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Lung cancer, one of the most lethal malignancies, has seen its therapeutic
strategies become a focal point of significant scientific attention. Intrinsic
immune signaling pathways play crucial roles in anti-tumor immunity but face
clinical application challenges despite promising preclinical outcomes.
Lactylation, an emerging research focus, may influences lung cancer
progression by modulating the functions of histones and non-histone
proteins. Recent findings have suggested that lactylation regulates key intrinsic
immune molecules, including cGAS-STING, TLR, and RIG-I, thereby impacting
interferon expression. However, the precise mechanisms by which lactylation
governs intrinsic immune signaling in lung cancer remain unclear. This review
presents a comprehensive and systematic analysis of the relationship between
lactylation and intrinsic immune signaling pathways in lung cancer and
emphasizes the innovative perspective of linking lactylation-mediated
epigenetic modifications with immune regulation. By thoroughly examining
current research findings, this review uncovers potential regulatory
mechanisms and highlights the therapeutic implications of targeting
lactylation in lung cancer. Future investigations into the intricate interactions
between lactylation and intrinsic immunity are anticipated to unveil novel
therapeutic targets and strategies, potentially improving patient survival
outcomes.
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1 Introduction

Lung cancer has become the leading cause of death in both males and females at a
younger age (Bade and Dela Cruz, 2020). In addition, the economic burden of lung cancer is
also increasing year by year, and it has become an urgent social and public health problem
(Bade and Dela Cruz, 2020; Hirsch et al., 2017). Lung cancer is mainly categorized into two
main types: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). Among
them, NSCLC accounts for more than 80% of lung cancer cases, covering various subtypes
such as adenocarcinoma, squamous carcinoma, and large cell carcinoma etc. NSCLC grows
relatively slowly, but it is often diagnosed at an advanced stage, making it significantly more
difficult to treat. On the other hand, SCLC is characterized by rapid growth, early metastasis,
and high malignancy, and has already spread throughout the body at the time of diagnosis,
resulting in poor therapeutic outcomes (Hirsch et al., 2017; de Sousa and Carvalho, 2018;
Nooreldeen and Bach, 2021; Wang et al., 2020a).
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The human body has a strong immune surveillance function
that can recognize and remove potential tumor cells, thus preventing
tumor formation. Innate immunity, as the body’s first solid line of
antiviral and antitumor defense, recognizes pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) through pattern recognition receptors (PRRs),
which in turn activate key signaling pathways such as cGAS-STING,
TLR, and RIG-I. The activation of these pathways can trigger the
release of interferon and the production of a series of cytokines, thus
effectively promoting the establishment of anti-tumor immunity
(Demaria et al., 2019; Taguchi andMukai, 2019). However, although
many preclinical studies have demonstrated that activation of
intrinsic immune pathways has significant antitumor effects,
agonists of intrinsic immune pathways have achieved only
limited success in the clinical setting (Welander, 1987; Holicek
et al., 2023; Yi et al., 2023). Therefore, an in-depth investigation
of the specific mechanism of action of the intrinsic immune pathway
in tumors is important for crossing the translational divide from
preclinical to clinical settings.

Recent research has spotlighted lactate as a critical player in the
tumor microenvironment, influencing tumor cell behavior through
mechanisms such as signaling regulation, angiogenesis promotion,
and immune suppression (Apostolova and Pearce, 2022; Liu et al.,
2024; Wang et al., 2020b). For instance, PM2.5 exposure enhances
glycolytic metabolism via DLAT transcription and translation,
thereby facilitating NSCLC progression (Chen et al., 2022a).
Conversely, hyperoxic environments inhibit lung cancer growth
and invasiveness by suppressing the MYC/MCT1 axis, leading to
intracellular lactate accumulation and acidification (Liu et al.,
2023a). Identified as a novel post-translational modification
(PTM), lactylation provides a mechanistic insight into how
lactate exerts its regulatory functions in cancer biology. Histone
lysine lactylation (Kla) and non-histone protein lactylation
represent critical mechanisms by which lactate regulates gene
expression and cellular functions (Chen et al., 2022b; Lv et al.,
2023; Wang et al., 2022a; Yu et al., 2021). Unlike other PTMs such as
acetylation or methylation, lactylation directly links cellular
metabolism to epigenetic regulation, thus influencing immune
signaling pathways and immune cell differentiation.

Notably, lactylation has been shown to regulate key intrinsic
immune molecules (e.g., cGAS), and then affect intrinsic immunity.
For example, AARS1/2-mediated lactylation of cGAS inhibits its
activation of intrinsic immunity by impairing phase separation and
DNA sensing, thus attenuating immune surveillance. Inhibition of
lactylation via MCT1 blockade restores cGAS function, enhancing
immune responses and suppressing viral replication (Li et al.,
2024a). These results indicate that lactylation acts as a metabolic
regulator, intricately linking cellular metabolism with immune
signaling pathways. Despite the emerging evidence connecting
lactylation to intrinsic immune regulation, the specific
mechanisms underlying lactylation-mediated modulation of
intrinsic immune signaling pathways in lung cancer remain
largely unexplored.

Given the pivotal role of intrinsic immunity in anti-tumor
defense and the potential of lactylation as an immunoregulatory
mechanism, there is an urgent need to conduct a comprehensive
understanding of their interactions. This review presents a
systematic and in-depth analysis of the relationships between

lactylation and intrinsic immune signaling pathways in lung
cancer and emphasizes the novel perspective of linking
lactylation-mediated epigenetic modifications with immune
regulation. By synthesizing current research findings, this review
aims to elucidate the potential mechanisms through which
lactylation influences intrinsic immune signaling in lung cancer.
We anticipate that this study will provide a robust theoretical
foundation and identify novel therapeutic targets for lung cancer
immunotherapy, paving the way for innovative treatment strategies
and improved patient survival.

2 Lactylation and lung cancer

2.1 Biological mechanisms of lactylation

As a novel form of post-translational modification (PTM),
lactylation was initially revealed with the help of mass
spectrometry in 2019 by Zhao et al. (Zhang et al., 2019; Xu et al.,
2024). They identified the lactylation occurring on histone lysine,
named lysine lactylation (Kla), as an unprecedented chemical
modification (Zhang et al., 2019; Xu et al., 2024). Since then,
research in this field has continued to intensify, revealing that
lactylation is not limited to histones and widespread in a wide
range of non-histone proteins. The core of lactylation is that lactate
molecules are covalently bonded to lysine residues of proteins, which
can have a profound effect on the function and biological activity of
proteins (Hu et al., 2024a). Lactylation has greatly broadened the
boundaries of our knowledge about the role of lactate in cellular
metabolism and epigenetic regulation, and opened up new research
pathways for exploring its potential regulatory mechanisms in
physiological and pathological processes.

There is a complex mechanism of lactylation, involving both
enzymatic and non-enzymatic pathways: (1) In the context of
enzymatic reactions, protein lactylation is primarily catalyzed by
specific enzymes. Histone acetyltransferases (HATs) play a central
role in this process. Early studies identified p300 as the first protein
confirmed to have lactylation writing capability. In HEK293T cells,
overexpression of p300 led to a slight increase in histone Kla (lysine
lactylation) levels, while silencing p300 in HCT116 and
HEK293T cells decreased Kla levels, confirming p300 as a
potential Kla writer enzyme (Xu et al., 2024; Zeng et al., 2023;
Huang et al., 2018) (Figure 1). In addition, a 2022 study on
myocardial infarction revealed that GCN5 significantly catalyzes
H3K18la (histone H3 lysine 18 lactylation) modifications (Wang
et al., 2022a). Both p300 and GCN5 belong to the HAT family,
indicating that multiple members of this family might participate in
lactylation modifications (Marmorstein and Zhou, 2014). A recent
study identified a new lysine lactyltransferase, HB01, which regulates
histone Kla both in vivo and in vitro, with a preference for catalyzing
H3K9la (Niu et al., 2024). HB01 belongs to the MYST family and
exhibits multifunctional histone acyltransferase activity, capable of
catalyzing lactylation, acetylation, propionylation, butyrylation,
crotonylation, and benzoylation (Niu et al., 2024). These
reactions utilize lactyl-CoA as a substrate, through which lactate
groups are covalently added to lysine residues via enzymatic
catalysis. (2) In terms of non-enzymatic mechanisms, Galligan
et al. proposed a passive modification process based on lactoyl
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glutathione (LGSH). This mechanism may modify proteins by non-
specific lactylation through acyl transfer in an environment of high
intracellular lactate concentration (Gaffney et al., 2020).

Lactylation erasers play a crucial role in regulating lactylation
modifications. Histone deacetylases (HDACs), including HDAC1-3,
HDAC8, and SIRT1-3, have been identified as histone lactylation
erasers (Moreno-Yruela et al., 2022). In vitro studies have
demonstrated the de-lactylase activity of HDAC1-3 and SIRT1-3.
Overexpression and RNA interference experiments confirmed that
HDAC1 and HDAC3 exhibit de-lactylase activity in cells (Moreno-
Yruela et al., 2022). Notably, HDAC3 regulates histone lactylation at
H4K5 and multiple sites (Gallinari et al., 2007; Xu et al., 2025).
Additionally, SIRT3 shows the highest erasing activity at the
H4K16la site compared to other human Sirtuins, suggesting site-
specific regulation by different erasers (Fan. et al., 2023a).

Proteins recognizing lactylation modifications (readers) are key
to the biological functions of lactylation. In 2024, a study on induced
pluripotent stem cells (iPSCs) reprogramming reported for the first
time that Brg1 is a reader of histone lactylation (Hu et al., 2024b). It
was found that H3K18la modifications induced by Dux
overexpression control the metabolic H3K18la-MET network and
recruit p300 via the C-terminal domain, enhancing iPSC
reprogramming efficiency. Further H3K18la immunoprecipitation
experiments revealed that Brg1 is specifically recruited during
reprogramming and is enriched at promoters of genes related to
pluripotency and epithelial junctions, promoting the mesenchymal-
to-epithelial transition (MET) process (Hu et al., 2024b).

The lysine sites targeted by lactylation exhibit some specificity
across different proteins and biological systems. For example, studies
have clearly identified lactylation sites on various histones, such as
H3K18la and H4K12la. These modifications play crucial roles in the
regulation of gene transcription (Li et al., 2024b;Wang et al., 2024a;Wei
et al., 2023; Li et al., 2024c; Pan et al., 2022). In addition, the presence of

lactylation has also been observed in enzymes (e.g., glycolytic enzymes
ALDOA, PKM2) and signaling proteins (e.g., HMGB1), suggesting a
broad regulatory role of lactylation in various biological processes (Feng
et al., 2024; Wang et al., 2022b; Yang et al., 2022).

2.2 The central role of lactate metabolism in
lung cancer pathogenesis, progression and
treatment resistance

Lactate, traditionally perceived as a terminal metabolite of the
glycolytic pathway, plays a pivotal role in the tumor
microenvironment (TME) (Wang et al., 2020b). In recent years,
numerous studies have focused on the phenomenon of metabolic
reprogramming in tumor cells, especially the profound changes in
lactate metabolism, revealing its central role in lung cancer initiation,
malignant progression, and treatment resistance (Byun, 2023). The
expression profiles of genes related to lactate metabolism have become
key indicators for prognostic assessment and therapeutic strategy
development in lung adenocarcinoma, among which the
construction of the lactate signature score (LaSig) provides a
powerful tool for predicting patient survival and response to
immunotherapy (Chang et al., 2022; Shang et al., 2022). Clinically, it
is important to dynamically monitor lactate dehydrogenase (LDH)
levels for the prognosis of immunotherapy efficacy and the guidance of
clinical decision-making in patients with NSCLC before and during the
course of treatment (Vlachostergios et al., 2015).

Lactate metabolism is closely linked to immune evasion
mechanisms within the tumor microenvironment. For example,
deletion of the LKB1 gene triggers overexpression of the lactate
transporter protein MCT4 and a significant increase in lactate
secretion. This change not only promotes the polarization of M2-
type macrophages, but also significantly suppresses T-cell function,

FIGURE 1
The role of histone and non-histone lactylation modifications in lung cancer (By figdraw). Lactylation of SOX9 promotes glycolysis and enhances
stemness, migration, and invasion potential in tumor cells. Elevated lactylation at H4K12 significantly increases CCNB1 transcription, driving cell cycle
progression and conferring resistance to pemetrexed. Upregulated lactylation at H3K18 directly activates POM121 transcription, facilitating MYC nuclear
translocation, inducing PD-L1 expression, and ultimately promoting tumor immune evasion.
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which in turn weakens the anti-tumor immune response (Qian et al.,
2023). In addition, lactate activates cancer-associated fibroblasts (CAF),
and IL-8 released by CAF further recruits M2-type macrophages,
exacerbating the immunosuppressive state in the tumor
microenvironment (Gu et al., 2024a). In lung adenocarcinoma, high
expression of NFATc2 upregulates the transcriptional activity of USP17.
This enhances lactic acid production, promotes macrophage
polarization toward the M2-type, and strengthens the immune
evasion ability of the tumor. Intervention strategies targeting
NFATc2 or USP17 can effectively reverse lactate-mediated
immunosuppression and provide potential molecular targets for lung
cancer therapy (Wang et al., 2024b).

Lactate metabolism is tightly intertwined with glycolytic processes,
which together regulate the reprogramming of energy metabolism in
tumor cells. etv4 promotes lactate production and activates the
mTORC1 signaling pathway by upregulating hexokinase 1 (HK1)
expression (Liu et al., 2023b). Meanwhile, enhanced stability of the
deubiquitinating enzyme USP7 promoted c-Abl activation, thus
upregulating HK2 expression and accelerating the glycolysis rate.
High expression of PFKP in lung cancer regulate the level of
glycolysis and promoted cellular proliferation (He et al., 2023); while
downregulation of HERC5 lead to mitochondrial dysfunction,
enhanced the Warburg effect, and elevated the invasive ability of
tumor cells (Schneegans et al., 2024). In KRAS-mutated lung cancer,
high expression of DRP1 regulated lactate utilization and redox
homeostasis, providing support for tumor cell survival and
proliferation (Hu et al., 2020).

Changes in lactate metabolism play a key role in lung cancer
therapeutic resistance. For example, high expression of AKR1B10 in
lung cancer brain metastases enhanced the Warburg effect and
promoted glycolysis, leading to resistance to pemetrexed (PEM)
(Duan et al., 2023). Lactate-induced metabolic reprogramming
promoted cell cycle progression through upregulation of cell
cycle protein B1 (CCNB1), which further enhanced tumor drug
resistance (Duan et al., 2023). Persistent increase of LDH levels is
closely associated with resistance to immune checkpoint inhibitor
(ICI) therapy and poor prognosis in patients with advanced NSCLC,
and serve as a biomarker for predicting the efficacy of
immunotherapy. By targeting the lactate transporter protein
MCT4 or blocking the lactate receptor GPR81, it is possible to
reverse lactate-mediated immunosuppression and restore sensitivity
to PD-1 blockade therapy (Qian et al., 2023; Chen et al., 2021).
Formosanin C (FC) inhibits tumor progression by inhibiting the
expression of MCT4 and CD147, blocking lactate efflux, and
inducing mitochondrial dysfunction and oxidative stress (Li
et al., 2023).

In summary, lactate metabolism plays a crucial role in the
pathogenesis, progression, and therapeutic resistance of lung
cancer, and it is expected to open up new strategies and targets
for the treatment of lung cancer by precisely targeting the lactate
metabolic pathway and its key regulatory mole.

2.3 Potential role of lactylation in lung
cancer pathogenesis

Lactate, as an end product of the glycolytic pathway, has a
function that is not limited to metabolic processes, but also

participates in a novel post-translational modification, histone
lactylation, as a donor for histone lactylation. This process
involves the covalent addition of lactate groups to lysine
residues of proteins, thereby profoundly affecting chromatin
structure and gene expression patterns (Lv et al., 2023). In
NSCLC cells, lactate exhibits fine regulation of metabolic
pathways. It downregulates the expression of the key enzymes
of glycolysis, HK-1 and PKM, while up-regulating the expression
of the tricarboxylic acid cycle (TCA) enzymes, including SDHA
and IDH3G. Alterations in the expression of these metabolic
enzymes were closely associated with a significant elevation in
the level of histone lactylation (Jiang et al., 2021; Chen et al., 2024;
Guo et al., 2024; Zhang et al., 2024a). In addition, lactate induced
lactylation of the transcription factor SOX9, which further
promoted the glycolytic process and enhanced the stemness
characteristics, migration and invasion potential of the cells
(Yan et al., 2024). In NSCLC tissues, H3K18 lactylation levels
were significantly upregulated and strongly associated with poor
patient prognosis. This lactylation directly activated the
transcription of POM121, which in turn enhanced the nuclear
translocation of MYC, induced the expression of PD-L1, and
ultimately facilitated the immune escape of the tumor. Notably,
by inhibiting the glycolytic pathway, the level of H3K18 lactylation
could be reduced, thereby enhancing the cytotoxicity of CD8+

T cells and effectively inhibiting tumor growth (Zhang et al.,
2024a). In lung cancer brain metastases, high expression of
AKR1B10 promoted glycolysis and lactate production, leading
to a significant increase in the level of H4K12 lactylation. This
change upregulated CCNB1 transcription, promoted cell cycle
progression, and enhanced the resistance of tumor cells to
pemetrexed (Duan et al., 2023). In addition to histones,
lactylations are widely present on non-histone proteins, with
profound effects on their stability and function. For example,
lactic acid increases the stability of IGF1R by enhancing its
lactylation, thereby promoting glycolysis and tumor cell
proliferation (Zhang et al., 2024b). In addition, lactated
APOC2 promoted extracellular lipolysis, a change that has been
linked to the emergence of immunotherapy resistance (Chen et al.,
2024). In addition, BZW2 accelerated the malignant progression of
lung adenocarcinoma by promoting glycolysis-mediated lactate
production and lactylation of IDH3G (Wang et al.,
2023a) (Figure 1)

In view of the important role of lactylation in lung cancer
pathogenesis, inhibition of histone lactylation has become a new
strategy for lung cancer treatment. By targeting PKM2, the natural
product Fargesin (FGS) effectively inhibit glycolysis and
H3 histone lactylation, and significantly suppress the
tumorigenesis of NSCLC. Meanwhile, inhibition of LDHA or
LDHB to reduce the level of histone lactylation can enhance the
function of CD8+ T cells, thereby suppressing immune escape from
tumors (Guo et al., 2024). In addition, antibodies against lactated
APOC2-K70 can enhance the efficacy of anti-PD-1 therapies,
thereby overcoming immunotherapy resistance (Chen et al.,
2024). In summary, lactate regulates gene expression through
histone lactylation, profoundly affecting cell metabolism,
proliferation and immune escape processes. Targeting
lactylation and its related regulatory molecules provides a novel
strategy for the treatment of lung cancer.
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3 Intrinsic immune signaling pathway
and lung cancer

3.1 Mechanism of cGAS-STING signaling
pathway in lung cancer

STING (Stimulator of Interferon Genes), a transmembrane
protein localized in the endoplasmic reticulum membrane, plays
a central regulatory role in cytoplasmic DNA recognition and type I
interferon (IFN) induction. When double-stranded DNA (dsDNA)
is present in the cytoplasm, cyclic GMP-AMP synthase (cGAS)
specifically recognizes and binds to these dsDNA molecules, which
catalyzes the synthesis of the second messenger molecule, cGAMP.
It serves as a key signaling molecule that activates STING proteins
and triggers downstream signaling cascades, including the
recruitment and activation of TANK-binding kinase 1 (TBK1)
and interferon regulatory factor 3 (IRF3). This cascade of events
ultimately induces the expression of type I interferons and pro-
inflammatory cytokines, which initiate and regulate the innate
immune response (Hopfner and Hornung, 2020; Chin et al.,
2023; Ivashkiv and Donlin, 2014; Zhang et al., 2020).

It has been reported that activation of the cGAS-STING pathway
exhibits significant anti-tumor effects in lung cancer. Specifically,
TET2 effectively inhibit the proliferation and metastatic ability of
lung adenocarcinoma cells by positively regulating the cGAS-STING
pathway (Cheng et al., 2023). On the other hand, overexpression of
ESYT3 significantly enhance the effect of radioimmunotherapy and
inhibited lung adenocarcinoma growth through activation of the
STING pathway (Luo et al., 2024). Knockdown of Flotillin-1 likewise
activated STING signaling and enhanced the effect of radiotherapy
(Wang et al., 2023b). In addition, GPR162, a novel tumor suppressor
and radiosensitizer, effectively inhibits tumor progression by
activating the STING-dependent DNA damage repair pathway
(Long et al., 2023). Notably, tetrandrine (TET) activate the
STING/TBK1/IRF3 signaling pathway by inducing DNA damage,
which in turn enhances the effect of anti-PD-1 immunotherapy
(Tan et al., 2024). This finding provides new strategies and ideas for
immunotherapy of lung cancer. However, impaired function of the
STING pathway may lead to immune escape and therapeutic
resistance. In KEAP1-mutated NSCLC, EMSY accumulation
inhibits type I interferon response, but promotes immune escape
from cancer (Marzio et al., 2022). Amplification of the MET gene
inhibits STING-mediated immunogenicity by up-regulating the
expression of CD73 and reduces the response of EGFR-mutant
lung cancer to immunotherapy (Yoshida et al., 2022).

Activation of the STING pathway promotes immune cell
recruitment and activation, and profoundly alters the tumor
immune microenvironment. For example, NR1D1 significantly
increase the number of macrophages, dendritic cells and CD8+

T cells infiltrating in tumor tissues through activation of the
cGAS-STING signaling pathway, thereby enhancing the anti-
tumor immune effect and inhibiting breast cancer lung
metastasis (Ka et al., 2023). Meanwhile, activation of the STING
pathway also inhibits the expression of immunosuppressive factors
and reverses the phenomenon of tumor immune escape. The
interaction between LncRNA NEAT1 and DNMT1 inhibits the
expression of p53, cGAS, and STING in lung cancer through
epigenetic mechanisms, promoting the malignant phenotype of

cancer cells and suppressing the infiltration of cytotoxic T cells.
Inhibition of NEAT1 or DNMT1 expression restores STING
pathway function, which enhances the anti-tumor immune
response by promoting cytotoxic T cell infiltration (Ma et al.,
2020). Rocaglamide (RocA), a small molecule compound,
activates the cGAS-STING signaling pathway and promotes the
infiltration and antitumor activity of natural killer (NK) cells in
NSCLC (Yan et al., 2022). In addition to RocA and powdery mildew
alkaloids, manganese ions (Mn2+) have been found to be important
cofactors of the cGAS-STING pathway, which can enhance anti-
tumor immune responses and improve the efficacy of clinical
immunotherapy (Lv et al., 2020). Silencing of SAMHD1 induces
macrophage polarization towards the M1-type and promotes
infiltration of CD8+ T-cells through activation of IFI16-STING
pathway. thereby enhancing the anti-tumor immune effect in
lung adenocarcinoma (Li et al., 2022a).

STING pathway has emerged as a promising strategy for
combination therapy in lung cancer. Radiation therapy, a
commonly used tumor treatment, can activate the STING
pathway by inducing DNA damage, which in turn enhances anti-
tumor immunity. Silencing PinX1 gene can significantly enhance the
sensitivity and anti-tumor immune effect of NSCLC to radiotherapy
by activating the cGAS-STING pathway (Qiu et al., 2024).
BIBR1532 combined with radiotherapy induces NSCLC cells to
undergo iron death while activating the cGAS-STING pathway,
facilitating the occurrence and development of anti-tumor
immunity (Bao et al., 2024). On the basis of STING pathway
activation, the combination of radiotherapy and immunotherapy
demonstrate significant synergistic effects. It was found that
cryoablation therapy triggered type I interferon-dependent anti-
tumor immune effects, thereby enhancing the efficacy of lung cancer
immunotherapy (Gu et al., 2024b). Besides, radiotherapy combined
with PD-L1 deletion and autophagy inhibition strategies
significantly enhanced the antitumor effects in lung cancer
through cGAS-STING-mediated T-cell activation mechanisms
(Zhao et al., 2022a). WEE1 inhibitors activated STING and
STAT1 pathways and enhanced antitumor immune responses to
PD-L1 blockade therapies in SCLC (Taniguchi et al., 2022). ATR
inhibitors in combination with radiotherapy enhanced the
antitumor immune responses to PD-L1 blockade therapies by
activating the STING-interferon signaling pathway, enhances the
immunogenicity of SCLC and thus promotes anti-tumor immunity
(Taniguchi et al., 2024). Moreover, inhibition of negative regulators
of the STING pathway is also an effective strategy to indirectly
activate STING signaling. By inhibiting the expression of molecules
such as EMSY, CD73, and MET, the function of the STING pathway
can be restored, thereby enhancing the effect of immunotherapy
(Marzio et al., 2022; Yoshida et al., 2022; An et al., 2024; Jacoberger-
Foissac et al., 2023). Metformin, a commonly used hypoglycemic
agent, inhibits ubiquitination modification of STING through an
AXIN1-dependent mechanism and then enhances the antitumor
efficacy of STK11-mutant lung cancer against PD-1 inhibitors
(Wang et al., 2022c) (Figure 2).

Although the importance of the STING pathway in lung cancer
has been widely recognized, its clinical application still faces some
challenges. For example, the side effects and dose modulation of
STING agonists need further in-depth study. In addition, the
complexity and heterogeneity of the tumor microenvironment
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significantly affects the activation of the STING pathway. Therefore,
in future studies, it is necessary to further reveal the specific
mechanism of STING pathway in lung cancer and explore safer
and more effective STING agonists and combination therapies, with
the aim of providing more precise and effective immunotherapy
strategies for lung cancer patients.

3.2 Functions and regulatory mechanisms of
TLR signaling pathway in lung cancer

Toll-like receptors (TLRs), as key components of the innate
immune system, exhibit crucial roles in lung cancer development,
progression, and immunoregulation. Based on their subcellular
localization, TLRs have been classified into two major groups:
membrane-localized TLRs 1, 2, 4, 5, 6, and 10 that are mainly
responsible for recognizing microbial membrane components, and
endosomal-localized TLRs 3, 7, 8, and 9, which mainly recognize
microbial nucleic acids. Activation of TLRs induces downstream
nuclear factor-κB (NF-κB) via MyD88-dependent or TRIF-
dependent signaling pathways and interferon regulatory factors
(IRFs) activation, which in turn triggers inflammatory responses
and immune regulatory processes (Chakraborty et al., 2023; Hoden
et al., 2022; Lim and Staudt, 2013; Zhou et al., 2024).

In lung cancer cells and immune cells in the tumor
microenvironment, the abnormal expression patterns of TLRs are
closely associated with multiple aspects of lung cancer, including
tumorigenesis, progression, inflammatory response and immune
cell infiltration. Specifically, TLR2 forms heterodimers with its co-
receptors TLR1 or TLR6 and is involved in the regulation of the
innate immune response (Farhat et al., 2008). Activation of
TLR2 promotes migration, invasion and colony formation in
lung cancer (Gergen et al., 2020). Notably, silent information
regulator 2 (SIRT2) is secreted by macrophages upon TLR2 or
TLR4 activation, further promoting the metastatic process of lung
cancer (Wu et al., 2023). Furthermore, TLR2, 4 and 9 regulate the
promotion of K-ras-driven lung cancer by chronic obstructive
pulmonary disease (COPD)-like airway inflammation through
activation of the MyD88/NF-κB pathway in the airway
epithelium (Velasco et al., 2023).The high expression of TLR4 in
lung cancer tissues is positively correlated with the degree of tumor
malignancy, and its activation not only promotes proliferation and
migration of lung cancer cells, but also induces immune escape
mechanisms (Wang et al., 2017; Fu et al., 2013). Gram-negative
bacterial infection significantly enhances the metastatic potential of
NSCLC through activation of host TLR4 (Sun et al., 2018). In
addition, activation of TLR4 upregulates the expression of
programmed death ligand 1 (PD-L1), which in turn inhibits the

FIGURE 2
Mechanism of the cGAS-STING Signaling Pathway in Lung Cancer Immunotherapy (By figdraw). When cytosolic double-stranded DNA (dsDNA) is
recognized by cyclic GMP-AMP synthase (cGAS), cGAS catalyzes the production of the second messenger molecule, cyclic GMP-AMP (cGAMP). cGAMP
activates the STING protein located on the endoplasmic reticulum membrane, which subsequently recruits and phosphorylates the kinase TBK1 and the
transcription factor IRF3. Phosphorylated IRF3, together with NF-κB, translocates into the nucleus, initiating the expression of type I interferons
(IFNs) and pro-inflammatory cytokines, thereby activating the innate immune response. The activation of this pathway is regulated by multiple factors.
Positive regulators include TET2, ESYT3, and NR1D1, which enhance STING signaling and activate the pathway. Small molecules such as GPR162,
Rocaglamide (RocA), WEE1, and BIBR1532 directly enhance the function of the cGAS-STING pathway. Conversely, factors such as Flotillin-1, CD73, pINx1,
and SAMHD1 inhibit the cGAS-STING pathway.
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anti-tumor activity of T cells and promotes immune escape (Kang
et al., 2020). In the Lewis lung cancer mouse model, TLR4 also
mediated the development of tumor-associated fatigue, a process
independent of the activation status of macrophages and microglia
(Vichaya et al., 2020). High levels of TLR7 gene expression are
associated with poor clinical prognosis in patients with advanced
NSCLC receiving immunotherapy (Baglivo et al., 2021). MicroRNA-
574-5p of extracellular vesicle origin regulates prostaglandin
E2 biosynthesis through activation of TLR7/8, which in turn
affects the communication process between lung cancer cells
(Donzelli et al., 2021).TLR pathway has emerged as a promising
therapeutic strategy for lung cancer. The novel TLR2/1 agonist
WYJ-2 inhibits the proliferation of NSCLC by promoting the
formation of TLR2/1 heterodimers, activating the NF-κB
signaling pathway, and inducing the focal death mechanism
(Wang et al., 2024c). In PTEN-deficient squamous cell carcinoma
of the lung, tumors are resistant to anti-PD-1 therapy and are
accompanied by a high degree of regulatory T cell (Treg)
infiltration and an immunosuppressive microenvironment.
Treatment with TLR agonists in combination with anti-
Transforming Growth Factor β (TGFβ) antibodies reverses this
immunosuppressive state, leading to tumor rejection and the
formation of immune memory (Exposito et al., 2023). In
addition, fatty acid receptor 2 (FFAR2) signaling antagonizes
TLR2- and TLR3-induced lung cancer progression by inhibiting
the process of cyclic adenosine monophosphate (cAMP)-adenylate-
activated protein kinase (AMPK)-transforming growth factor β-
activated kinase 1 (TAK1)-NF-κB activation (Kim et al., 2023).
TLR7/8 agonist Resiquimod demonstrated significant tumor
suppression in a metastatic model of lung adenocarcinoma, and a
high-capacity poly (2-oxazoline) formulation of Resiquimod
prolonged survival and mobilized anti-tumor CD8+

immunoreactivity in a chemotherapy-insensitive model of
metastatic lung adenocarcinoma (Vinod et al., 2020).
TLR9 agonists, such as cytosine-guanine oligodeoxynucleotide
(CpG-ODN), have been shown in preclinical and clinical trials to
demonstrate potential as anticancer drugs (Zhang et al., 2021).
Nanoparticle-conjugated TLR9 agonists delivered via the lungs
were effective in treating metastatic lung cancer, promoting
tumor regression and activating immune responses (Perry et al.,
2020). In summary, the TLR pathway plays a complex and critical
role in the development and progression of lung cancer. An in-depth
investigation of the mechanism of action of the TLR pathway will
provide an important basis for the development of new therapeutic
strategies and the improvement of the prognosis of lung cancer
patients (Figure 3).

3.3 Functions and regulatory mechanisms of
RIG-I signaling pathway in lung cancer

Retinoic Acid-Inducible Gene I (RIG-I)-like Receptor Pathway
(RLR pathway) is a core component of the innate immune response,
which is mainly responsible for the recognition of viral RNA and the
activation of antiviral immune response (Schweibenz et al., 2023;
Thoresen et al., 2021; Xu et al., 2018). In recent years, more and
more studies have shown that the RIG-I pathway plays a crucial role
in the occurrence, progression and treatment of lung cancer (Jiang

et al., 2023; Zheng et al., 2023). In lung cancer tissues and cell lines,
the expression of RIG-I tends to be downregulated, and this change
is closely related to the poor prognosis of lung cancer. As a key
component of the RIG-I pathway, retinoic acid-induced gene G
(Rig-G) is also frequently suppressed in lung cancer. Overexpression
of Rig-G significantly inhibits lung cancer cell growth and migration
and is accompanied by attenuated epithelial-mesenchymal
transition (EMT). This process is closely related to the activation
of the p53 signaling pathway, suggesting that the RIG-I pathway
may inhibit lung cancer progression by regulating core tumor
suppressors such as p53 (Sun et al., 2020). It was found that
CHI3L1 could regulate the expression of immune checkpoint
molecules such as PD-L1, PD-L2, and PD-1 to promote tumor
progression. In contrast, activation of the RIG-I pathway can inhibit
the expression of CHI3L1, which in turn downregulates molecules
such as PD-L1, thereby enhancing anti-tumor immune responses
(Ma et al., 2021). The downregulation of cyclic RNA
circNDUFB2 expression in NSCLC tissues was negatively
correlated with the malignant features of the tumors.
circNDUFB2 acts as a scaffold that promotes the interaction of
TRIM25 with IGF2BP, facilitating the ubiquitination and
degradation of IGF2BP, thereby inhibiting tumor development.
Moreover, circNDUFB2 can also be recognized by RIG-I, activate
the RIG-I-MAVS signaling cascade, recruit immune cells into the
tumor microenvironment, and further exert anti-tumor effects (Li
et al., 2021).

Activation of the RIG-I pathway induces the production of type I
interferon and various inflammatory factors, thereby promoting the
recruitment and activation of immune cells. For example,
application of RIG-I agonists enhances the apoptotic response of
lung cancer cells to Fas ligand-induced apoptosis. The expression of
Fas on the surface of lung cancer cells was upregulated after
treatment with ionizing radiation (IR), at which time the use of
RIG-I agonists was able to further enhance the sensitivity of cells to
Fas ligand and induce significant apoptosis (Sato et al., 2020).
hMENA11a, an isoform of actin cytoskeletal regulatory proteins,
whose downregulation would be supported by RIG-I-mediated
interferon-I signaling to maintain the tumor PD- L1 high
expression activates the paracrine loop between tumor cells and
macrophages, and promotes EMT. This mechanism may contribute
to lung cancer resistance to immune checkpoint blockade (ICB)
therapy (Trono et al., 2023). The efficacy of kinase inhibitors in the
treatment of cancer is limited by resistance. Activation of the RIG-I
pathway during kinase inhibitor therapy was found to significantly
reduce tumor size by inducing inflammatory and pro-apoptotic
responses that synergize with kinase inhibitors to reduce depleted
CD8+ T cells (Bragelmann et al., 2021). In EGFR-mutated lung
adenocarcinomas, defects in ARID1A correlate with adverse
responses to immune checkpoint inhibitors (ICIs). Knockdown of
ARID1A results in activation of the EGFR/PI3K/Akt/mTOR
pathway and inhibition of autophagy, attenuates the inhibition of
the RIG-I pathway activity, enhances the production of type I
interferons, and reverses the resistance to ICIs (Sun et al., 2022).

In summary, as a key component of the innate immune
response, the RIG-I pathway plays an important role in the
occurrence, progression and treatment of lung cancer. By
activating the RIG-I pathway, the proliferation and metastasis of
tumor cells can be inhibited, the tumor immune microenvironment
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can be improved, and the anti-tumor immune response can be
enhanced, which provides new strategies and directions for the
treatment of lung cancer (Figure 4).

4 New perspectives of lactylation
regulating intrinsic immune
interferon signaling

Epigenetic modifications are crucial mechanisms for regulating
gene expression and cellular functions, with lactylation, acetylation,
andmethylation of the three major forms (Handy et al., 2011). These
modifications differ significantly in their mechanisms, functions,
and regulatory modes, and they play key roles in the tumor immune
microenvironment and immune evasion (Handy et al., 2011; Garcia-
Martinez et al., 2021).

Acetylation involves the addition of an acetyl group to lysine
residues on histones or non-histone proteins, which relaxes
chromatin structure and promotes gene transcription (Li et al.,
2017). It also plays a vital role in tumor immune evasion. For
example, SIRT1 deacetylates IRF3/IRF7, activating type I interferon

(IFN-I) signaling and enhancing antiviral immunity. In contrast,
SIRT1 deficiency leads to hyperacetylation of IRF3/IRF7,
suppressing innate immunity and increasing susceptibility to viral
infections (Author Anonymous, 2022). MYC downregulates
H3K27 acetylation and JAK2 expression, impairing the IFN-γ
signaling pathway and rendering lung cancer cells resistant to
PD1/PD-L1 therapy (Alburquerque-Bejar et al., 2023). HBV
upregulates HAT1, increasing H4K5/H4K12 acetylation, which
inhibits the cGAS-STING-IFN-I pathway, facilitating innate
immune evasion (Zhao et al., 2023). These findings demonstrate
that acetylation plays a crucial role in regulating innate immunity
and IFN signaling, making it a key mechanism of tumor and viral
immune evasion.

Methylation involves the addition of a methyl group to lysine or
arginine residues on histones or to cytosine residues on DNA,
thereby regulating gene expression. Methylation can either
activate or repress gene expression, depending on the
modification site (Miller and Grant, 2013). For instance, targeting
PRMT9-mediated arginine methylation inhibits the maintenance of
cancer stem cells and enhances antitumor immunity by activating
cGAS-mediated IFN-I responses. PRMT9 inhibition can also

FIGURE 3
Function and Regulatory Mechanisms of the TLR Signaling Pathway in Lung Cancer (By figdraw). According to their subcellular localization, Toll-like
receptors (TLRs) are mainly divided into two categories: membrane surface TLRs (including TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10) and endosomal
TLRs (including TLR3, TLR7, TLR8, and TLR9). Upon activation, TLRs transmit signals through two core pathways. The first is the MyD88-dependent
pathway, utilized by TLR2/1, TLR2/6, TLR4, and TLR7/8. This pathway involves the adaptor protein MyD88, which activates nuclear factor κB (NF-κB)
and drives the release of pro-inflammatory cytokines. The second is the TRIF-dependent pathway, used by TLR3 and TLR4. It involves the adaptor protein
TRIF, which activates interferon regulatory factors IRF3/7, leading to the production of type I interferons (IFN-α/β). MicroRNA-574-5p derived from
extracellular vesicles regulates the biosynthesis of prostaglandin E2 by activating TLR7/8, thereby influencing intercellular communication in lung cancer.
This highlights the intricate role of TLR signaling inmodulating the tumormicroenvironment and cancer progression. Therapeutic strategies targeting the
TLR pathway show significant potential. TLR agonists such as the TLR2/1 agonist WYJ-2 can inhibit NSCLC proliferation by inducing pyroptosis.
Additionally, high-efficiency nanoparticle formulations of the TLR7/8 agonist Resiquimod, such as poly (2-oxazoline) carriers, significantly prolong
survival and activate CD8+ T cell immune responses in chemotherapy-resistant lung adenocarcinoma models. TLR9 agonists, such as CpG-ODN
delivered via nanoparticles, effectively promote tumor regression and enhance immune responses.
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synergize with anti-PD-1 therapy, presenting a potential anticancer
strategy (Dong et al., 2024). PRMT5 methylates IFN-γ inducible
protein 16 (IFI16) and suppresses NLRC5 transcription, inhibiting
the cGAS-STING and MHCI pathways in melanoma, thereby
weakening IFN signaling and antitumor immune responses.
PRMT5 inhibitors can restore IFN and chemokine production
and enhance melanoma sensitivity to immune checkpoint
inhibitors (Kim et al., 2020). Therefore, methylation plays a
pivotal role in regulating innate immunity and IFN signaling,
contributing to tumor immune evasion and antitumor immunity.

Lactylation, an emerging post-translational modification of
lysine, has demonstrated a central role in regulating host gene
expression networks in recent years (Chen et al., 2022b; Lv et al.,
2023; Fan et al., 2023b; Li et al., 2022b; Xie et al., 2022). In recent
studies, it has been found that lactylation can affect interferon
production by regulating the expression of key molecules in the
intrinsic immune signaling pathway. In systemic lupus
erythematosus (SLE), cytosolic mtDNA stimulation triggers
metabolic reprogramming in macrophages and dendritic cells,
leading to a significant increase in lactate production. This
metabolic byproduct not only fuels inflammatory responses but
also specifically modifies the cGAS protein through lactylation. This

post-translational modification alters the conformation of cGAS,
enhancing its stability and preventing its interaction with the
E3 ubiquitin ligase MARCHF5, thereby inhibiting ubiquitin-
mediated proteasomal degradation. Stabilized cGAS continuously
activates the STING signaling axis, amplifying the type I interferon
(IFN-I) response and forming a positive feedback loop of
autoimmune inflammation (Zhang et al., 2024c).

Notably, lactylation demonstrates significant heterogeneity in
different pathological contexts. For example, during porcine
reproductive and respiratory syndrome virus (PRRSV) infection,
the virus induces lactylation at the H3K18 site of the host heat shock
protein HSPA6, enhancing its stability and creating a novel
interaction interface with IKKε kinase. This interaction
competitively inhibits the recruitment of TRAF3 to the signaling
complex, ultimately blocking IRF3 phosphorylation and NF-κB
nuclear translocation. As a result, IFN-β production is
suppressed, facilitating viral immune evasion (Pang et al., 2024).
Further research has revealed that lactylation serves as a crucial
bridge between immune metabolism and epigenetic regulation. The
TLR signaling adapter BCAP activates the PI3K-AKT-mTOR
pathway to drive glycolytic metabolism, generating lactate that
acts as a substrate for histone modification. This mediates

FIGURE 4
Function and Regulatory Mechanisms of the RIG-I Signaling Pathway in Lung Cancer (By figdraw). Retinoic acid-inducible gene I (RIG-I) and its
homolog MDA5 recognize viral RNA or endogenous abnormal RNA,Upon activation, MAVS phosphorylates interferon regulatory factors IRF3/IRF7 and
nuclear factor κB (NF-κB) through TBK1 (TANK-binding kinase 1) and the IKK (IκB kinase) complex, respectively. Once phosphorylated, IRF3/7 translocates
into the nucleus to induce the transcription of type I interferons (IFN-α/β), while NF-κB promotes the release of pro-inflammatory cytokines. In lung
cancer, abnormal regulation of this pathway is closely associated with tumor malignancy and the response to immunotherapy. Specifically,
circNDUFB2 can act as a ligand for RIG-I, activating the RIG-I-MAVS signaling axis, enhancing immune cell infiltration, and exerting anti-tumor effects.
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specific enrichment at the promoter regions of repair-related genes
(e.g., Arg1, Klf4). This epigenetic remodeling alters chromatin
accessibility, promoting the transition of macrophages from a
pro-inflammatory M1 phenotype to a reparative M2 phenotype.
In the absence of BCAP, the disruption of the metabolism-
epigenetics axis leads to decreased lactate production and
reduced histone lactylation levels, hindering tissue repair
processes. However, supplementation with exogenous lactate can
reverse this defect, confirming the central role of lactylation in cell
fate determination (Irizarry-Caro et al., 2020). In tumor immune
microenvironment regulation, a colorectal cancer liver metastasis
(CRLM) model reveals a more complex lactylation network: Lactate
accumulation promoted by intratumoral microbiota (e.g.,
Escherichia coli) induces lactylation at the K852 site of RIG-I,
altering the conformation of its RNA recognition domain and
blocking the assembly of the MAVS signaling complex. This
suppresses NF-κB and IRF3 signaling pathways. Concurrently,
lactylation of the NLRP3 inflammasome inhibits caspase-1
activation, reducing IL-1β and IL-18 secretion. This drives
macrophage M2 polarization, enhances Treg immunosuppressive
function, and inhibits CD8+ T cell cytotoxicity, constructing a multi-
layered immune evasion system (Gu et al., 2024c).

These findings unveil the bidirectional regulatory characteristics
of lactylation in maintaining immune homeostasis, pathogen
defense, and tumor progression and lay a theoretical basis for
precision therapeutic strategies targeting the metabolism-
epigenetics interaction network.

5 Targeting lactylation and its potential
in lung cancer immunotherapy

Lactylation, a post-translational modification driven by lactate,
plays a crucial role in tumor metabolism and the immune
microenvironment (Sui et al., 2025). It potentially influences type
I interferon responses and inflammatory reactions by regulating the
cGAS-STING, TLR, and RIG-I signaling pathways. Drug
development targeting lactylation primarily focuses on three core
aspects: lactate production and transport, lactyltransferases
(Writers), and delactylases (Erasers).

Lactate dehydrogenase (LDH) and monocarboxylate
transporters (MCT) are critical targets for regulating lactate levels
(Hatami et al., 2023). LDH inhibitors, such as FX11 and Gossypol,
significantly lower the intracellular lactate levels and lactylation by
blocking the conversion of pyruvate to lactate, thereby inhibiting
tumor proliferation and metastasis. This effect has been validated in
prostate cancer and triple-negative breast cancer models (Xian et al.,
2015; Mazzio et al., 2021). Meanwhile, MCT1 inhibitor
AZD3965 prevents lactate efflux, reducing lactate accumulation
in the tumor microenvironment (TME), showing antitumor
activity in preclinical models of lung and breast cancer
(Beloueche-Babari et al., 2017).

Lactyltransferases (Writers) and delactylases (Erasers) are direct
regulators of lactylation. p300 and KAT8 are prominent targets in
current research. Inhibitors of p300, such as A-485 and C646, block
lactylation on both histones and non-histone proteins, suppressing
the transcription of tumor-related genes (Yang et al., 2013; Ji et al.,
2022). These inhibitors exhibit significant antitumor effects in

prostate cancer and triple-negative breast cancer models (Yang
et al., 2013; Ji et al., 2022). KAT8 is an emerging target, and its
inhibitors are expected to further expand the regulatory scope of
lactylation (Xie et al., 2024). Conversely, SIRT3 acts as a delactylase
by removing lactylation modifications through an NAD+-dependent
mechanism (Jin et al., 2023). Activators of SIRT3, such as
Nicotinamide Riboside (NR) and Nicotinamide Mononucleotide
(NMN), enhance SIRT3 activity, decrease lactylation levels, and
inhibit liver cancer progression while sensitizing chemotherapy
(Mukherjee et al., 2021; Zhao et al., 2022b).

In terms of cancer immunotherapy, lactylation remodels the
immune microenvironment (TME) to promote immune evasion
(Chen et al., 2025). Lactate-driven lactylation induces regulatory
T cell (Treg) differentiation, promotes tumor-associated
macrophage (M2-type TAM) polarization, and upregulates PD-
L1 expression, inhibiting the activity of CD8+ T cells and NK
cells (Chen et al., 2025). Targeting lactylation offers new
strategies to reverse immune suppression. For instance, LDH
inhibitor or MCT inhibitor AZD3965 reduces lactate levels in the
TME, promoting the transition of TAMs to a pro-inflammatory
M1 phenotype and enhancing T cell cytotoxicity (Chen et al., 2025;
Kes et al., 2020). p300 inhibitor A-485 downregulates PD-L1
expression, reducing immune checkpoint-mediated inhibition
(Liu et al., 2020).

Lactylation exhibits complex regulatory roles in the cGAS-
STING, TLR, and RIG-I signaling pathways. Although the
specific modification sites of lactylation in the cGAS-STING, RIG
and TLR pathways have not been comprehensively elucidated, it has
been reported that lactylation can influences the signaling
transmission of these critical immune pathways by altering
protein conformation, stability, and protein-protein interactions
(Li et al., 2024a; Zhang et al., 2024c; Irizarry-Caro et al., 2020;
Gu et al., 2024c; Liu and Ge, 2024; Wang et al., 2024d).

6 Challenges and personalized
treatment strategies for targeting
lactylation

Lactylation, a post-translational modification driven by lactate,
plays a crucial role in tumor metabolism and immune regulation,
but its levels exhibit significant heterogeneity across different tumor
subtypes and patients. This heterogeneity is primarily influenced by
tumor metabolic patterns, genetic mutations, and the TME (Chen
et al., 2025). First, tumor metabolic patterns significantly influence
lactylation levels (Sui et al., 2025). Tumors with high glycolysis
exhibit higher lactylation levels due to increased lactate
accumulation, which suppresses anti-tumor gene expression
through epigenetic silencing and directly inhibits cGAS activity,
blocking STING-dependent IFN-I signaling. Second, genetic
mutations play a critical role in regulating lactylation levels. For
instance, KRAS mutations enhance glycolysis to increase lactylation
levels leading to reduced IFN-β production (Liu et al., 2023c).
Conversely, IDH1/2 mutations decrease lactylation levels through
metabolic competition, indirectly restoring STING pathway activity.
Additionally, the immune cell composition of TME influences
lactylation levels (Wang et al., 2021). Tumor-associated
macrophages (TAMs) promote lactylation by secreting lactate,
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inhibiting dendritic cells (DCs) from activating STING and secreting
IFN-I, while CD8+ T cells counteract lactylation through IFN-γ
secretion, maintaining immune-metabolic balance (Chen et al.,
2025). However, the precise impact of targeting lactylation on
cGAS-STING, TLR, and RIG-I signaling pathways remains
unclear and requires further investigation.

Despite the promising potential of targeting lactylation in cancer
therapy, multiple challenges remain, including heterogeneity and
bidirectional regulation, biomarker development and application,
and single-cell multi-omics research. Although lactylation inhibits
the cGAS-STING pathway, it may enhance IFN signaling through
other pathways, leading to therapeutic contradictions. Therefore, it
is of great significance to develop spatiotemporal-specific regulatory
strategies (such as designing nanomedicines that target tumor cell
lactylation) and preserve immune cell STING activity in the future.
Additionally, exploring dynamic biomarkers for lactylation and
interferon signaling interactions can help accurately identify
patient populations likely to benefit. Integrating single-cell
metabolomics with innate immune response profiling may
elucidate the immune-metabolic network underlying lactylation
heterogeneity, paving the way for personalized cancer therapy.
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