations
in prostate cancer have demonstrated that modulating lactate
levels can influence tumor progression through H3K18la-
mediated mechanisms [187]. In glioma cells, GLUT1-derived
lactate enhances histone lactylation in TIMs, promoting IL-10
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transcription and potentially suppressing T cell activity [188].
Similarly, in colon cancer, tumor-derived lactate up-regulates
H3K18la in TIMs, inhibiting RARY transcription and fostering
tumor development [189]. Intriguingly, lactylation of the non-
histone protein HMGBI has been implicated in M1 macrophage
polarization during sepsis [190]. Microglia, as the resident mono-
nuclear phagocytes of the central nervous system, exhibit
increased neuroinflammation and aging-related secretory phe-
notypes when H3K18 lactylation (H3K18la) levels are elevated.
Concurrently, H4K12 lactylation (H4K12la) enhances the
expression of PKM2, a key glycolysis gene, thereby augmenting
lactate production. This creates a “H4K12la-PKM?2” positive
feedback loop, potentially contributing to the progression of
AD [191,192].

These findings appear to contradict the traditional anti-
inflammatory role ascribed to lactate in the TME, indepen-
dent of tissue and cell specificity. We propose 2 potential
explanations for this apparent discrepancy. Lactylation has 2
isomeric forms: L-lactylation and p-lactylation. L-Lactate pre-
dominates in human and eukaryotic systems. L-Lactylation,
the most extensively studied form, has been involved in vari-
ous pathological processes, including tumorigenesis, cardio-
vascular diseases, neurological disorders, and gastrointestinal
pathologies [7,193-195]. In contrast, D-lactylation, a recently
identified modification, presents a vast unexplored research
frontier. Studies have shown that p-lactate accumulation
can induce acute neurotoxicity [196]. Furthermore, p-lactate
derived from the intestinal microbiota can alter the morphol-
ogy and size of hepatic Kupffer cells via portal circulation,
enhancing their pathogen capture and elimination capabili-
ties [197]. These findings may elucidate the seemingly para-
doxical role of lactate in promoting neuroinflammation and
M1 macrophage polarization. Lactylation may be considered
a consequence rather than a cause of cellular metabolic states.
M1-polarized macrophages predominantly rely on glycolysis
to produce energy, while M2-polarized macrophages primar-
ily utilize fatty acid oxidation and oxidative phosphorylation.
The metabolic divergence between these phenotypes may
contribute to differences in lactate availability and lactylation
levels [198]. Consequently, M1 polarization is associated with
increased lactate production and lactylation modifications.
This presents an apparent paradox: Elevated lactylation dur-
ing M1 polarization potentially facilitates the transition to
M2 polarization. This seeming contradiction has been addressed
in seminal work on lactylation modification through the intro-
duction of the “lactate clock” concept. This model elucidates
the temporal regulation of lactate on polarization balance.
Notably, lactylation modification exerts its regulatory influ-
ence predominantly during the later stages of M1 polariza-
tion, accounting for the observed phenomenon [7]. In light
of these findings, we posit that lactylation modification is
more likely a consequence rather than an initiating factor in
many physiological and pathological process.

Treg cells

Regulatory T cells (Tregs) constitute an immunosuppressive sub-
set of CD4™ T cells that are often highly enriched in the TME.
They maintain immunosuppressive conditions by expressing
inhibitory receptors (e.g., CTLA-4 and PD-1) and secreting anti-
inflammatory cytokines such as IL-10 and TGF-f. High levels of
Treg infiltration are frequently linked to poor clinical prognosis
and reduced responsiveness to immune checkpoint blockade
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therapies [199]. Recent studies indicate that the immunosuppres-
sive function of tumor-infiltrating Tregs is closely tied to their
capacity to metabolize lactate as a fuel source [200]. In the nutrient-
deprived and lactate-rich TME, Tregs display increased metabolic
plasticity, enabling them to survive in conditions that inhibit
conventional effector T cells [200,201]. Notably, lactate uptake
facilitates epigenetic modifications of key regulatory proteins,
thereby strengthening Treg-mediated immunosuppression. One
notable mechanism involves the lactylation of moesin, a cyto-
skeletal-associated nonhistone protein. In Tregs, lactylated moe-
sin activates the TGF-B/SMAD3 signaling cascade, thereby
driving tumor progression in murine models [202]. This finding
highlights lactate’s dual role as both an energy substrate and a
signaling metabolite capable of modulating immunosuppressive
pathways. Interestingly, LDHA inhibition via oxamate paradoxi-
cally increases Treg infiltration in glioblastoma [203], suggesting
that lactate metabolism exerts complex, context-dependent effects
on Treg behavior. These findings underscore the need for deeper
mechanistic insights into how lactate and its downstream modi-
fications regulate Treg function across diverse tumor contexts.

In conclusion, both histone and nonhistone lactylation modifi-
cations exert significant effects on various immune cells within
the TME, including NK cells, CD8" T cells, TIMs, and Tregs. These
modifications regulate key tumor-related processes, including
immune evasion and metastasis, and are closely associated with
patient prognosis and overall survival. Consequently, targeting
lactate metabolism or lactylation modifications represents a prom-
ising strategy for the clinical management of various malignancies.
Although de-lactylase enzymes have been identified in various
tumor cells and shown to modulate lactylation status and biologi-
cal processes (Table 3), their roles in TME-resident immune cells
and corresponding effects on lactylation dynamics and cellular
function remain poorly understood. As a result, Table 1 provides
only putative de-lactylase enzymes at specific modification sites.
Further direct evidence is needed to clarify the roles of de-lactylase
enzymes in TME immune cells and their impact on tumor biology.
Defining the functional roles and underlying mechanisms of lac-
tylation modifications within the TME will establish a strong con-
ceptual foundation for cancer therapy. Such insights may broaden
therapeutic strategies in oncology and inform the treatment of
nonmalignant diseases. Future research focusing on the complex
interplay between lactylation, immune cell function, and tumor
progression will be critical for translating these findings into clini-
cally applicable therapies (Fig. 9).

Writer, reader, and eraser

The enzymatic pathway of lactylation modification requires 3
key components: writers, readers, and erasers, which respec-
tively insert, recognize, and remove lactylation modifications
on histones. Recent studies have elucidated that the acetyltrans-
ferase p300 functions as a writer in this process, utilizing lactate
as a substrate to catalyze lactylation [57,204]. The most prevalent
erasers identified thus far are HDAC1 to HDAC3, which
exhibit robust de-modification activity toward both p-lactate
and L-lactate isomers. Although these enzymes demonstrate
slight preferences, such as enhanced de-modification activity
toward D-lactate, they generally show minimal sensitivity to the
chiral center configuration of lactate [57]. In the context of HCC,
an additional eraser has been identified: the NAD*-dependent
deacetylase SIRT3. This enzyme has been demonstrated to
inhibit the growth-promoting effects of cell cycle protein E2 on
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Fig. 9. Influence of lactylation on tumor progression and its TME dynamics. In
neoplastic tissues, lactylation modifications promote malignant progression through
multiple mechanisms, including enhanced glycolysis, oncogene activation, and tumor
suppressor gene repression. Within the TME, lactylation modifications attenuate the
immune emission of cytotoxic CD8* T cells, tumor-infiltrating macrophages (TIMs),
and NK cells, thereby compromising antitumor immune responses. Conversely,
these modifications augment Treg activity, further facilitating the establishment of
an immunosuppressive TME and consequently exacerbating immune evasion.

liver cancer cells, presenting a promising avenue for potential
therapeutic interventions in HCC [205].

Summary and Outlook

Lactylation is a posttranslational histone modification, analogous
to acetylation, methylation, and phosphorylation. Lactylation
contributes to inflammatory responses through multiple mecha-
nisms, including the regulation of macrophage phenotype transi-
tions [206] and modulation of T helper 17 (Th17) cell metabolism
and epigenetic states [207], and activation of NF-kB signaling
pathway in central nervous system may promote aging and accel-
erate the progress of AD [191,192]. Within the cardiovascular
system, lactylation has been demonstrated to exert contrary
inflammatory effects and promote angiogenesis, thereby enhanc-
ing cardiac function following myocardial infarction [208,209].
Furthermore, lactic acidification plays a crucial role in the
inflammatory response associated with intervertebral disc
degeneration [210].The reduction of lactate levels associated with
LCP1 following cerebral infarction has been demonstrated to
slow disease progression. Cerebral ischemia-reperfusion injury
demonstrates a strong correlation with calcium overload in neu-
ral tissues. Lactylation of key proteins in calcium channels
induces mitochondrial damage, subsequently compromising
neuronal activity and ultimately resulting in neuronal death.
These findings suggest that lactate exerts deleterious effects
in cerebral infarction, thereby presenting potential therapeutic
targets for post-infarction treatment strategies [211,212].
Lactylation has also been implicated in various respiratory
disorders, including pulmonary fibrosis and pulmonary arterial
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hypertension [213,214]. Accumulating evidence proves that lacty-
lation has a pervasive role in diverse pathophysiological processes,
with relevance to tumor formation, invasion, and immune evasion.
Consequently, modulation of lactylation represents a promising
avenue for therapeutic intervention in oncology (Fig. 1).

Recent studies have revealed that lactylation occurs on non-
histone proteins and even noncoding RNA in plants and micro-
organisms. However, further investigation is warranted to
elucidate if this phenomenon is present in human systems
[215]. Moreover, D-lactylation modification is ubiquitous in
human cells, yet it exhibits distinct characteristics from L-lactate
regarding target proteins and functions [58]. Emerging evidence
suggests that these structural isomeric differences may contrib-
ute to the seemingly contradictory pro-inflammatory effects of
lactylation in the nervous system juxtaposed with anti-inflam-
matory effects in other pathological conditions. As previously
discussed, lactylation modification appears to be a consequence
rather than an initiating factor, with the “lactate clock” exerting
regulatory control and giving rise to bidirectional effects of lac-
tylation modification. Furthermore, recent findings indicate that
RNA methylation and histone/DNA epigenetic mechanisms
exhibit reciprocal influence, resulting in a cascade of effects on
transcriptional output, translation, and the recruitment of chro-
matin modification factors [216]. These complex interactions
necessitate comprehensive investigation to mitigate potential
adverse effects in the development of targeted therapies.

Contemporary research predominantly focuses on the effects
of lactylation in the TME, with limited exploration of specific
lactylation sites. Several critical questions remain inadequately
addressed, including the precise role of lactylation in tumor cell
metabolism, its differential effects on diverse immune cell popula-
tions, the identification and characterization of lactylation readers,
and the varied functions of lactylation across different tumor types.
Elucidating these aspects will yield novel strategies for leveraging
lactylation in cancer therapeutics and facilitate the development
of more precise, tumor-specific targeted therapies. Research has
demonstrated that in lung cancer patients treated with paclitaxel,
the acidic TME may induce drug resistance by promoting drug
sequestration [217,218]. Consequently, overcoming lactate-induced
drug resistance represents a critical challenge in current clinical
oncology. Furthermore, the integration of targeted therapies for
lactylation-related metabolic processes with emerging tech-
nologies, such as nanotechnology, warrants further refinement.
Undeniably, other reviews have also summarized and analyzed
the role of lactylation modifications in tumors and the tumor
immune microenvironment. However, this review distinguishes
itself by incorporating numerous recent references, particularly
focusing on D-lactylation modifications. Furthermore, in the clini-
cal context, we have specifically and comprehensively analyzed
small molecules and clinical drug approaches as well as nanopar-
ticle-based therapies, which sets this review apart from others.

In conclusion, bolstering fundamental research on lactate
metabolism and lactylation is imperative to establish new direc-
tions and a robust theoretical foundation for clinical interven-
tions. Targeting lactylation and developing lactylation-related
immunotherapies represent promising frontiers in cancer treat-
ment modalities.
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