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ABSTRACT
Background  Hepatocellular carcinoma (HCC) is a 
prevalent malignancy and the third leading cause of 
cancer-related mortality worldwide. Immune checkpoint 
inhibitors (ICIs) have emerged as first-line therapies 
for advanced HCC, substantially improving clinical 
outcomes. However, resistance to ICIs remains a major 
therapeutic challenge. Lactylation, a recently identified 
post-translational modification, has been implicated in 
tumor progression, although its role in ICIs resistance 
in HCC remains unclear.
Methods  Cytotoxicity assays, flow cytometry and 
orthotopic HCC mouse model were used to evaluate 
the effects of lactylation in remodeling the immune 
microenvironment. Chromatin immunoprecipitation 
sequencing and RNA sequencing were employed 
to identify lactylation-regulated gene profiles. 
Programmed cell death-ligand 1 (PD-L1) protein 
degradation was assayed by cycloheximide-chase 
analysis and ubiquitination assay. Interactions 
between major vault protein (MVP) and β-transducin 
repeat-containing protein (β-TrCP) were analyzed by 
co-immunoprecipitation experiments. Site-directed 
mutagenesis and truncation mutants were designed to 
determine binding sites of MVP-β-TrCP complex.
Results  Elevated lactylation correlates with poor 
prognosis and ICIs resistance in patients with 
HCC. Inhibition of lactylation enhances CD8+ T-cell 
infiltration and cytokine production. Multiomics 
analyses identify MVP as a lactylation-regulated factor 
that suppresses CD8+ T cell-mediated antitumor 
immunity. Elevated MVP expression is associated with 
resistance to checkpoint blockade therapy. Mechanistic 
studies reveal that histone lactylation-induced MVP 
upregulation stabilizes PD-L1 by preventing β-TrCP-
mediated proteasomal degradation. Pharmacological 
inhibition of lactylation restores ICIs sensitivity in 
orthotopic HCC mouse models.
Conclusions  Our findings demonstrate that histone 
lactylation promotes ICIs resistance via MVP-dependent 
PD-L1 stabilization. Therefore, targeting lactylation in 
combination with programmed cell death protein-1/PD-
L1 blockade offers a promising strategy to overcome 
immunotherapy resistance in HCC.

INTRODUCTION
Hepatocellular carcinoma (HCC) is one 
of the most prevalent malignancies world-
wide and ranks as the third leading cause of 
cancer-related mortality, with a 5-year survival 
rate of approximately 18%.1 In recent years, 
immune checkpoint inhibitors (ICIs) have 
revolutionized the therapeutic landscape for 
patients with advanced HCC.2 3 However, only 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Lactate accumulation in the immunosuppressive tu-
mor microenvironment is one crucial driver to pro-
mote immune evasion and therapeutic resistance 
to immune checkpoint inhibitors (ICIs). Lactylation 
is a novel lactate-derived post-translational modifi-
cation involved in multiple stages of tumorigenesis. 
However, the exact role of lactylation in hepatocel-
lular carcinoma (HCC) progression, particularly in 
antitumor immunity, remains largely unknown.

WHAT THIS STUDY ADDS
	⇒ High levels of lactylation are correlated with poor 
prognosis and ICIs resistance in patients with HCC. 
Inhibition of lactylation enhances CD8+ cytotox-
ic T lymphocytes-mediated antitumor immunity. 
Mechanistically, H3K18la-induced major vault pro-
tein (MVP) upregulation stabilizes programmed cell 
death-ligand 1 (PD-L1) by preventing β-transducin 
repeat-containing protein (β-TrCP)-mediated prote-
asomal degradation. Pharmacological inhibition of 
lactylation restores ICIs sensitivity in orthotopic HCC 
mouse models.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our findings reveal a novel mechanism of lactate-
induced immune escape as well as the resistance 
of anti-programmed cell death protein-1/PD-L1 
immunotherapy, offering critical insights for the 
development of combinatorial strategies aimed at 
overcoming immunotherapy resistance in HCC.
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fewer than 30% of patients with HCC exhibit a clinical 
response to ICIs due to insufficient immune activation.4 
The heterogeneity and unpredictability of immuno-
therapy resistance mechanisms remain a major obstacle 
in developing effective treatment strategies to overcome 
drug resistance and improve clinical outcomes of patients 
with advanced HCC.

Metabolic reprogramming is recognized as one of 
the essential hallmarks of cancer.5 Increased glucose 
uptake and lactate production by tumor cells create 
an acidic and immunosuppressive microenvironment 
that promotes tumor progression.6–8 Recently, lactate-
derived lactylation of protein has been reported as a 
novel epigenetic modification that directly activates the 
transcription of gene involved in wound healing during 
M1 macrophage polarization.9 The level of lactylation 
is modulated by intracellular lactate concentration in 
a dose-dependent manner.10 Hypoxia, glycolysis and 
exogenous lactate can indirectly promote lactylation. 
Histone deacetylases function as lysine delactylases, 
whereas EP300 serves as a “writer” of lactylation in 
vivo.9 11 Lactylation plays a pivotal role in HCC patho-
genesis. Comprehensive lactylome profiling has shown 
that lactylation primarily impacts enzymes central to 
key metabolic pathways, including the tricarboxylic acid 
cycle, amino acid metabolism, fatty acid metabolism, 
and nucleotide metabolism.12 SIRT3 has been shown to 
delactylate cyclin E2 at K348la, thereby inducing apop-
tosis in HCC.13 Pan et al demonstrated that demethylzey-
lasteral suppressed tumorigenesis of liver cancer stem 
cells by disrupting histone lactylation associated with 
metabolic stress.14 Nonetheless, the exact role of lactyl-
ation in HCC progression, particularly in antitumor 
immunity, remains incompletely understood.

Major vault protein (MVP), the primary structural 
component of cellular ribonucleoprotein particles 
known as vaults, forms large, hollow, barrel-shaped assem-
blies composed of two symmetrical halves.15 16 The vault 
poly (ADP-ribose) polymerase, telomerase-associated 
protein-1, and several small untranslated RNAs are 
accumulated in the internal cavity of vaults.17 Owing to 
their unique structure, vaults are involved in a range of 
biological processes, including proliferation, differenti-
ation, signal transduction, drug resistance, and immune 
response.18–23 However, little is currently known about the 
role of MVP in tumor immunity.

Our study reveals that global lactylation levels are 
elevated in patients with ICIs-resistant HCC and correlate 
with poor clinical outcomes. Histone lactylation upreg-
ulates MVP expression, which suppresses CD8+ T cell-
mediated antitumor immunity by blocking β-transducin 
repeat-containing protein (β-TrCP)-mediated protea-
somal degradation of programmed cell death-ligand 1 
(PD-L1). These findings suggest that co-targeting lactyl-
ation and immune checkpoints may enhance antitumor 
immune responses in HCC. Our findings offer critical 
insights for the development of novel combinatorial strat-
egies aimed at overcoming immunotherapy resistance.

MATERIALS AND METHODS
Patients
Commercially available tissue microarray slides containing 
a total of 79 HCC samples and paired peritumoral 
tissues with clinical information and follow-up data were 
purchased from Outdo Biotech, Shanghai (Cohort 1). 
Ethical approval for the study of tissue microarray slides 
was granted by the Clinical Research Ethics Committee 
of Outdo Biotech. 28 patients with advanced HCC 
diagnosed at the Third Affiliated Hospital of Soochow 
University in 2019–2023 who had previously received 
anti-programmed cell death protein-1 (PD-1)/PD-L1 
treatment were enrolled in this study. Among them, 19 
patients were treated with sintilimab (200 mg, day 1, 
every 3 weeks) and the remaining 9 patients received 
atezolizumab (1,200 mg, day 1, every 3 weeks) treatment. 
All patients were treated with a combination of bevaci-
zumab (15 mg/kg, day 1, every 3 weeks). Treatment was 
continued for at least two courses in the absence of drug 
intolerance. Tumor response was evaluated according 
to Response Evaluation Criteria in Solid Tumors V.1.1 
guidelines. Among 28 patients, 8 of them achieved partial 
response (PR), 9 patients achieved stable disease (SD) 
and the remaining 11 patients were clinically assessed to 
have progressive disease (PD).

Mice
4–5 weeks old male C57BL/6 mice were purchased 
from the Vital River Laboratory (Beijing, China). All 
the mice were housed under specific-pathogen-free 
conditions. All procedures were approved by the Ethics 
Committee of Jiangsu Kerbio Medical Technology 
Group (Ethics approval number: IACUC25-0094). 
Animal suffering was minimized or prevented at all 
times to improve animal welfare.

For the orthotopic liver tumor model, 2×106 Hepa 
1–6 cells stably transfected with luciferase in 20 µL 
of sterile serum-free Dulbecco's Modified Eagle's 
Medium (DMEM) (Cat#C11995500BT, Gibco) were 
injected into the left liver lobe of C57BL/6 mice. The 
tumor volume was calculated as length×width×width/2 
and measured every 3 days. Treatments were started 
when tumors reached a volume of 100–150 mm3. 
For lactate dehydrogenase inhibitor (LDHi) treat-
ment experience, tumor-bearing mice were randomly 
divided into three groups and treated with oxamate 
(Cat#HY-W013032A, MCE, 500 mg/kg, intraperito-
neal injection) or GSK2837808A (Cat#HY-100681, 
MCE, 6 mg/kg, oral) for 2 weeks (n=5), plus an 
untreated control. For in vivo animal studies to verify 
the functions of MVP, MVP-knockout and control 
Hepa 1–6 cells stably transfected with luciferase were 
both seeded at a density of 2×106 in 20 µL serum-free 
DMEM and then injected into the left liver lobe of 
C57BL/6 mice. CD8α monoclonal antibody (mAb) 
(Cat# BP0117, Bio X Cell) or the corresponding IgG2 
isotype (Cat# BP0090, Bio X Cell) was administered 
intraperitoneally every 3 days after the tumor volume 
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reached 100–150 mm3 at a concentration of 100 µg/
mouse (n=5). For combination therapy, 2×106 Hepa 
1–6 cells stably transfected with luciferase in 20 µL 
sterile serum-free DMEM were injected into the left 
liver lobe of C57BL/6 mice to develop orthotopic 
liver tumors. Treatments were initiated when tumors 
reached a volume of 100–150 mm3. Tumor-bearing 
mice were randomly divided into four groups and 
treated with an intraperitoneal injection of anti-PD-1 
mAb (Cat# BE0146, Bio X Cel, 200 µg/mouse i.p.) 
and oxamate (500 mg/kg i.p.), either individually 
or in combination (n=5), plus an untreated control. 
Tumor engraftment was assessed via bioluminescence 
imaging. At the end of the study, tumors were removed 
from the sacrificed mice and divided into two groups. 
Half of the tumors were lysed to obtain a single-cell 
suspension of tumor cells that were analyzed by flow 
cytometry. The remaining half was fixed in neutral 
buffered formalin (Cat# HT501128, Sigma-Aldrich), 
paraffin-embedded and sectioned for additional 
immunohistochemistry (IHC) pathological analysis.

Cell culture
HEK-293T cells, human HCC cells (Hep G2 and 
MHCC97-H), and a murine HCC cell line (Hepa 1–6) 
were obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Cell lines 
were maintained in DMEM supplemented with 10% 
fetal bovine serum (Cat# 10099–141, Gibco) and 1% 
penicillin-streptomycin (Cat# BL505A, Biosharp). 
Cells were cultured in a humidified atmosphere of 
5% carbon dioxide at 37°C. All cells were authenti-
cated by the short tandem repeat method and were 
checked for Mycoplasma contamination every 3 weeks.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism software (V.9.0) and SPSS software (V. 25.0). 
Two-tailed Student’s t-test and one-way analysis of 
variance were applied for calculating statistical 
significance. Survival analysis was performed using 
Kaplan-Meier survival curves, and the comparison 
was performed using the log-rank test (Mantel-Cox 
test). Gene expression correlations were assessed 
using Pearson’s correlation analysis. P value<0.05 was 
considered statistically significant (*p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001). All experiments were 
carried out with three biological replicates, unless 
otherwise indicated, and were presented as mean±SD.

More details of materials and methods are provided in 
online supplemental information.

Data availability statement
All data associated with this study are presented in the 
paper or the online supplemental data. The materials 
supporting the findings of this study are available from 
the corresponding author on reasonable request.

RESULTS
Elevated lactylation level is associated with poor survival and 
ICIs resistance in patients with HCC
Metabolic reprogramming is considered a hallmark of 
cancer and contributes to cancer progression. Gene Set 
Enrichment Analysis demonstrated a significant enrich-
ment of gene signature correlated to glycolysis and lactate 
production in HCC samples (online supplemental figure 
1A-C). Beyond its classical role as a metabolic by-product, 
lactate also serves as a substrate for the post-transcriptional 
modification of proteins. To investigate the clinical signif-
icance of lactylation in HCC, matched tumor and adja-
cent non-tumorous liver tissues were analyzed via IHC. 
The results revealed a significant elevation in global 
lactylation (pan-Kla) levels in HCC tissues compared 
with those in non-tumorous counterparts (figure 1A,B). 
Elevated pan-Kla levels were associated with advanced 
tumor stage, greater lesion number, and increased tumor 
size (figure 1C–E). Notably, patients who eventually devel-
oped SD and PD after anti-PD-1/PD-L1 therapy exhib-
ited significantly higher lactylation levels compared with 
patients achieved PR (figure 1F,G). The response rate of 
anti-PD-1/PD-L1 therapy reduced dramatically in patients 
with high lactylation levels (figure 1H). High global lactyl-
ation levels were also relevant to shorter overall survival 
(OS) (figure  1I,J). To identify specific lactylation loci 
implicated in immunotherapy resistance, we quantified 
the level of lactylation on seven common lysine residues 
in histones. Among these, histone H3 lysine 18 lactyla-
tion (H3K18la) was markedly upregulated in patients 
who did not respond to anti PD-1/PD-L1 therapy (online 
supplemental figure 2A). Similar to pan-Kla, H3K18la was 
upregulated in HCC tissues and positively correlated with 
tumor burden and disease severity (online supplemental 
figure 2B-F). Importantly, high H3K18la levels may 
suggest non-responsiveness to ICIs therapy, with a shorter 
OS in patients with HCC (online supplemental figure 
2G-J). These findings suggested that elevated lactylation 
levels, particularly H3K18la, predicted a more aggressive 
phenotype and may serve as a potential driver of immu-
notherapy resistance in HCC.

Inhibition of lactylation leads to increased infiltration of CD8+ 
T cells with enhanced antitumor activity
Due to the lack of specific inhibitors of lactylation, we 
employed the lactate dehydrogenase inhibitor oxamate 
and GSK2837808A, which were previously reported 
to reduce lactate production and subsequently lower 
lactylation levels.9 To explore the immunomodulatory 
effects of lactylation, naïve T cells were isolated from the 
spleens of C57BL/6 mice, activated with anti-CD3/CD28 
beads, and then co-cultured with HCC cells. The addi-
tion of 10 mM lactate during in vitro culture significantly 
reduced the proportion of CD3+CD8+ T cells relative 
to phosphate-buffered saline-treated controls. Further-
more, lactate suppressed the expression of effector 
molecules, including interferon (IFN)-γ, tumor necrosis 
factor (TNF)-α, and granzyme B (GzmB), in CD8+ T-cells 
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Figure 1  Elevated lactylation levels are associated with poor survival and ICIs resistance in patients with HCC. (A) 
Representative IHC images showing the levels of lactylation in HCC and paracarcinoma liver tissues (scale bar: 50 µm). (B) 
Statistical analysis of relative lactylation levels in 79 paired HCC and paracarcinoma liver tissues. (C–E) Relative lactylation 
levels in 79 HCC tissues classified according to the clinical stage (C), tumor number (D), and tumor size (E). (F) Representative 
IHC images showing different levels of lactylation in six patients with HCC treated with anti-PD-1/PD-L1 (scale bar: 50 µm). 
(G) Statistical analysis of relative lactylation levels in 28 patients with HCC treated with anti-PD-1/PD-L1. (H) Percentage of 
patients with HCC with PR or SD/PD after anti-PD-1/PD-L1 treatment in the low-lactylation or high-lactylation groups. (I) Two 
representative IHC images showing different levels of lactylation in human HCC tissues (scale bar: 50 µm). (J) Overall survival 
in patients with HCC with low or high lactylation levels was analyzed by Kaplan-Meier plots. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. p<0.05 was considered statistically significant. HCC, hepatocellular carcinoma; ICIs, immune checkpoint inhibitors; 
PD, progressive disease; PD-1, programmed cell death protein-1; PD-L1, programmed cell death-ligand 1; PR, partial response; 
SD, stable disease.
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(online supplemental figure 3A). In order to correct for 
pH-related effects on cell culture, we standardized the pH 
to 7.5 using NaOH in the lactate-treated groups. Despite 
this adjustment, the decline in CD8+ T-cell subset and 
cytokine production persisted, supporting a pH-indepen-
dent immunosuppressive role for lactate (online supple-
mental figure 3A). LDHi treatment modestly increased 
CD8+ T-cell proportions and cytokine secretion in vitro, 
although the differences were not statistically significant 
(online supplemental figure 3B). Conversely, supplemen-
tation of pyruvate slightly reduced the CD3+CD8+ T-cell 
subset and cytokine production by elevating lactate levels, 
which could be partially rescued by co-administration of 
LDHi (online supplemental figure 3B).

We next established an orthotopic liver cancer model 
in C57BL/6 mice using the Hepa 1–6 cell line. LDHi 
treatment was initiated on day 14 following the inocula-
tion and the mice were euthanized by day 30. At the end 
of the observation, the tumors were collected, and used 
for IHC analysis or for flow cytometry assay (figure 2A). 
Fluorescence living imaging showed the LDHi-treated 
tumors had a dramatically less vigorous fluorescence 
intensity than the control tumors (figure 2B,C). In line 
with these results, tumor weight was found to be lower in 
the treated group (figure 2D). LDHi treatment also mark-
edly lowered lactate concentrations within the tumor 
microenvironment (TME) (figure  2E). Flow cytometric 
analysis was performed to investigate the immunological 
impact of LDHi. Notably, although LDHi had no discern-
ible effect on the proportion of CD8+ T-cell subsets in 
vitro, it significantly increased the infiltration of CD8+ T 
cells within the TME in vivo, suggesting an enhanced anti-
tumor immune response (figure 2F–H). We further eval-
uated the effect of LDHi on key effector cytokines, IFN-γ 
and TNF-α, which are critical for T-cell function. Flow 
cytometry confirmed a significant accumulation of IFN-γ+ 
and TNF-α+ CD8+ T cells after LDHi treatment compared 
with controls (figure  2I). Analysis of immune check-
point molecules expression showed that LDHi treatment 
decreased the proportion of PD-1+ and TIM-3+ CD8+ T 
cells, while CTLA-4+ CD8+ T cells exhibited a modest 
increase (figure  2J). The attenuated lactylation and 
increased CD8+ T-cell infiltration in LDHi-treated tumors 
were further verified by IHC (figure 2K,L). Collectively, 
our findings demonstrate that LDHi enhances CD8+ T 
cell-mediated antitumor activity by reducing lactylation 
levels in the TME.

H3K18la regulates the transcription of MVP
To investigate the role of lactylation in HCC tumori-
genesis, RNA sequencing (RNA-seq) was performed on 
human HCC cells following the treatment with LDHi 
(figure  3A). Functional enrichment analysis showed 
that differentially expressed genes were predominantly 
associated with cytokine signaling, cell adhesion and 
metabolic pathways (figure 3B). To further explore the 
epigenetic landscape regulated by lactylation, chro-
matin immunoprecipitation followed by sequencing 

(ChIP-seq) was conducted using pan-Kla antibody. Kyoto 
Encyclopedia of Genes and Genomes analysis demon-
strated that genes with lactylation-enriched promoters 
were significantly involved in metabolic regulation, cell 
adhesion, and chemokine/cytokine signaling pathways 
(figure  3C). Integrative analysis of ChIP-seq and RNA-
seq datasets identified four lactylation-regulated genes 
that were highly expressed in HCC (figure 3D). Among 
these, MVP emerged as one of the most remarkably 
downregulated genes on glycolysis inhibition (figure 3E). 
Previous studies have demonstrated that MVP is the key 
component of ribonucleoprotein complexes known as 
vaults. MVP participates in multiple cellular processes, 
including nucleocytoplasmic transport, signal transduc-
tion, drug resistance, cell differentiation, and immune 
responses.24 We therefore focused further investigation 
on MVP. ChIP-seq analysis revealed a marked enrichment 
of lactylation signals at the MVP promoter (online supple-
mental figure 4A). Moreover, RNA-seq analysis from the 
Cancer Genome Atlas (TCGA) database showed a posi-
tive correlation between MVP expression and key glyco-
lytic regulators—LDHA, LDHB, and SLC16A3 (online 
supplemental figure 4B-D). The positive correlation 
between lactylation levels and MVP expression was vali-
dated by histopathological analysis of patients with HCC 
(online supplemental figure 4E and F). TCGA database 
analysis also indicated that MVP expression was higher 
in tumor tissues compared with adjacent normal tissues 
(figure 3F). Patients with high MVP expression exhibited 
shorter OS compared with those with lower MVP expres-
sion (figure 3G). A similar trend was observed in another 
independent patient cohort (figure 3H,I). More impor-
tantly, patients who developed SD and PD after anti-PD-1/
PD-L1 therapy exhibited significantly higher MVP expres-
sion compared with patients achieved PR (figure 3J). The 
response rate of anti-PD-1/PD-L1 therapy showed a reduc-
tion in patients with high MVP expression, suggesting a 
potential immunomodulatory role of MVP (figure 3K).

To elucidate the regulatory effects of lactylation on MVP 
expression, ChIP-quantitative PCR (qPCR) was employed 
to confirm enrichment of the MVP promoter in the DNA 
precipitated with the pan-Kla antibody, with particular 
emphasis on H3K18la-modified fragments (figure 4A–B). 
Similar enrichment patterns were observed in DNA 
precipitated with anti-EP300, a known “writer” of histone 
lactylation (figure  4C). ChIP-qPCR analysis further 
showed that LDHi treatment significantly reduced the 
binding of both H3K18la and EP300 at the MVP promoter 
(figure  4D,E). Detailed mapping of histone lactylation 
sites revealed strong H3K18la enrichment within the −995 
to −1,501 nt region upstream of the MVP transcription 
start site, which was markedly diminished on LDHi treat-
ment (figure 4F,G). As anticipated, LDHi treatment led 
to a significant reduction in both MVP messenger RNA 
(mRNA) and protein levels (figure  4H,I). In contrast, 
treatment with rotenone—a mitochondrial complex I 
inhibitor, enhanced MVP expression by inducing glycol-
ysis (figure  4J). MVP upregulation was also observed 
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under hypoxic conditions, coinciding with increased 
expression of HIF-1α, MCT4, LDHA, and LDHB (online 
supplemental figure 4G). Furthermore, silencing EP300 
via siRNA reduced both H3K18la and MVP protein levels, 
and abrogated lactate-induced MVP upregulation (online 
supplemental figure 4H and I). mRNA stability assays 
demonstrated that glycolysis inhibition did not affect the 
mRNA stability of MVP, suggesting transcriptional regu-
lation as the primary mechanism (online supplemental 

figure 4J). Dual-luciferase reporter assay confirmed that 
lactate supplementation significantly increased MVP 
promoter activity, which was abolished by EP300 knock-
down (online supplemental figure 4K). Conversely, LDHi 
attenuated the activity of the MVP promoter, which was 
reversed by exogenous lactate (online supplemental 
figure 4L). Taken together, these results suggest that 
lactate-induced H3K18la promotes MVP transcription 
through enhanced binding at its promoter.

Figure 2  Inhibition of lactylation leads to increased infiltration of CD8+ T cells with enhanced antitumor activity. (A) Schematic 
diagram of animal experiments. (B) Representative fluorescence images of orthotopic HCC models in control and LDHi-
treated group. (C) Relative radiance units in control and LDHi-treated group (n=5). (D) Weight of tumors was measured at the 
endpoint (n=5). (E) Lactate concentrations in TME of three groups of mice. (F–G) Subpopulations of immune cells in the TME 
were identified through flow cytometric analysis. (H) T-cell subclusters were analyzed throughflow cytometry. (I) Percentage of 
effector CD8+ T cells was evaluated through flow cytometry. (J) Expression of immune checkpoint molecules on CD8+ T cell was 
analyzed through flow cytometry. (K–L) Representative IHC images of lactylation (K) and tumor-infiltrating CD8+ lymphocytes 
(L) in the three groups (scale bar: 100 µm). *p<0.05, **p<0.01, ***p<0.001. p<0.05 was considered statistically significant. 
CTLA-4, cytotoxic T lymphocyte-associated protein 4; GzmB, granzyme B; HCC, hepatocellular carcinoma; IFN, interferon; 
IHC, immunohistochemistry; i.p.,intraperitoneal injection; LAG-3, lymphocyte activation gene-3; LDHi, lactate dehydrogenase 
inhibitor; MDSCs, myeloid-derived suppressor cells; NK, natural killer; PD-1, programmed cell death protein-1; TIGIT, T cell 
immunoreceptor with immunoglobulin and tyrosine-based inhibitory motif (ITIM) domain; TIM-3, T cell immunoglobulin and 
mucin-domain-containing-3; TME, tumor microenvironment; TNF, tumor necrosis factor; t-SNE,t-distributed stochastic neighbor 
embedding.
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Figure 3  MVP is a downstream effector of histone lactylation. (A) Global lactylation and H3K18la levels were detected in Hep 
G2 (left) and MHCC97-H (right) cells after cultured in different concentrations of LDHi for 48 hours. (B) KEGG analysis of Hep 
G2 treated with LDHi. (C) KEGG analysis of lactylation-rich peaks after ChIP. (D) Workflow of selecting lactylation-regulated 
genes. (E) Volcano plot showed differentially-expressed genes after treatment with LDHi. Blue arrowhead indicated MVP. (F, H) 
Relative MVP expression in HCC tissues and normal liver tissues in LIHC (F) and Cohort 1 (H). (G, I) Overall survival of patients 
with HCC with low and high MVP expression was analyzed by Kaplan-Meier plots in LIHC (G) and Cohort 1 (I). (J) Relative 
MVP expression in 28 patients with HCC treated with anti-PD-1/PD-L1. (K) Percentage of patients with HCC with PR or SD/PD 
after anti-PD-1/PD-L1 treatment in the low-MVP or high-MVP expression groups. *p<0.05, **p<0.01, ***p<0.001. p<0.05 was 
considered statistically significant. ChIP-seq, chromatin immunoprecipitation followed by sequencing; FDR, false discovery rate; 
HCC, hepatocellular carcinoma; ICIs, immune checkpoint inhibitors; KEGG, kyoto encyclopedia of genes and genomes; LDHi, 
lactate dehydrogenase inhibitor; LIHC,Liver hepatocellular carcinoma; MVP, major vault protein; PD, progressive disease; PD-1, 
programmed cell death protein-1; PD-L1, programmed cell death-ligand 1; PR, partial response; RNA-seq, RNA sequencing; 
SD, stable disease.
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MVP attenuates CD8+ T cell-mediated antitumor immunity in 
HCC
Although MVP is known to contribute to tumor progres-
sion and therapeutic resistance, its role in the TME 
remains poorly defined. We generated knockout cell lines 
of MVP in Hep G2 and Hepa 1–6 cells (figure 5A). To assess 
the impact of MVP on T-cell function, an in vitro T cell-
mediated killing assay was performed, in which HCC cells 
were co-cultured with activated T cells at a 1:5 ratio. The 
results showed that T cells co-cultured with MVP-knockout 
HCC cells exhibited enhanced cytotoxicity, resulting in 
increased tumor cell apoptosis (figure 5B–E). Conversely, 
MVP-overexpressing HCC cells displayed resistance to T 
cell-mediated killing, highlighting MVP’s potential role 
in suppressing antitumor immunity (figure 5D,E). Given 
our previous findings that lactate-induced lactylation 
regulated immune responses through CD8+ T cells, we 

proceeded to explore whether the immunosuppressive 
effects of MVP were mediated through this subset. Hepa 
1–6 cells carrying luciferase reporters were orthotopically 
inoculated into C57BL/6 mice, with or without anti-CD8 
monoclonal antibody administration. Compared with 
controls, MVP depletion significantly inhibited tumor 
growth and prolonged the survival of tumor-bearing mice 
(figure 5F–H). As anticipated, MVP knockout increased 
CD8+ T-cell infiltration in the TME (figure 5I). Moreover, 
MVP-deficient HCC increased the proportion of IFN-γ+, 
GzmB+, TNF-α+ and perforin+CD8+ T-cell subsets, indi-
cating enhanced cytotoxic T-cell function (figure 5J–M). 
Correspondingly, TNF-α and IFN-γ concentrations were 
elevated in the TME of MVP-knockout mice (figure 5N). 
However, in CD8+ T cell-depleted mice, MVP knockout 
failed to affect tumor burden or survival, and CD8+ T-cell 
subset proportions remained unchanged, confirming 

Figure 4  H3K18la activates transcription of MVP. (A–C) DNA fragments from Hep G2 and MHCC97-H cells were 
immunoprecipitated with pan-lactylation (A), H3K18la (B) and EP300 (C) antibodies and then analyzed by qPCR. (D–E) ChIP-
qPCR analysis of H3K18la (D) and EP300 (E) enrichment at the promoter of MVP in Hep G2 and MHCC97-H cells after 
treatment with LDHi. (F) ChIP-qPCR assay of H3K18la enrichment at the indicated region of the MVP promoter in Hep G2 
and MHCC97-H cells. (G) ChIP-qPCR analysis of H3K18la enrichment at the indicated region of the MVP promoter in Hep G2 
and MHCC97-H cells after treatment with LDHi. (H–J) Relative expression of MVP was detected in Hep G2 and MHCC97-H 
cells after treatment with different concentrations of oxamate (H), GSK2937808A (I) and rotenone (J). *p<0.05, **p<0.01, 
***p<0.001,****p<0.0001. p<0.05 was considered statistically significant. ChIP, chromatin immunoprecipitation; LDHi, lactate 
dehydrogenase inhibitor; MVP, major vault protein; mRNA, messenger RNA; qPCR, quantitative PCR.
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Figure 5  MVP attenuates CD8+ T cell-mediated antitumor immunity in HCC. (A) Western blot verified almost disappeared MVP 
expression in MVP-KO HCC cells. (B–C) Results of the T cell-mediated cancer cell-killing assay. Control or MVP-knockout HCC 
cells were co-cultured with activated T cells for 48 hours and stained with crystal violet. The ratio of tumor cells to T cells was 
1:5. Representative images of live cells were shown (B) and further quantified (C). (D–E) Percentage of apoptotic HCC cells in 
each group after co-cultured with activated T cells for 48 hours and stained with PI, analyzed by flow cytometry. The ratio of 
tumor cells to T cells was 1:5. (F) Representative fluorescence images of mice in each group. (G) Weight of orthotopic tumor 
in each group (n=5). (H) Survival of mice in each group assessed by Kaplan-Meier survival curves with log-rank test (n=5). (I) 
Proportion of intratumor CD8+ T cells was analyzed by flow cytometry. (J–M) Flow cytometric analysis of the IFN-γ+ (J), GzmB+ 
(K), TNF-α+ (L), and perforin+ (M) CD8+ TILs from control and MVP-KO orthotopic models. (N) TNF-α and IFN-γ concentrations in 
the control and MVP-KO orthotopic models. (O–P) Representative images of tumor-infiltrating CD8+ lymphocytes (O) and PD-L1 
expression (P) in the control and MVP-KO orthotopic models analyzed by immunohistochemistry (scale bar: 100 µm). *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. p<0.05 was considered statistically significant. FOV, field of view; GzmB, granzyme B; HCC, 
hepatocellular carcinoma; IFN, interferon; KO, knock out; MVP, major vault protein; PD-L1, programmed cell death-ligand 1; 
TILs, tumor infiltrating lymphocytes; TNF, tumor necrosis factor.
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that MVP exerts its immunosuppressive effect primarily by 
inhibiting CD8+ T-cell activity (figure 5F–M). These find-
ings were further corroborated by IHC analysis showing 
increased CD8+ T-cell infiltration in the MVP-deficient 
group (figure  5O). Given the critical role of immune 
checkpoint molecules in regulating T-cell function, we 
next assessed their expression following MVP depletion. 
IHC revealed a significant downregulation of PD-L1 in 
the TME of MVP-deficient tumors, suggesting that MVP 
may influence T-cell activity by modulating PD-L1 expres-
sion (figure 5P).

MVP inhibits ubiquitination-mediated proteasomal 
degradation of PD-L1
In order to elucidate the mechanisms by which MVP 
affects T-cell function, we evaluated PD-L1 expression 
in HCC cells with either MVP knockout or overexpres-
sion. MVP depletion reduced the expression of PD-L1 
in HCC cells, whereas overexpression of MVP led to the 
upregulation of PD-L1 (figure 6A,B). Besides, a positive 
correlation between MVP and PD-L1 protein levels was 
observed in HCC samples, analyzed by western blot and 
IHC (online supplemental figure 5A and B). Notably, 
CD274 mRNA levels remained unchanged after MVP 
modulation, indicating that MVP regulated PD-L1 expres-
sion at the post-transcriptional level (figure  6C). Treat-
ment with the proteasome inhibitor MG132 rescued 
PD-L1 protein levels in MVP-deficient cells, implying that 
MVP modulated PD-L1 levels via ubiquitination-mediated 
proteasomal degradation (figure  6D). Supporting this, 
PD-L1 protein displayed a shorter half-life in MVP-knock 
out HCC cells compared with controls, which could be 
rescued by MG132 treatment (figure  6E,F). Conversely, 
MVP overexpression extended the half-life of PD-L1 
(figure 6G). Elevated PD-L1 ubiquitination was detected 
in MVP-depleted cells (figure  6H). Additionally, loss of 
MVP abolished lactate-induced PD-L1 upregulation, 
implicating MVP as a mediator of lactate-driven PD-L1 
stabilization (online supplemental figure 5C). In conclu-
sion, our data confirmed that lactylation-induced MVP 
upregulation inhibited the ubiquitination-mediated 
proteasomal degradation of PD-L1.

MVP inhibits ubiquitination-mediated proteasomal 
degradation of PD-L1 through competitively binding with 
β-TrCP
To elucidate the mechanism underlying MVP-mediated 
stabilization of PD-L1, we conducted co-immunopre-
cipitation (co-IP) experiments followed by mass spec-
trometry. After excluding non-specific IgG-binding 
proteins, 76 proteins were identified to interact with 
MVP. Among these, β-TrCP—a known E3 ubiquitin 
ligase involved in PD-L1 degradation—was of partic-
ular interest25 26 (figure  7A). The physical interaction 
between MVP and β-TrCP proteins was further confirmed 
by co-IP (figure  7B,C). Immunofluorescence staining 
demonstrated cytoplasmic co-localization of endoge-
nously expressed β-TrCP and MVP (figure 7D). Previous 

structural studies have shown that each MVP monomer 
folds into 12 domains—comprising 9 structural repeats, 
a shoulder domain, a cap-helix domain, and a cap-ring 
domain. Interactions between the 42-turn-long cap-
helix domains are key to stabilizing the vault particle.27 
To determine the β-TrCP-binding domain within MVP, 
we employed computational modeling of the β-TrCP–
MVP interaction. β-TrCP structure extracted from 
the Protein Data Bank (PDB 6TTU) was docked onto 
an MVP chain derived from the vault crystal struc-
ture (PDB 4HL8) using a blind docking method. The 
results showed that the MVP–β-TrCP complex predom-
inantly interacts through the cap-helix domain of MVP 
(Ala622-Leu802) (online supplemental figure 6A). Co-IP 
assays further confirmed that deletion of the residues 
Ala622-Lys674 within MVP sequence markedly reduced 
MVP–β-TrCP binding (online supplemental figure 6B 
and C). Notably, PD-L1 harbors a conserved β-TrCP 
recognition motif (D/LSGXXS), suggesting its involve-
ment in MVP-mediated PD-L1 degradation (figure 7E). 
To further explore this, we generated a PD-L1 S176A 
mutant construct and assessed the degradation kinetics 
of Flag-PD-L1-WT and Flag-PD-L1-S176A using cyclohex-
imide chase assays. As shown in the results, the S176A 
mutation significantly extended the half-life of the PD-L1 
protein (figure 7F,G). Ubiquitination conjugation assay 
confirmed that the S176A variant remarkably inhibited 
the ubiquitination of PD-L1 relative to the wild-type 
(figure  7H). Moreover, mutation of PD-L1 S176A also 
weakened its binding with β-TrCP (figure  7I). Further 
analyses revealed that MVP overexpression did not affect 
β-TrCP mRNA or protein levels (figure  7J). However, 
the overexpression of MVP rescued the inhibitory effect 
of β-TrCP on PD-L1 (figure  7K,L). Conversely, β-TrCP 
knockout rescued the decline of PD-L1 caused by MVP 
depletion, indicating that MVP regulated PD-L1 expres-
sion through β-TrCP-mediated proteasomal degrada-
tion (figure  7M). Competitive binding assays showed 
that MVP overexpression hinders the binding of β-TrCP 
to PD-L1 (figure  7N,O). Moreover, MVP rescued the 
increased ubiquitination level of PD-L1 caused by β-TrCP 
overexpression (figure 7P). To further validate the role of 
Ala622–Lys674 region of MVP in regulating PD-L1 stability, 
we performed a protein stability assay of PD-L1 after 
overexpressing truncated MVP removing amino acids 
622–674. Our results confirmed that the wild-type MVP, 
but not the truncated MVP, rescued the shortened half-
life of PD-L1 caused by MVP knockout (online supple-
mental figure 6D and E). Besides, truncated MVP also 
failed to rescue the increased ubiquitination of PD-L1 
in MVP-KO HCC cells, indicating Ala622–Lys674 region is 
necessary for MVP function in PD-L1 regulatory mecha-
nism (online supplemental figure 6F).In summary, our 
findings demonstrated that MVP stabilizes PD-L1 by 
competitively inhibiting β-TrCP-mediated degradation.
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Figure 6  MVP inhibits ubiquitination-mediated proteasomal degradation of PD-L1. (A–B) Western blot (A) and flow cytometric 
analyses (B) of PD-L1 expression in HCC cell lines after MVP knockout or overexpression. (C) mRNA level of CD274 was 
assessed through qRT-PCR in HCC cell lines after MVP knockout or overexpression. (D) Western blot analysis of PD-L1 
expression in MVP knockout HCC cells after treatment with MG132 (100 µM, 24 hours). (E) Stability analysis of the PD-L1 
protein in control and MVP-KO HCC cells treated with CHX (20 µg/mL). (F) Statistical quantitation of the PD-L1 protein intensity 
in control and MVP-KO HCC cells treatment with CHX (20 µg/mL). (G) Stability analysis of PD-L1 protein in control and MVP 
overexpression HCC cells treated with CHX (20 µg/mL). (H) Ubiquitination assay of PD-L1 in MVP knockout cells after treatment 
with MG132 (100 µM, 24 hours). CHX, cycloheximide; HCC, hepatocellular carcinoma; KO, knock out; MVP, major vault protein; 
mRNA, messenger RNA; PD-L1, programmed cell death-ligand 1; qRT-PCR, quantitative reverse-transcription polymerase chain 
reaction.



12 Liu S, et al. J Immunother Cancer 2025;13:e012230. doi:10.1136/jitc-2025-012230

Open access�

Figure 7  MVP inhibits ubiquitination-mediated proteasomal degradation of PD-L1 through competitively binding with β-TrCP. 
(A) Co-IP assay conducted using anti-MVP. Samples were separated by silver staining followed by mass spectroscopy. The 
black arrow indicated β-TrCP. (B–C) Interaction between MVP and β-TrCP was confirmed by co-IP assay followed by western 
blot. (D) Immunofluorescence image of endogenous MVP and β-TrCP proteins in Hep G2 cells (scale bar: 20 µm). (E) Sequence 
alignment of PD-L1 protein in mammalian species. Amino acid residue at S176 is conserved across different mammalian 
species. (F) Stability analysis of wild-type flag-PD-L1 protein and flag-PD-L1 mutants (S176A) after treatment with CHX (20 µg/
mL). (G) Statistical quantitation of the degradation rate of wild-type PD-L1 and PD-L1 mutants (S176A) after treatment with 
CHX (20 µg/mL). (H) In vitro ubiquitin conjugation assay comparing the extent of ubiquitination of wild-type PD-L1 and PD-L1 
mutants (S176A) with or without MVP overexpression in HEK-293T cells. (I) Interaction between β-TrCP and wild-type flag-
PD-L1 protein or flag-PD-L1 mutants (S176A) was confirmed by co-IP assay followed by western blot. (J) Expression level of 
β-TrCP messenger RNA and protein in hepatocellular carcinoma cell lines after MVP overexpression. (K) Western blot analysis 
showing the effect of MVP and/or β-TrCP ectopic overexpression on PD-L1 expression in Hep G2 and MHCC97-H cells. (L) 
Statistical quantitation of PD-L1 protein after MVP and/or β-TrCP ectopic overexpression in Hep G2 and MHCC97-H cells. (M) 
Western blot analysis showing the effect of MVP and/or β-TrCP knockout on PD-L1 expression in Hep G2 and MHCC97-H cells. 
(N) Co-IP assay showing the competition of MVP with PD-L1 for binding to β-TrCP. (O) Co-IP assay showed β-TrCP protein level 
precipitated by PD-L1 after ectopic MVP overexpression. (P) In vitro ubiquitin conjugation assay showing reduced ubiquitination 
of PD-L1 when MVP competed with PD-L1 for binding to β-TrCP. **p<0.01, ***p<0.001, ****p<0.0001. p<0.05 was considered 
statistically significant. β-TrCP, β-transducin repeat-containing protein; CHX, cycloheximide; co-IP, co-immunoprecipitation; 
DAPI, 4',6-diamidino-2-phenylindole; KD, kiloDalton; MVP, major vault protein; PD-L1, programmed cell death-ligand 1.
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Inhibition of lactylation enhances the antitumor effects of 
anti-PD-1 immunotherapy in HCC
Given that MVP regulated the stability of PD-L1 protein, 
we hypothesized that targeting MVP could enhance the 
therapeutic efficacy of anti-PD-1 immunotherapy. As 
expected, MVP knockdown combined with anti-PD-1 treat-
ment significantly enhanced T cell-mediated cytotoxicity 
in vitro compared with anti-PD-1 monotherapy, leading to 

increased apoptosis of HCC cells in the co-culture system 
(online supplemental figure 7A-D). To further evaluate 
this strategy in vivo, we established an orthotopic HCC 
model by injecting luciferase-labeled Hepa 1–6 cells into 
the livers of C57BL/6 mice. The mice were then treated 
with LDHi, anti-PD-1 antibody, or their combination, 
according to the experimental design (figure 8A). Tumors 
in the combination therapy group had a dramatically less 

Figure 8  Inhibition of lactylation enhances the antitumor effects of anti-PD-1 immunotherapy in HCC. (A) Schematic diagram 
of animal experiments. (B) Representative fluorescence images of orthotopic HCC models in each group. (C) Representative 
images of tumors after dissection (scale bars: 5 mm). (D) Weight of orthotopic tumor in each group (n=5). (E) Survival of mice 
in each group assessed by Kaplan-Meier survival curves using the log-rank test (n=5). (F) Body weight of mice among the 
groups (n=5). (G–H) Intratumor CD8+ T cells were analyzed by IHC staining (G) and flow cytometry (H) (n=5). (I) Flow cytometric 
analysis of the IFN-γ+, TNF-α+, GzmB+ and perforin+ CD8+ TILs in the orthotopic tumor in each group (n=5). (J) Representative 
IHC staining images of CD8, granzyme B, and PD-L1 from the four groups (scale bars: 100 µm). *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. p<0.05 was considered statistically significant. FACS, fluorescence-activated cell sorting; GzmB, granzyme 
B; HCC, hepatocellular carcinoma; IFN, interferon; IHC, immunohistochemistry; i.p., intraperitoneal injection; LDHi, lactate 
dehydrogenase inhibitor; mAb, monoclonal antibody; NC, negative control; PD-1, programmed cell death protein-1; PD-L1, 
programmed cell death-ligand 1; TNF, tumor necrosis factor.

https://dx.doi.org/10.1136/jitc-2025-012230
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vigorous fluorescence intensity than the monotherapy 
groups, with smaller tumor volumes and lighter tumor 
weights (figure 8B–D). The mice that received combina-
tion treatment also displayed better survival than those 
in the other groups (figure 8E). No notable weight loss 
was detected with the combination treatment (figure 8F). 
Flow cytometric analysis illustrated a notable increase of 
intratumoral CD8+ T-cell infiltration following the combi-
nation therapy, alongside elevated expression of effector 
molecules including IFN-γ, TNF-α, GzmB, and perforin, 
indicating enhanced cytotoxic T-cell activity (figure 8H,I). 
The increase in the quantity and activation of CD8+ T 
cells was further validated by IHC (figure 8G and J). We 
also evaluated the side effects of combination therapy. 
Blood samples were collected on day 15 after treatment 
for hematological and biochemical profiling, including 
liver function (alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), total bilirubin (TBIL)) and 
renal function (blood urea nitrogen (BUN), creatinine 
(CREA)) markers. As our results showed, no statistically 
significant differences were observed in liver enzymes, 
kidney function and hematologic toxicity between two 
groups, supporting the safety of the combination regimen 
(online supplemental table 2). To further assess possible 
systemic toxicity, the major organs were harvested for 
histological analysis through H&E staining. As shown in 
the result, no significant pathological changes were found 
in the heart, brain, liver, lung, spleen, or kidney tissues by 
histological examination, indicating no notable toxicity 
in the combination group (online supplemental figure 
8A). Overall, our results demonstrated that co-targeting 
lactylation and PD-1 enhanced the immunotherapeutic 
antitumor response with acceptable side effects in HCC.

DISCUSSION
Immunotherapy represents a major breakthrough in the 
treatment of advanced HCC, improving both OS and 
quality of life. Nonetheless, the modest response rates 
and frequent development of resistance to ICIs impede its 
efficacy and clinical applicability. A major challenge lies 
in the metabolically hostile TME, which is characterized 
by acidity, hypoxia, and ischemia. The immunoregulatory 
role of lactate has been increasingly recognized, linking 
metabolic rearrangements firmly to the tumor immunity. 
Persistently elevated lactate concentrations contribute 
to the formation of an immunosuppressive TME. While 
previous research has primarily focused on lactate’s role 
as an energy substrate and signaling molecule in immune 
regulation, recent studies have uncovered its involvement 
in epigenetic modulation via histone lactylation, offering 
new perspectives on lactate-driven immunosuppres-
sion. Our research has demonstrated elevated levels of 
histone lactylation in patients with HCC resistant to ICIs, 
correlating with poor survival outcomes. Patients who 
later developed PD displayed higher lactylation levels 
than those who achieved SD, suggesting an inverse rela-
tionship between histone lactylation and immunotherapy 

efficacy. Furthermore, MVP was identified as a down-
stream effector of H3K18la, with increased expression in 
patients who developed SD and PD following PD-1/PD-L1 
treatment. These results suggest that MVP may serve 
as a potential biomarker for predicting the efficacy of 
tumor immunotherapy. Mechanistically, H3K18la-driven 
upregulation of MVP attenuates CD8+ T cell-mediated 
antitumor immunity by inhibiting the ubiquitination-
mediated proteasomal degradation of PD-L1.

Post-translational modifications of histones—such as 
methylation, acetylation, ubiquitination, phosphorylation, 
and other less common modifications—play important 
roles in DNA-related processes including transcription, 
replication, and repair.28 These modifications maintain the 
balance between transcriptional activation and repression 
of genes, thus governing gene expression and regulating 
biological outcomes. Disruption of this balance leads to 
dysregulation of chromatin structure and gene expression 
patterns, contributing to malignant transformation and 
therapeutic resistance. Lactylation, a recently identified 
post-translational modification, has emerged as a key regu-
lator of drug resistance in cancer. For example, lactylation 
of NBS1 promotes homologous recombination-mediated 
DNA repair and contributes to chemoresistance in cancer.29 
In colorectal cancer, patients resistant to bevacizumab 
exhibit elevated histone lactylation, while pharmacologic 
inhibition of this modification suppresses tumorigenesis and 
progression.30 H3K18la-driven transcription factors YBX1 
and YY1 promote cisplatin resistance in bladder cancer.31 In 
this study, we demonstrated that elevated histone lactylation 
is associated with poor clinical outcomes in patients with 
HCC treated with ICIs. Inhibition of lactylation enhanced 
CD8+ T-cell infiltration and augmented antitumor activity 
in TME. Notably, this inhibition also led to a decrease in 
natural killer (NK) cell infiltration, which may potentially 
hamper the antitumor immune responses. However, tumor 
metastases were not more pronounced following treat-
ment with LDHi, suggesting that the decrease in NK cells 
was insufficient to drive distant dissemination. This could 
be attributed to LDHi-induced remodeling of the TME 
toward a cytotoxic, rather than immunosuppressive pheno-
type. To explore the mechanisms underlying this observa-
tion, we re-analyzed RNA-seq data from human HCC cell 
lines treated with LDHi. We identified reduced expression 
of several chemokines involved in localization of NK cells, 
including CCL2, CCL5, and CCL7. The observed changes 
in the tumor’s chemokine profile induced by LDHi may 
be partly responsible for diminished NK cell infiltration in 
the TME. However, given that current evidence is limited 
to in vitro analyses, further in vivo validation is warranted. 
Besides, we also observed a mild but not statistically signif-
icant increase of monocyte/macrophage subsets after 
oxamate treatment. Collectively, our findings provide a 
novel strategy of combining lactylation inhibitors with ICIs 
to improve the clinical efficacy of immunotherapy in HCC.

Multiomics analyses have identified MVP as a down-
stream effector of histone lactylation. MVP has attracted a 
great deal of attention from researchers in recent years due 
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to its multifaceted roles in cancer biology.32–35 Beyond its 
established function in mediating drug resistance, MVP also 
participates in immune regulation and surveillance. It acts 
as a molecular sentinel in inflammation-driven processes, 
such as TRAIL-mediated apoptotic signaling.36 In prostate 
cancer, a study involving 119 patients reported a positive 
correlation between MVP and the immune checkpoint 
molecule B7-H3, highlighting MVP’s key role in cancer 
immunoregulation.37 Additionally, MVP serves as a scaf-
fold for multimolecular complexes and regulates exosomal 
cargo loading. For instance, MVP facilitates the incorpora-
tion of miR-193a into exosomes, promoting colon cancer 
growth and metastasis.38 39 In our study, we revealed that 
H3K18la upregulates MVP, which in turn attenuates CD8+ 
T cell-mediated antitumor immunity by stabilizing PD-L1. 
Mechanistically, MVP inhibits the ubiquitin-mediated prote-
asomal degradation of PD-L1 by competitively binding to 
the E3 ubiquitin ligase β-TrCP. In light of these findings, 
we propose MVP as a pivotal therapeutic target within the 
context of HCC management, which cannot only partly 
reverse the immunosuppressive microenvironment, but 
can also overcome the resistance of ICIs. Suloctidil and 
tetradioxin are identified as potential MVP-specific targeted 
agents with binding affinities and configurations based on 
drug databases and structural analysis.40 More explora-
tions are needed to confirm their pharmacological effects. 
Dual targeting of MVP and immune checkpoints may offer 
a promising approach to augment antitumor immune 
responses in HCC.

The limited understanding of lactylation has hindered 
the development of specific inhibitors. Currently, lactyla-
tion is typically suppressed by inhibiting glycolytic enzymes, 
particularly LDH, which catalyzes the conversion of pyru-
vate to lactate in aerobic glycolysis. Extensive research 
implicates LDH in cancer progression via tumor glycol-
ysis and lactate shuttling, influencing energy metabolism, 
angiogenesis, cell survival, and therapeutic resistance. 
LDHA, predominantly expresses in skeletal muscle and 
liver, exhibits elevated activity in patients with HCC, making 
it a promising therapeutic target. Although several LDHA 
inhibitors have shown efficacy in preclinical models, none 
have been approved for clinical use yet.41 The principal 
challenge lies in potential systemic toxicity due to non-
specific protein expression when LDHA inhibitors are 
used as monotherapy. Therefore, combination strategies 
are urgently needed to optimize therapeutic efficacy while 
minimizing adverse effects. Previous studies have indicated 
that combining LDHis (eg, oxamate) with pembrolizumab 
enhances CD8+ T-cell infiltration and boosts the therapeutic 
effect in non-small cell lung cancer.42 Consistent with these 
findings, our data confirm that LDH inhibition enhances 
the antitumor effects of anti-PD-1 therapy in HCC, offering 
a favorable risk-benefit profile with limited severe side 
effects. This finding sheds new light on the potential of 
immunotherapies incorporating lactylation inhibition.

In conclusion, our study reveals that histone lactylation-
induced upregulation of MVP stabilizes PD-L1 protein by 
preventing β-TrCP-mediated proteasomal degradation. 

We demonstrate a novel mechanism of immune escape 
mediated by lactate, providing an important entry point 
for examining metabolism-induced epigenetic landscape 
and its relationship with immune microenvironment. 
Moreover, combining lactylation inhibitors with anti-PD-1/
PD-L1 therapies enhances the efficacy and addresses ICIs 
resistance in HCC. This approach avoids the non-specific 
cytotoxicity commonly associated with high doses of LDHi, 
thus providing a potent clinical option for HCC treatment. 
Consequently, apart from inhibiting glycolysis, LDHi can 
be regarded as a reversal agent with extraordinary potential 
for overcoming ICIs resistance in HCC.

There were several limitations in this research. First, 
the sample sizes and the follow-up time of the ICIs-treated 
cohort were limited, warranting further validation in larger 
and longitudinally monitored populations. Second, phar-
macological targeting of lactylation in vivo remains chal-
lenging due to the lack of specific inhibitors. Perturbations 
to metabolic homeostasis induced by LDHi require more 
comprehensive evaluations. Third, a more detailed charac-
terization of the tumor immune microenvironment (TIME) 
before and after treatments, and the expression profiles of 
immune checkpoint molecules across diverse immune cell 
subsets is needed to elucidate mechanistic insights more 
fully.
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