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Role of lactate in tumor
Lactate, once regarded as a byproduct of  
tumor glycolytic metabolism, is now recog-
nized as a pivotal molecule bridging metabolic 
reprogramming and signal regulation, playing 
a crucial role in shaping and advancing the 
tumor microenvironment (TME) (1). In pan-
creatic ductal adenocarcinoma (PDAC), the 
dense stromal composition impedes neovas-
cularization, creating a hypoxic and poorly 
perfused microenvironment that exacerbates 
glycolysis and lactate accumulation. This 
metabolic characteristic is a major contrib-
utor to the immunologically “cold” nature 
of PDAC (2, 3). In tumor cells, metabolism 
shifts toward glycolysis even in the presence 
of sufficient oxygen, a phenomenon known as 
the Warburg effect (4). This metabolic adap-
tation results in substantial lactate accumu-
lation within tumor tissues. Lactate impairs 

the function of effector T cells and NK cells 
while simultaneously promoting the recruit-
ment and polarization of myeloid-derived 
suppressor cells (MDSCs) and tumor-associ-
ated macrophages (TAMs), ultimately facili-
tating immune evasion and driving therapy 
resistance in PDAC (5). Beyond immune 
suppression, lactate serves as a metabolic sub-
strate that fuels tumor progression by altering 
key signaling pathways and promoting angio-
genesis, metastasis, and stromal remodeling 
within the TME (6). More specifically, lac-
tate modulates the acidic microenvironment 
via monocarboxylate transporters (MCTs), 
enhancing angiogenesis, extracellular matrix 
remodeling, and immune escape (7). Addi-
tionally, lactate acts as a ligand for the GPR81 
receptor, activating downstream signaling 
pathways that further enhance tumor cell 
invasiveness and adaptability (8). Lactate not 

only alters metabolism, but also regulates 
gene expression through lysine lactylation, 
an epigenetic modification, as demonstrated 
by Zhang et al., who showed that histone lac-
tylation upregulates Arg1 expression, driving 
M2 macrophage polarization and promoting 
tumor immune evasion (9). However, target-
ing histone lactylation is limited by certain 
technological challenges, including lack of  
cell-type specificity, potential for divergent 
histone protein functions across different cell 
types, and competition among multiple epi-
genetic modifications on the same histone. 
In contrast, nonhistone lactylation may hold 
greater potential, particularly in the regula-
tion of transcription factors and metabolic 
enzymes involved in nonclassical signaling 
pathways. Yang et al. recently demonstrated 
that K28 lactylation of AK2 disrupts ener-
gy metabolism and enhances malignancy in 
hepatocellular carcinoma, further expanding 
our understanding of lactate’s role in shaping 
the TME (10). These findings highlight non-
histone lactylation as a promising regulatory 
mechanism that may provide a more precise 
therapeutic target for cancer metabolism and 
immune modulation (11).

Taken together, further investigation 
into the diverse regulatory roles of lactate in 
PDAC, along with the development of target-
ed strategies to modulate lactate metabolism, 
holds great promise for enhancing therapeu-
tic efficacy and improving patient outcomes.

Lactylation drives 
immunosuppressive TME  
in PDAC
Building on the established role of  lactate 
in modulating the TME, increasing evi-
dence highlights its impact on immune 
cell reprogramming and immunotherapy 
resistance (12). In this issue of  the JCI, 
Sun, Zhang, and colleagues (13) lever-
aged fluorine-18 fluorodeoxyglucose 
(18F-FDG) PET-CT imaging, a clinically 
established tool for quantifying glyco-
lytic activity, to noninvasively infer lac-
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the TME, is upregulated. These recruited 
TAMs then adopt a protumor phenotype, 
further reinforcing the immunosuppres-
sive TME (Figure 1). Interestingly, CD8+ 
T cells exhibit differential responses to 
lactate stimulation. While most CD8+ 
T cells are unable to upregulate lactyla-
tion modifications in response to exoge-
nous lactate, naive CD8+ T cells (CD45+ 

CD3+CD8+CD25–) displayed an increase 
in overall intracellular lysine lactylation 
levels when exposed to tumor-secreted 
lactate. This contrasting behavior suggests 
that activated CD8+ T cells with elevated 
glycolysis-derived intracellular lactate may 
be resistant to further lactate accumulation 
(13). This finding provides an important 
mechanistic insight into immunotherapy 
resistance in PDAC and highlights the piv-
otal role of  dysregulated glucose metabo-
lism in driving immune suppression. Clin-
ically, PDAC patients with high tumor 
glycolytic activity exhibited poor respons-
es to immunochemotherapy and reduced 
survival rates (13).

under the receiver operating characteristic 
(ROC) curve (AUC) of  95.59 for predict-
ing immunotherapy outcomes, surpass-
ing commonly used indicators such as 
PD-L1 expression, tumor mutation burden 
(TMB), and microsatellite instability (MSI) 
(13–16). If  validated in larger-scale studies, 
lactylation levels could serve as a highly 
promising prognostic biomarker for guid-
ing immunotherapy in PDAC.

By integrating these findings, Sun, 
Zhang, and colleagues identified a key 
mechanistic pathway in which elevated 
tumor glycolysis recruits monocytes and 
macrophages through the ENSA-K63la/
SRC-pS12/STAT3-pY705/CCL2 axis. 
Increased glycolysis leads to lactate accu-
mulation, driving lactylation at the K63 
site of  the ENSA protein (ENSA-K63la), 
a form of  nonhistone lactylation in 
PDAC. This modification inhibits PP2A 
activity, resulting in the hyperphosphory-
lation of  SRC and STAT3. Consequently, 
the secretion of  CCL2, a chemokine that 
recruits monocytes and macrophages into 

tate accumulation in PDAC tissues. By 
correlating regions of  high FDG uptake 
with the immunosuppressive TME, they 
revealed a functional link between elevat-
ed glycolytic tumors and therapy-resistant 
microenvironments (13). The authors 
demonstrated that tumor-derived lactate 
accumulates in the TME, driving lactyla-
tion, which is most prominent in TAMs. 
Notably, the elevated lactylation in TAMs 
was not driven by increased glycolysis 
within these cells but rather by enhanced 
lactate uptake from the TME. Single-cell 
RNA sequencing analysis revealed that 
macrophages in highly glycolytic tumors 
were reprogrammed into a protumori-
genic phenotype, while CD8+ T cells dis-
played a trend toward exhaustion (13). 
This dual shift underscores the role of  
tumor glycolysis in fostering an immuno-
suppressive TME, ultimately leading to 
immune evasion and therapy resistance.

Further, lactylation levels in tumor tis-
sues demonstrated remarkable specificity 
(86.7%), sensitivity (92.9%), and an area 

Figure 1. Lactate-induced ENSA-K63 lactylation drives the formation of an immunosuppressive microenvironment in PDAC. In PDAC cells, lactate, 
generated by LDH during glycolysis, induces ENSA-K63 lactylation (la), which inhibits PP2A activity and sustains SRC phosphorylation. This activa-
tion triggers STAT3 phosphorylation, driving the transcriptional upregulation of CCL2. CCL2 recruits macrophages via CCR2. Separately, extracellular 
lactate secreted by tumor cells through MCTs is taken up by macrophages, further reprogramming them through the ENSA/SRC/STAT3/CCL2 axis 
and amplifying the expression of genes encoding immunosuppressive factors (including CCL2, ARG1, S100A9, and IL10). These processes establish an 
immunosuppressive microenvironment and promote resistance to T cell–mediated antitumor immunity and PD-1–mediated immunotherapy.
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these findings hold important theoretical 
and clinical implications, paving the way 
for strategies that enhance cancer immu-
notherapy and improve patient outcomes 
in PDAC.

Conclusions and future 
directions
Sun, Zhang, and colleagues demonstrated 
a critical role of  lactate accumulation and 
enhanced protein lactylation in remodeling 
the immune microenvironment and driving 
immunotherapy resistance in PDAC (13). 
The study uncovers a glycolysis-depen-
dent ENSA-K63 lactylation/SRC-pS12/
STAT3-pY705 signaling axis that promotes 
CCL2 secretion, leading to increased mac-
rophage infiltration and suppressed cyto-
toxic T cell activity, ultimately contributing 
to immunotherapy resistance. A key high-
light of  this study is the discovery that lac-
tate derived from tumor glycolytic metab-
olism accumulates within cancer cells, 
where tumor-derived lactate promotes 
CCL2 expression through STAT3 activa-
tion, thereby inducing recruitment and 
polarization of  TAMs toward an M2-like 
phenotype in PDAC. Another key finding 
of  this study is the identification of  the 
unique and pivotal role of  lactate accumu-
lation in shaping the immunosuppressive 
environment and driving immunotherapy 
resistance in PDAC. Tumor-derived lac-
tate acts as a primary driver in establishing 
the immunosuppressive microenvironment 
and promoting resistance to immunother-
apy. While the lactylation-targeted thera-
peutic strategies proposed by the authors 
have demonstrated promising therapeu-
tic potential, further investigations, along 
with validation in larger multicenter clin-
ical cohorts, are essential to elucidate the 
underlying mechanisms and enhance their 
clinical applicability.

In summary, Sun, Zhang, and col-
leagues (13) provide important insights 
into metabolism-immune interactions in 
PDAC, highlighting a promising pathway 
for developing innovative lactate-targeted 
therapies and combination strategies to 
address immune evasion and immunother-
apy resistance in this malignancy.
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Moreover, Sun, Zhang, and colleagues 
developed a peptide inhibitor specifically 
targeting ENSA lactylation, named K63-
pe-3, which effectively blocked this signaling 
pathway in vivo and enhanced sensitivity 
to immunotherapy in murine models (13). 
This cascade of  findings provides a compre-
hensive, mechanistic explanation for immu-
notherapy resistance in PDAC, while also 
offering promising therapeutic avenues.

To translate the Sun, Zhang, and col-
leagues discovery into clinical applica-
tions, the authors proposed three poten-
tial therapeutic approaches to overcome 
immunotherapy resistance in PDAC: a 
KRAS-G12D mutation inhibitor, the tar-
geted cell-penetrating peptide K63-pe-3, 
and a CCR2 inhibitor (13). While these 
approaches have demonstrated antitumor 
effects in preclinical models, further val-
idation is required to evaluate their clini-
cal applicability. Additionally, the CCL2/
CCR2 axis plays multifaceted roles in the 
TME, not only promoting macrophage 
recruitment but also potentially influenc-
ing the activity of  other immune cell pop-
ulations (17, 18). To enhance therapeutic 
efficacy, dual-targeting agents against both 
CCL2 and CCR2, or their combination 
with established immune checkpoint inhib-
itors (e.g., PD-1/PD-L1 inhibitors), could 
represent promising strategies. STAT3 is a 
well-established oncogenic molecule, with 
inhibitors such as OPB-31121 and TTI-101 
demonstrating safety and potential efficacy 
in phase I clinical trials for advanced solid 
tumors, including PDAC (19, 20). Addi-
tionally, several ongoing clinical trials are 
evaluating STAT3 inhibitors in cancer treat-
ment, including VVD-130850 (ClinicalTri-
als.gov NCT06188208) for advanced solid 
and hematologic malignancies, silibinin 
(NCT05689619) for preventing brain metas-
tases in non–small cell lung cancer and 
breast cancer, WP1066 (NCT05879250) 
in combination with radiotherapy for glio-
blastoma, and danvatirsen (NCT05986240) 
in combination with venetoclax for high-
risk myelodysplastic syndrome and acute 
myeloid leukemia. Future research could 
focus on leveraging STAT3 inhibitors to 
disrupt the macrophage polarization axis, 
exploring their potential to modulate the 
immunosuppressive microenvironment in 
PDAC and offering valuable insights for 
optimizing combination therapy strategies. 
Despite the need for further validation, 

https://doi.org/10.1172/JCI191422
mailto://Michael-Bronze@ouhsc.edu
mailto://Michael-Bronze@ouhsc.edu
mailto://Min-Li@ouhsc.edu
https://doi.org/10.1136/gutjnl-2021-326070
https://doi.org/10.1136/gutjnl-2021-326070
https://doi.org/10.1136/gutjnl-2021-326070
https://doi.org/10.1136/gutjnl-2021-326070
https://doi.org/10.1016/j.canlet.2024.216806
https://doi.org/10.1016/j.canlet.2024.216806
https://doi.org/10.1016/j.canlet.2024.216806
https://doi.org/10.1016/j.canlet.2024.216806
https://doi.org/10.1016/j.canlet.2024.216806
https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.1016/j.canlet.2024.216837
https://doi.org/10.1016/j.canlet.2024.216837
https://doi.org/10.1016/j.canlet.2024.216837
https://doi.org/10.1016/j.semcancer.2023.01.007
https://doi.org/10.1016/j.semcancer.2023.01.007
https://doi.org/10.1016/j.semcancer.2023.01.007
https://doi.org/10.1038/s41388-020-1216-5
https://doi.org/10.1038/s41388-020-1216-5
https://doi.org/10.1038/s41388-020-1216-5
https://doi.org/10.1038/s41388-020-1216-5
https://doi.org/10.1038/s41388-020-1216-5
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41592-022-01523-1
https://doi.org/10.1038/s41592-022-01523-1
https://doi.org/10.1038/s41592-022-01523-1
https://doi.org/10.3389/fimmu.2023.1253064
https://doi.org/10.3389/fimmu.2023.1253064
https://doi.org/10.3389/fimmu.2023.1253064


The Journal of Clinical Investigation   C O M M E N T A R Y

4 J Clin Invest. 2025;135(7):e191422  https://doi.org/10.1172/JCI191422

 18. Liu X, et al. Inducible CCR2+ nonclassical mono-
cytes mediate the regression of  cancer metastasis. 
J Clin Invest. 2024;134(22):e179527.

 19. Bendell JC, et al. Phase 1, open-label, dose-escala-
tion, and pharmacokinetic study of STAT3 inhibitor 
OPB-31121 in subjects with advanced solid tumors. 
Cancer Chemother Pharmacol. 2014;74(1):125–130.

 20. Tsimberidou AM, et al. Phase 1 trial of TTI-101, 
a first-in-class oral inhibitor of STAT3 in patients 
with advanced solid tumors. Clin Cancer Res. 
2025;31(6):965–974.

microenvironment-related alternative splicing 
events for the prognostication of  pancreatic 
adeno carcinoma. BMC Cancer. 2021;21(1):1211.

 16. Zheng M. Integrated profile of  tumor stage and 
mutational burden predicts disparate clinical 
responses to immune checkpoint inhibitors:  
A risk-benefit study. Semin Oncol.  
2024;51(5-6):142–148.

 17. Liu M, et al. The crosstalk between macrophages 
and cancer cells potentiates pancreatic cancer 
cachexia. Cancer Cell. 2024;42(5):885–903.

 13. Sun K, et al. Elevated protein lactylation promotes 
immunosuppressive microenvironment and thera-
peutic resistance in pancreatic ductal adenocarci-
noma. J Clin Invest. 2025;135(7):e187024.

 14. Dorman K, et al. Serum biomarker panel diag-
nostics in pancreatic ductal adenocarcinoma: 
the clinical utility of  soluble interleukins, IFN-γ, 
TNF-α and PD-1/PD-L1 in comparison to estab-
lished serum tumor markers. J Cancer Res Clin 
Oncol. 2023;149(6):2463–2474.

 15. Chen B, et al. Identification of  tumour immune 

https://doi.org/10.1172/JCI191422
https://doi.org/10.1007/s00280-014-2480-2
https://doi.org/10.1007/s00280-014-2480-2
https://doi.org/10.1007/s00280-014-2480-2
https://doi.org/10.1007/s00280-014-2480-2
https://doi.org/10.1158/1078-0432.CCR-24-2920
https://doi.org/10.1158/1078-0432.CCR-24-2920
https://doi.org/10.1158/1078-0432.CCR-24-2920
https://doi.org/10.1158/1078-0432.CCR-24-2920
https://doi.org/10.1016/j.ccell.2024.03.009
https://doi.org/10.1016/j.ccell.2024.03.009
https://doi.org/10.1016/j.ccell.2024.03.009
https://doi.org/10.1007/s00432-022-04112-z
https://doi.org/10.1007/s00432-022-04112-z
https://doi.org/10.1007/s00432-022-04112-z
https://doi.org/10.1007/s00432-022-04112-z
https://doi.org/10.1007/s00432-022-04112-z
https://doi.org/10.1007/s00432-022-04112-z

