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Background: Immune checkpoint blockade targeting the Programmed Death-1 (PD-1)/Programmed Death-Ligand 1 (PD-L1)
axis has demonstrated clinical activity in esophageal squamous cell carcinoma (ESCC). However, therapeutic responses remain
limited in a substantial proportion of patients. Metabolic reprogramming and lactate accumulation are hallmarks of the tumor
microenvironment and have been implicated in immune suppression, yet the epigenetic mechanisms linking lactate metabolism
to immune checkpoint regulation in ESCC remain poorly understood. The aim of this study was to investigate whether lactate-
induced histone lactylation regulates PD-L1 expression and contributes to tumor-intrinsic PD-L1 regulation in ESCC.
Methods: ESCC cell lines were treated with exogenous lactate and metabolic modulators to evaluate PD-L1 expression and
histone H3 lysine 18 lactylation (H3K18la). The involvement of the lactyltransferase p300 was assessed using pharmacological
inhibition. T cell function was examined using an in vitro co-culture system with activated Jurkat T cells. In vivo validation was
performed using a nude mouse xenograft model, followed by immunohistochemical analysis.

Results: Lactate treatment significantly increased PD-L1 expression in ESCC cells (p < 0.001), accompanied by elevated global
H3K18la (p < 0.001). Inhibition of glycolysis reduced basal H3K18la and PD-L1 expression (p < 0.001), which was restored
by exogenous lactate (p < 0.001). Pharmacological inhibition of p300 abrogated lactate-induced H3K18la and PD-L1 upregu-
lation (p < 0.001), indicating a p300-dependent mechanism. Functionally, lactate-treated ESCC cells reduced the expression of
the activation-associated cytokines Interleukin-2 (IL-2) and Interferon-gamma (IFN-y) in co-cultured Jurkat T cells (p < 0.001),
indicative of attenuated T-cell activation, an effect partially reversed by PD-L1 knockdown. In vivo, lactate administration in-
creased intratumoral H3K18la and PD-L1 expression in xenograft tumors (p < 0.001).

Conclusions: Our findings identify a lactate-p300-H3K18 lactylation axis associated with transcriptional upregulation of PD-
L1 and attenuation of T-cell activation in a Jurkat-based co-culture system, providing a metabolic-epigenetic framework for
improving immunotherapeutic strategies.
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Introduction The variability in treatment response is largely attributed to
the complex immunosuppressive tumor microenvironment
(TME), which facilitates immune evasion [11]. Therefore,
elucidating the molecular mechanisms regulating PD-L1
expression and identifying strategies to overcome the im-
munosuppressive TME are urgent unmet needs for improv-

ing treatment outcomes in ESCC.

Esophageal cancer is one of the most aggressive ma-
lignancies in the world, ranking sixth among causes of
cancer-related mortality [1,2]. The predominant histo-
logical subtype is esophageal squamous cell carcinoma
(ESCC), particularly in East Asia [3,4]. Despite advances in
multimodal therapies, including surgery, chemoradiother-

apy, and targeted therapy, the 5-year survival rate for pa-
tients with advanced ESCC remains dismal [5,6]. Recently,
immune checkpoint blockade (ICB) therapy targeting the
Programmed Death-1 (PD-1)/Programmed Death-Ligand 1
(PD-L1) axis has emerged as a promising treatment strat-
egy [7,8,9]. However, only a fraction of ESCC patients
derive durable clinical benefits from immunotherapy [10].

Metabolic reprogramming is a hallmark of cancer
[12,13,14]. Unlike normal cells, cancer cells preferentially
produce energy through glycolysis even under oxygen-
sufficient conditions, a phenomenon known as the “War-
burg effect” [15,16]. This metabolic shift results in the mas-
sive accumulation of lactate within the TME [17,18]. His-
torically, lactate was viewed merely as a metabolic waste

Copyright: © 2026 The Author(s). Published by Discovery Medicine. This is an open access article under the CC BY 4.0 license.
Note: Discovery Medicine stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.24976/Discov.Med.202638211.201
https://creativecommons.org/licenses/by/4.0/

product. However, accumulating evidence suggests that it
functions as a potent signaling molecule modulating im-
mune responses [19]. High concentrations of lactate in the
TME have been reported to inhibit the function of natu-
ral killer (NK) cells and cytotoxic T lymphocytes (CTLs)
while promoting the expansion of myeloid-derived sup-
pressor cells (MDSCs) and regulatory T cells (Tregs) [20].
While acidification of the tumor microenvironment is a
well-established mechanism, whether lactate exerts intrin-
sic regulatory effects on tumor cells to promote immune
checkpoint expression remains poorly understood [21,22].

Recent breakthroughs in epigenetics have revealed a
direct link between cellular metabolism and gene regula-
tion. Zhang et al. [23] identified a novel histone modifica-
tion termed “lactylation” in 2019, wherein lactate-derived
lactyl groups are added to histone lysine residues, thereby
stimulating gene transcription. This result demonstrated
that lactate can serve as an epigenetic substrate to regulate
chromatin structure and gene expression. Specifically, his-
tone H3 lysine 18 lactylation (H3K 18la) has been identified
as a critical modification driven by the acetyltransferase
p300, which acts as a lactyltransferase under high-lactate
conditions [24]. Although histone lactylation has been im-
plicated in macrophage polarization and tumorigenesis in
other contexts, its specific role in regulating the immune
checkpoint PD-L1 in ESCC has not been explored.

Despite accumulating evidence that tumor-derived
lactate contributes to immune suppression within the tu-
mor microenvironment, the epigenetic mechanisms link-
ing metabolic reprogramming to the regulation of immune
checkpoints in ESCC remain poorly understood [17,25].
In particular, whether histone lactylation directly partici-
pates in the transcriptional control of immune checkpoint
molecules has not been elucidated. Moreover, the specific
histone lactylation sites involved, the regulatory enzymes
responsible for this modification, and its functional conse-
quences on antitumor T cell responses in ESCC have yet to
be well defined.

In this study, we systematically investigated the role
of lactate-induced histone lactylation in regulating PD-
L1 expression and immune evasion in ESCC. Specifi-
cally, we demonstrate that elevated lactate enhances PD-
L1 transcription through H3K18 lactylation in a p300-
dependent manner. Functionally, lactate-induced PD-L1
expression attenuates T-cell activation, as reflected by re-
duced Interleukin-2 (IL-2) and Interferon-gamma (IFN-y)
expression in co-cultured Jurkat T cells, while genetic or
pharmacological disruption of this pathway partially re-
stores these activation markers in vitro. Our findings re-
veal a mechanistic link between tumor metabolic repro-
gramming, epigenetic modification, and PD-L1-mediated
immunosuppression in ESCC, providing a rationale for tar-
geting lactate-driven histone lactylation to improve im-
munotherapeutic efficacy.
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Materials and Methods

Cell Lines and Cell Culture

Human ESCC cell lines KYSE-30 (Cat.  No.
TCHu266) and TE-1 (Cat. No. TCHu89) were obtained
from the Chinese Academy of Sciences Cell Bank (Shang-
hai, China). The Jurkat T-cell leukemia cell line was
purchased from ATCC (Cat. TIB-152, Manassas, VA,
USA). Cells were cultured in RPMI-1640 medium (Cat.
11875093, Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with fetal bovine serum (FBS, 10%;
Cat. 10099141, Gibco) and penicillin-streptomycin (1%;
Cat. 15140122, Gibco). Cells were maintained in a humid-
ified incubator at 37 °C with 5% CO,. The cells were au-
thenticated using Short Tandem Repeat (STR) analysis and
confirmed to be free of mycoplasma.

Lactate Treatment and Metabolic Modulation

Sodium L-lactate (L-Lactate, Cat. L.7022), 2-Deoxy-
D-glucose (2-DG, Cat. D8375), and the p300 inhibitor
C646 (Cat. SMLO0002) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). ESCC cells were seeded
in 6-well plates. Upon reaching 60—70% confluence, the
medium was replaced with fresh medium containing L-
lactate (0, 5, 10, and 20 mM) for 24 hours. Lactate was
dissolved in the culture medium, and the pH was adjusted
to 7.4 with NaOH to exclude the influence of acidic pH. For
mechanistic validation, cells were treated with the glycoly-
sis inhibitor 2-DG (5 mM) or the p300 inhibitor C646 (10
puM) either alone or in combination with lactate (20 mM)
for 24 hours.

Transfection of Small Interfering RNA (siRNA)

siRNAs targeting human CD274 (PD-L1) and the
negative control siRNA (si-NC) were synthesized by
GenePharma (Shanghai, China). Cells were transfected
with siRNAs using Lipofectamine 3000 (Invitrogen, Carls-
bad, CA, USA) at a final siRNA concentration of 50 nM.
The transfection efficiency was verified by qPCR 48 hours
post-transfection. Sequences of siRNAs used are listed in
Table 1. The knockdown efficiency of si-PD-L] was con-
firmed by qPCR analysis of CD274 mRNA in transfected
ESCC cells prior to co-culture.

RNA Extraction and Quantitative Real-Time PCR
(qPCR)

Total RNA was extracted from ESCC cells or Jurkat
T cells using the TRIzol reagent (Cat. 15596026, Invit-
rogen, Waltham, MA, USA). Reverse transcription was
performed using the PrimeScript™ RT Reagent Kit (Cat.
RRO37A, Takara, Shiga, Japan) to synthesize cDNA. gPCR
was conducted using SYBR Green Premix Ex Taq (Cat.
RR420A, Takara) on a Real-Time PCR System (ABI 7500,
Applied Biosystems, Foster City, CA, USA). Relative lev-
els of mRNA were calculated using the 2724Ct method, with
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Table 1. Sequences of siRNAs used in this study.

Name Direction

Sequence (5’ to 3')

. Sense
si-PD-L1 #1

UCU AAU UGU UUU UCU ACU GGG dTdT

Antisense CAG UAG AAA AAC AAU UAG ACC dTdT

. Sense
si-PD-L1 #2

UAU UGC UAC CAU ACU CUA CCA dTdT

Antisense GUA GAG UAU GGU AGC AAU AUG dTdT

. Sense
si-NC .
Antisense

UUC UCC GAA CGU GUC ACG U dTdT
ACG UGA CAC GUU CGG AGA A dTdT

PD-L1, Programmed Death-Ligand 1; si-NC, negative control siRNA.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
the internal control. The primer sequences are listed in Ta-
ble 2.

Table 2. Primer sequences.

Primer Sequence (5'-3")
hum-PD-LI-F AGGGCATTCCAGAAAGATGAGG
hum-PD-LI-R TGTATGGGGCGTTCAGCAAA

hum-GAPDH-F GTGGATATTGTTGCCATCAATGACC
hum-GAPDH-R ~ GCCCCAGCCTTCTTCATGGTGGT

hum-/FN-y-F TGTCGCCAGCAGCTAAAACA
hum-/FN-y-R TGCAGGCAGGACAACCATTA
hum-/L-2-F AACCTCAACTCCTGCCACAA
hum-/L-2-R GCATCCTGGTGAGTTTGGGA

GAPDH, Glyceraldehyde-3-phosphate dehydrogenas; F,
forward; R, reverse; [FN-y, Interferon-gamma; JL-2,
Interleukin-2.

Western Blot Analysis

Cells were lysed in RIPA lysis buffer (Cat. P0013B,
Beyotime, Shanghai, China) containing protease and phos-
phatase inhibitors (PMSF, Cat. ST506, Beyotime). A nu-
clear protein extraction kit (Cat. P0027, Beyotime, Shang-
hai, China) was used for high-yield histone extraction. Pro-
tein concentration was determined using a BCA Protein As-
say Kit (Cat. 23225, Thermo Fisher Scientific, Rockford,
IL, USA). Proteins (20-30 pg) were separated by 10-12%
SDS-PAGE and transferred onto PVDF membranes (Cat.
IPVHO00010, Merck Millipore, Burlington, MA, USA). Af-
ter blocking with 5% skim milk for 1 hour at room tem-
perature, membranes were incubated (1:1000) with primary
antibodies of GAPDH (TA-08, ZS Golden Bridge, Beijing,
China), PD-L1 (ET1701-41, HUABIO, Hangzhou, China),
H3 (ET1701-64, HUABIO), and H3k18la (Abs174920, Ab-
sin, Shanghai, China) overnight at 4 °C, followed by incu-
bation with HRP-conjugated secondary antibodies (1:2000;
ZB-2301/ZB-2305, ZS Golden Bridge) for 1 hour. Protein
bands were visualized using the ECL detection system (Cat.
34577, Thermo Fisher Scientific) and quantified using Im-
agel] software (version 1.53, NIH, Bethesda, MD, USA).

In Vitro Co-Culture Assay

ESCC cells were seeded in 24-well plates and pre-
treated with lactate (20 mM) or transfected with si-PD-L1
as described above. Before co-culture, Jurkat T cells were
activated with Phorbol 12-myristate 13-acetate (PMA, 50
ng/mL, Cat. P8139, Sigma-Aldrich, St. Louis, MO, USA)
and Ionomycin (1 pg/mL, Cat. 10634, Sigma-Aldrich) for
6 hours. The culture medium was removed, and the ESCC
cells were washed with PBS to eliminate residual lactate.
Activated Jurkat cells were then added to the ESCC mono-
layer at a ratio of 5:1 (Effector:Target) and co-cultured for
24 hours. After co-culture, Jurkat T cells were collected by
centrifugation and subjected to qPCR analysis of /L-2 and
IFN-y expression. Tumor cell morphology and T-cell aggre-
gation were observed and photographed under an inverted
microscope (CKX53, Olympus, Tokyo, Japan).

Tumor Xenograft Model

Female BALB/c nude mice (6 weeks old) were ob-
tained from Vital River (Beijing, China) and housed under
specific pathogen-free (SPF) conditions. The animal study
was approved by the Animal Ethics Committee of Guang-
dong Medical University (Approval No. 2026030003). All
animal experiments were performed in accordance with the
ARRIVE 2.0 guidelines and the institutional guidelines for
the care and use of laboratory animals. KYSE-30 ESCC
cells (5 x 10%) suspended in 100 uL PBS were injected sub-
cutaneously into the right flank of the mice. Mice were ran-
domly divided into two groups (n = 4 per group): Control
(PBS) and Lactate (2 g/kg, intraperitoneal injection, every
other day). Tumor volume was measured weekly and calcu-
lated as Volume = 0.5 x Length x Width?. After 4 weeks (28
days) of treatment, mice were deeply anesthetized with pen-
tobarbital sodium (50 mg/kg, i.p., P3761, Sigma-Aldrich,
St. Louis, MO, USA) and sacrificed by decapitation. Tu-
mors were then excised, measured, weighed, and processed
for histological analysis.

Immunohistochemistry (IHC)

After fixation in 4% paraformaldehyde and paraf-
fin embedding, tumor tissues were sectioned at a thick-
ness of 4 um. Sections were deparaffinized, rehydrated,
and subjected to antigen retrieval in citrate buffer (pH
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7.4). After blocking endogenous peroxidase and non-
specific binding, sections were incubated with anti-PD-
L1 (1:1000; GB115736-100, Servicebio, Wuhan, China)
and anti-H3K18la (1:1000; abs174920, Absin) antibodies
overnight at 4 °C. Sections were then incubated with a
secondary antibody (1:1000; GB23301/GB23303, Service-
bio) and stained with DAB (PA140212, TIANGEN, Bei-
jing, China) substrate. Hematoxylin was used for counter-
staining. Images were captured using a microscope (Nikon
Eclipse Ci, Nikon, Tokyo, Japan) under identical exposure
settings. H3K18la and PD-L1 staining were quantified us-
ing ImageJ (NIH, Bethesda, MD, USA) and expressed as
a percentage of the DAB-positive area relative to the total
tissue area. Quantification was performed independently by
two observers blinded to group allocation, each analyzing
at least five randomly selected, non-overlapping fields per
section, and the mean value was used for analysis.

Statistical Analysis

All in vitro experiments were repeated five times in-
dependently. Data are presented as mean + standard devia-
tion (SD). Statistical analysis was performed using Graph-
Pad Prism 10.1.2 software (GraphPad Software, San Diego,
CA, USA). Differences between two groups were analyzed
using the Student’s z-test. Comparisons among multiple
groups were performed using one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test. A p-value <
0.05 was considered statistically significant.

Results

Lactate Promotes PD-L1 Expression and H3K18
Lactylation in ESCC Cells

To investigate the potential link between metabolic re-
programming and immune checkpoint expression in ESCC,
we first examined the effect of exogenous lactate on PD-
L1 levels. Two ESCC cell lines, KYSE-30 and TE-1, were
treated with increasing concentrations of L-lactate (0, 5, 10,
and 20 mM) for 24 hours. Western blot analysis revealed a
significant, dose-dependent upregulation of PD-L1 protein
expression in both cell lines (Fig. 1A,B).

Concurrently, given that lactate can serve as a sub-
strate for histone lactylation, we assessed the levels of hi-
stone H3K18la. As expected, lactate treatment markedly
increased global H3K18la levels, which positively corre-
lated with the upregulation of PD-L1 (Fig. 1A,B). Quanti-
tative analysis confirmed that the induction of both PD-L1
(» <0.001) and H3K18la (p < 0.001) was most prominent
at the concentration of 20 mM (Fig. 1C,D). Based on these
findings, 20 mM lactate was selected for subsequent exper-
iments.
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Lactate Regulates PD-L1 Expression at the
Transcriptional Level via Glycolysis-Dependent
Metabolism

Since both KYSE-30 and TE-1 cell lines exhibited
comparable, dose-dependent upregulation of PD-L1 and
H3K18la in response to lactate (Fig. 1), KYSE-30 was se-
lected as a representative ESCC cell line for the subsequent
mechanistic and functional experiments. We next sought
to determine whether lactate regulates PD-L1 expression at
the transcriptional level and whether this process depends
on endogenous lactate production through aerobic glycoly-
sis. To this end, we treated cells with 2-Deoxy-D-glucose
(2-DG), a glycolysis inhibitor, to deplete intracellular lac-
tate, followed by supplementation with exogenous lactate
(20 mM) as a rescue. 2-DG treatment significantly reduced
CD274 mRNA levels compared to the control (p < 0.001),
whereas supplementation with exogenous lactate restored
and elevated CDZ274 expression (2-DG vs 2-DG+Lactate,
p <0.001; Control vs 2-DG+Lactate, p < 0.001), suggest-
ing that lactate modulates PD-L1 at the transcriptional level
(Fig. 2A). Consistently, Western blot analysis revealed that
2-DG led to a substantial reduction of both H3K18la and
PD-L1, which were not only restored but significantly ex-
ceeded basal levels upon exogenous lactate supplementa-
tion (Fig. 2B,C, all p <0.001). These results suggest that
lactate is sufficient to restore H3K 18 lactylation and PD-
L1 expression under glycolytic inhibition, supporting its
key role in driving H3K 18la and subsequent PD-L1 upreg-
ulation. Whether lactate directly serves as the lactyl-group
donor at this site, and whether other glycolytic intermedi-
ates also contribute, remains to be established.

p300 Mediates Lactate-Induced H3K18 Lactylation
and PD-L1 Upregulation

Previous studies have identified p300 as a key “writer”
enzyme responsible for histone lactylation [23]. To explore
the mechanistic role of p300 in our model, we utilized C646,
a specific p300 inhibitor. ESCC cells were treated with lac-
tate (20 mM) with or without C646.

C646 treatment significantly abrogated the lactate-
induced elevation of H3K18la (Fig. 3C, p < 0.001). Con-
sistently, the upregulation of PD-L1 protein induced by lac-
tate was also blocked by C646 (Fig. 3B, p < 0.001). Fur-
thermore, qPCR results confirmed that p300 inhibition pre-
vented the lactate-induced increase in CD274 mRNA levels
(Fig. 3A, p <0.001). Collectively, these data suggest that
lactate promotes PD-L1 transcription in a p300-dependent
manner, in association with increased H3K 18 lactylation.
As C646 inhibits p300 activity broadly rather than H3K 18la
specifically, and direct enrichment of H3K18la at the
CD274 locus was not assessed, the extent to which H3K18
lactylation directly mediates CD274 transcription remains
to be established.
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Fig. 1. Lactate upregulates PD-L1 expression and histone lactylation in ESCC cells. (A,B) Western blot analysis of PD-L1 and
H3K18la expression in KYSE-30 (A) and TE-1 (B) cells treated with lactate. Histone H3 and GAPDH were used as loading controls for
nuclear and cytoplasmic proteins, respectively. (C,D) Quantitative analysis of PD-L1 and H3K18la protein levels relative to controls.
The band intensities were normalized to GAPDH (for PD-L1) or Histone H3 (for H3K18la). Data are presented as mean + SD (n = 5).
**p <0.01, ***p < 0.001. ESCC, esophageal squamous cell carcinoma; H3K18la, H3 lysine 18 lactylation; SD, standard deviation.

Lactate-Induced PD-L1 Attenuates T-Cell Activation
In Vitro

To evaluate the functional consequence of lactate-
induced PD-L1 upregulation on T-cell activation, we estab-
lished a co-culture system using ESCC cells and activated
Jurkat T cells. ESCC cells were pre-treated with lactate
and/or transfected with specific siRNA targeting PD-L1 (si-
PD-L1) prior to co-culture. Two independent siRNAs tar-
geting CD274 (si-PD-L1 #1 and si-PD-L1 #2) were evalu-
ated by qPCR. Both siRNAs reduced PD-L! mRNA (all p
< 0.001), and si-PD-L1 #1 showed the higher knockdown
efficiency (Fig. 4A). Therefore, si-PD-L1 #1 was selected
for all subsequent co-culture experiments.

We observed that Jurkat T cells co-cultured with
lactate-pretreated ESCC cells exhibited significantly re-
duced mRNA expression of the activation-associated cy-
tokines IFN-y and IL-2 compared to the control (si-NC)

group, indicative of attenuated T-cell activation (Fig. 4B,C,
p < 0.001). However, this effect was partially reversed
when PD-L1 was knocked down in the lactate-treated
ESCC cells (Fig. 4B,C, p <0.001).

Morphological analysis further supported these find-
ings (Fig. 4D). In the control group, T cells formed clus-
ters and adhered to tumor cells. In contrast, in the lactate-
treated group, T cells remained dispersed and suspended,
while tumor cells maintained a healthy, adherent morphol-
ogy, consistent with reduced T cell clustering and adhe-
sion in this co-culture system. Notably, silencing PD-L1
restored T cell clustering and adhesion, accompanied by
morphological changes in the tumor cell monolayer even in
the presence of lactate. As these observations are based on
light-microscopic morphology and were not accompanied
by antigen-specific recognition, cytotoxicity, or cell-death
assays, they should be interpreted as descriptive differences
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Fig. 2. Lactate regulates PD-L1 expression at the transcriptional level via glycolysis-dependent metabolism. (A) The mRNA levels
of CD274 (PD-L1) in KYSE-30 cells treated with control medium, the glycolysis inhibitor 2-DG (5 mM), or 2-DG (5 mM) combined
with lactate (20 mM), measured by qPCR. (B) Representative Western blot analyses of PD-L1 and H3K18la in KYSE-30 cells under
the same treatments. Note that the lanes were loaded in the order Control, 2-DG+Lactate, and 2-DG, as indicated above each lane.

This order differs from that of the bar graph in panels (A) and (C), so please refer to the lane labels rather than assuming a left-to-right
correspondence. (C) Quantification of the band intensities in (B), presented in the order Control, 2-DG, and 2-DG+Lactate. Data are
presented as mean + SD (n =5). ***p < 0.001. 2-DG, 2-Deoxy-D-glucose; qPCR, Quantitative Real-Time PCR.
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Fig. 3. p300 mediates lactate-induced H3K18 lactylation and PD-L1 upregulation. (A) qPCR analysis of CD274 mRNA expression
levels in KYSE-30 cells treated with lactate (20 mM) in the presence or absence of the p300 inhibitor C646 (10 uM). (B,C) Quantitative
analysis of PD-L1 (B) and H3K18la (C) protein levels. Data are presented as mean + SD (n = 5). ***p <0.001.

in T cell-tumor cell interaction rather than direct evidence
of immune-mediated tumor cell killing. These results indi-
cate that lactate attenuates Jurkat T-cell activation at least in
part through the upregulation of the PD-L1 immune check-
point.

Lactate Promotes H3K18la and PD-L1 Expression In
Vivo

Finally, to validate in vitro findings in a physiological
context, we established a xenograft tumor model in nude
mice. Mice bearing ESCC tumors were treated with in-
traperitoneal injections of lactate or PBS (Ctrl).
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Fig. 4. Lactate-induced PD-L1 attenuates T-cell activation in vitro. (A) The knockdown efficiency of si-PD-L1 was verified by gPCR
analysis of CD274 (PD-L1) mRNA levels in KYSE-30 cells. si-PD-LI #1, which showed higher knockdown efficiency, was used for
the subsequent functional co-culture experiments. (B,C) The mRNA levels of /FNG (IFN-y) (B) and /L2 (IL-2) (C) in Jurkat T cells
were detected by qPCR. (D) Representative microscopic images of the co-culture system. The control group showed T cell clustering

and adhesion to tumor cells. The Lactate group exhibited dispersed T cells and confluent, adherent tumor cells, while PD-L1 knockdown

restored T cell aggregation, accompanied by morphological changes in the tumor cell monolayer. Scale bar: 100 pm. Data are presented

as mean + SD (n=15). ***p <0.001.

As shown in Fig. 5A, the lactate-treated group ex-
hibited accelerated tumor growth compared to the control
group across all animals (n =4 per group), with larger tumor
volumes and weights presented for each mouse (Fig. 5A, all
p <0.001). Immunohistochemical (IHC) staining revealed
significantly stronger staining intensity for both H3K18la
and PD-L1 in tumors from lactate-treated mice (Fig. 5B,
all p <0.001). Quantitative analysis of the positive-staining
area confirmed a positive correlation between lactate treat-
ment and upregulation of these markers in vivo. These data
corroborate the “Lactate-H3K18la-PD-L1” axis in tumor
tissues in vivo.

Discussion

In the present study, we elucidated a novel mechanism
linking metabolic reprogramming to tumor-intrinsic PD-L1

regulation in ESCC. We demonstrated that elevated exoge-
nous lactate acts not merely as a metabolic waste product
but as a pivotal signaling molecule that upregulates PD-L1
expression. Mechanistically, we identified that lactate pro-
motes histone H3K 18la in a p300-dependent manner, which
in turn activates CD274 (PD-L1) transcription. Further-
more, our in vitro co-culture assays suggested that lactate-
induced PD-L1 attenuates the activation of co-cultured Ju-
rkat T cells in vitro. Importantly, our in vivo findings sup-
ported the activity of the “Lactate-H3K 18la-PD-L1” axis in
an immunodeficient xenograft model.

The Warburg effect is characterized by enhanced aer-
obic glycolysis and lactate production, and is a hallmark
of cancer [26,27,28]. Historically, lactate was viewed as
a metabolic byproduct. However, the discovery of his-
tone lactylation has redefined it as an epigenetic modifier
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Fig. 5. Lactate promotes tumor growth and upregulates H3K18la and PD-L1 in vivo. (A) Representative images of subcutaneous
tumors excised from nude mice treated with PBS (Ctrl) or Lactate (Lac), n =4 per group. Tumor growth curves are presented as mean +
SD at the indicated time points (days 7, 14, 21, and 28). Endpoint tumor volume and tumor weight are shown for all individual animals,
with each dot representing one mouse and bars indicating mean = SD. Error bars represent SD; where not visible, the SD is smaller than
the size of the symbol. (B) Representative immunohistochemistry (IHC) images of H3K18la and PD-L1 staining in tumor tissues from
the indicated groups, and quantitative analysis of H3K 18la and PD-L1 staining area. Lactate treatment significantly increased the levels
of H3K18la and PD-L1 in tumor tissues. Boxed areas indicate magnified regions. Data are presented as mean £+ SD (n = 4). ***p <
0.001. PBS, Phosphate-buffered saline.

[23]. Our findings extend this concept to ESCC, show- els, which could be rescued by exogenous lactate. This
ing that high lactate concentrations drive H3K18 lactyla- suggests a direct coupling between the metabolic state of
tion. We observed that pharmacological inhibition of gly- the tumor and its epigenetic landscape. Consistent with
colysis using 2-DG reduced basal H3K18la and PD-L1 lev-  previous reports identifying p300 as a lactyltransferase
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[29], we confirmed that p300 inhibition (C646) abrogated
lactate-induced H3K18la and PD-L1 expression. These
data highlight a therapeutic vulnerability where targeting
the metabolic-epigenetic axis, specifically p300 or lactate
transport, might sensitize ESCC to immunotherapy.

PD-L1 expression in cancer cells is known to be reg-
ulated by multiple oncogenic and inflammatory signal-
ing pathways, including IFN-y-Janus kinase (JAK)/Signal
transducer and activator of transcription (STAT) signaling,
Nuclear factor kappa B (NF-xB) activation, and hypoxia-
driven Hypoxia-inducible factor 1 alpha (HIF-la) signal-
ing [30,31]. These pathways predominantly respond to
extrinsic immune cues or microenvironmental stress and
converge on transcriptional activation of the CD274 gene
[30,32]. However, how intrinsic metabolic alterations
within tumor cells interface with these established regula-
tory networks remains incompletely understood.

Our findings suggest that lactate-driven histone lacty-
lation represents a metabolically induced epigenetic mech-
anism that may operate in parallel with, or upstream of,
classical PD-L1 regulatory pathways. Unlike cytokine-
dependent signaling, lactate accumulation reflects a cell-
intrinsic consequence of aerobic glycolysis and directly
modifies chromatin structure via p300-mediated H3K18
lactylation [29,33]. This modification may increase chro-
matin accessibility at immune checkpoint-related loci,
thereby lowering the threshold for PD-L1 transcriptional
activation. Notably, such a mechanism could help explain
the elevated basal PD-L1 expression observed in highly gly-
colytic tumors even in the absence of strong inflammatory
stimulation. These observations together position histone
lactylation as an additional regulatory layer that integrates
metabolic state with immune checkpoint control.

The upregulation of PD-L1 is a well-established
mechanism for tumor immune evasion [34]. Our study
provides evidence that the metabolic microenvironment di-
rectly regulates tumor-intrinsic PD-L1 expression. In our
co-culture system, lactate-pretreated ESCC cells exhibited
an inhibitory effect on Jurkat T cells, characterized by re-
duced /L2 and IFNG expression and impaired T-cell clus-
tering. Notably, silencing PD-L1 partially reversed these
immunosuppressive effects even in the presence of lactate.
This result is crucial as it indicates that, although lactate
may exert broad immunosuppressive effects (e.g., through
acidification), H3K18la-mediated PD-L1 upregulation con-
tributes to reduced T-cell activation in this in vitro context.

We employed a xenograft model in nude mice to phys-
iologically validate our findings. We observed that lactate
administration significantly promoted tumor growth and in-
creased intratumoral levels of H3K 18laand PD-L1. Itisim-
portant to note that BALB/c nude mice are T-cell deficient
[35] and therefore, the accelerated tumor growth observed
in this model is likely attributable to the intrinsic metabolic
advantages provided by lactate or other oncogenic signal-
ing pathways, rather than T-cell-mediated immune escape.

However, the pivotal contribution of our irn vivo data lies in
the confirmation of the molecular mechanism by which lac-
tate treatment successfully created a hyper-lactylated chro-
matin environment and sustained high PD-L1 protein lev-
els in the tumor tissues. These findings serve as a proof of
concept that the “Lactate-H3K18la-PD-L1” signaling axis
is operative in vivo. Whether this PD-L1 upregulation con-
tributes to T-cell suppression in vivo cannot be determined
in this immunodeficient model and requires further valida-
tion using immunocompetent animal models.

From a translational perspective, our study highlights
multiple potential therapeutic strategies to target the lactate-
driven, tumor-intrinsic PD-L1 regulation in ESCC. Given
that lactate accumulation is a hallmark of tumor glycolysis
[36], targeting lactate production through glycolytic inhi-
bition (e.g., lactate dehydrogenase A [LDHA] inhibition)
or limiting lactate export via monocarboxylate transporter
(MCT) blockade may reduce histone lactylation and sub-
sequent PD-L1 upregulation. In addition, pharmacologi-
cal inhibition of p300 provides a more direct approach to
suppress lactylation-dependent transcriptional activation of
immune checkpoint genes.

Importantly, these metabolic or epigenetic interven-
tions may be particularly effective when combined with im-
mune checkpoint blockade. By lowering tumor-intrinsic
PD-L1 expression and alleviating metabolic immunosup-
pression, targeting the lactate-p300-histone lactylation axis
could potentially sensitize ESCC tumors to PD-1/PD-L1-
based immunotherapy. This combinatorial strategy may
help overcome primary resistance associated with high gly-
colytic activity and immune-excluded tumor phenotypes,
offering a rationale for future preclinical and clinical eval-
uation.

There are still several limitations in this study. Our
data support a critical role for H3K18 lactylation in reg-
ulating PD-L1 expression; however, direct evidence of
H3K18 lactylation enrichment at the CD274 promoter or
enhancer regions requires further validation using chro-
matin immunoprecipitation-based approaches. In addition,
2-DG and C646 are pharmacological tools whose effects
may not be entirely specific to glycolytic inhibition and
p300 inhibition, respectively, and complementary genetic
approaches will be needed to corroborate the specificity of
these findings. The mechanistic experiments were also per-
formed predominantly in KYSE-30 cells, and this limited
number of cell lines may not fully capture the molecular het-
erogeneity of ESCC, so validation across a broader panel of
ESCC cell lines is warranted. Furthermore, PD-L1 knock-
down was confirmed primarily at the mRNA level, whereas
validation at the membrane protein level (e.g., by flow cy-
tometry of cell-surface PD-L1) was lacking. Such analy-
ses would provide a more direct link between the observed
functional effects and surface PD-L1 abundance. It should
also be noted that the Jurkat cell line is an immortalized
leukemic T-cell line, and the IL-2 and IFN-y mRNA lev-
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els measured in this study reflect T-cell activation as a sur-
rogate readout rather than direct cytotoxic killing. There-
fore, our co-culture data should be interpreted as in vitro
evidence of attenuated T-cell activation rather than defini-
tive proof of anti-tumor immune evasion. Validation using
primary human CD8" T cells, antigen-specific cytotoxicity
assays, and immunocompetent or humanized models will
be required to establish the immunological relevance of this
pathway. Due to the use of immunodeficient mouse mod-
els, the in vivo contribution of lactate-driven histone lacty-
lation to antitumor T cell immunity could not be fully as-
sessed. In addition, the fixed concentrations of exogenously
administered lactate and the intraperitoneal route of deliv-
ery may not fully recapitulate the dynamic, spatially hetero-
geneous lactate gradients within the native tumor microen-
vironment, where lactate is continuously generated and lo-
cally enriched by glycolytic tumor cells. Moreover, the an-
imal experiments were conducted with a relatively small
sample size, and the semi-quantitative IHC scoring used in
this study differs from the standardized PD-L1 scoring sys-
tems used in clinical practice, such as the combined posi-
tive score, thereby limiting direct translational comparison.
Future studies employing immunocompetent or humanized
mouse models will be essential to evaluate the immunolog-
ical relevance of this pathway in vivo.

In addition, extending these findings to clinical ESCC
specimens by correlating intratumoral lactate levels, his-
tone lactylation status, and PD-L1 expression with patient
outcomes may further strengthen the translational signifi-
cance of this work. Together, these efforts will help clarify
the broader impact of metabolic-epigenetic crosstalk on tu-
mor immunity and guide the development of rational com-
bination strategies integrating metabolic modulation with
immunotherapy.

Conclusions

In conclusion, our study suggests a potential regula-
tory axis wherein lactate acts via p300 to induce H3K18
lactylation, thereby transcriptionally upregulating tumor-
intrinsic PD-L1 in ESCC. These metabolic-epigenetic
changes may contribute to alterations in immune-related
signaling, providing a theoretical rationale for targeting lac-
tate metabolism or histone lactylation modifiers as a strat-
egy to enhance immunotherapy efficacy in esophageal can-
cer. As the immune-related effects were largely derived
from in vitro assays and an immunodeficient in vivo model,
the immunological relevance of this axis requires further
validation using immunocompetent animal models.
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