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Abstract. Metabolic reprogramming is a prominent charac‑
teristic of tumor cells, evidenced by heightened secretion of 
lactate, which is linked to tumor progression. Furthermore, 
the accumulation of lactate in the tumor microenvironment 
(TME) influences immune cell activity, including the activity 
of macrophages, dendritic cells and T cells, fostering an immu‑
nosuppressive milieu. Anti‑programmed cell death protein 1 
(PD‑1)/programmed death‑ligand 1 (PD‑L1) therapy is associ‑
ated with a prolonged survival time of patients with non‑small 
cell lung cancer. However, some patients still develop resis‑
tance to anti‑PD‑1/PD‑L1 therapy. Lactate is associated with 
resistance to anti‑PD‑1/PD‑L1 therapy. The present review 
summarizes what is known about lactate metabolism in tumor 
cells and how it affects immune cell function. In addition, the 
present review emphasizes the relationship between lactate 
secretion and immunotherapy resistance. The present review 
also explores the potential for targeting lactate within the 
TME to enhance the efficacy of immunotherapy.
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1. Introduction

Immune checkpoint inhibitors (ICIs) targeting programmed 
cell death protein 1 (PD‑1) or programmed death ligand 1 
(PD‑L1) are used in the treatment of a wide range of tumors, 
such as lung cancer, cervical cancer and renal cell carci‑
nomas (1‑4). These agents are associated with a prolonged 
survival time (1‑4). Studies such as KEYNOTE‑024 and 
KEYNOTE‑042 have been pivotal in establishing the role of 
pembrolizumab, a PD‑1 inhibitor, in improving overall survival 
in patients with advanced non‑small cell lung cancer (1,2). The 
results of the ENGOT‑cx11/GOG‑3047/KEYNOTE‑A18 study 
demonstrated that the combination of pembrolizumab with 
chemoradiotherapy improved overall survival in patients with 
locally advanced cervical cancer compared with a placebo (3). 
Additionally, adjuvant pembrolizumab was observed to 
enhance overall survival in patients with renal cell carcinoma 
compared with a placebo (4). However, primary or acquired 
resistance to ICIs is commonly observed (5). Therefore, 
research investigating the mechanisms of PD‑1/PD‑L1 ICI 
resistance is vital to improve clinical outcomes. There have 
been a number of studies examining the mechanisms of 
resistance to PD‑1/PD‑L1 ICIs, which include loss of tumor 
antigens and antigen presentation (6), T‑cell exhaustion (7), 
lack of interferon signaling (8), and lack of PD‑L1 expres‑
sion (9). Furthermore, additional pathways involved in the 
inhibition of immune cells within the tumor microenvironment 
(TME) can lead to anti‑PD‑1/PD‑L1 resistance (10,11). For 
example, TYRO3 can increase the responsiveness to anti‑PD‑1 
therapy by altering the macrophage profile towards a more 
M2‑like state, which is facilitated by an increase in VEGF 
expression (10). Phospholipase C γ2 (PLCG2) serves a role 
in modulating the TME by reducing the infiltration of CD8+ 
T cells and increasing the infiltration of regulatory T cells 
(Treg cells), which can suppress the immune response (11). 
Additionally, PLCG2 contributes to the upregulation of PD‑1 
and PD‑L1 expression. This dual action of PLCG2 facilitates 
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immune escape and is associated with resistance to anti‑PD‑1 
therapy (11). The immunosuppressive TME resulting from the 
metabolic reprogramming of tumor cells represents a barrier 
to the effectiveness of immunotherapy (12).

Tumor cells maintain their proliferation and cellular func‑
tion through specific metabolic patterns, a process known 
as metabolic reprogramming (13). Under aerobic conditions, 
respiration in eukaryotic cells is mainly aerobic, providing 
energy through oxidative phosphorylation. By contrast, cancer 
cells prefer to generate energy through aerobic glycolysis, 
known as the ‘Warburg effect’, consuming large amounts of 
glucose and increasing the production of lactate (14). Lactate 
is subsequently released extracellularly, which results in an 
acidic TME, which can facilitate tumor growth, angiogenesis 
and immune evasion (14,15). Since lactate acts as a bridge 
linking metabolic reprogramming to immunosuppres‑
sion (16), a growing number of studies have noted the impact 
of lactate on the response to anti‑PD‑1/PD‑L1 therapy (17‑19). 
The current review presents the mechanisms of resistance to 
PD‑1/PD‑L1 ICIs and takes a detailed look at the potential role 
of lactate in these mechanisms.

2. Mechanisms of resistance to anti‑PD‑1/PD‑L1 therapy

The presence of PD‑L1 on cancer cells facilitates immune 
evasion through its interaction with PD‑1 on activated T 
cells (20). This interaction results in the phosphorylation 
of the immune receptor tyrosine‑based switch motif and 
subsequent binding to the Src homology 2 (SH2) domains of 
SH2‑containing phosphatase 2 (SHP2) (21). Once activated, 
SHP2 dephosphorylates proximal T‑cell receptor (TCR) 
signaling molecules, such as ζ‑associated protein of 70 kD, 
which is a key component of the TCR signaling cascade. This 
dephosphorylation event dampens the TCR signaling, leading 
to the suppression of T cell activation (22). In addition, PD‑1 is 
expressed on the surface of tumor‑associated macrophages, and 
a study has indicated that blocking the PD‑1/PD‑L1 axis can 
increase the activity of tumor‑associated macrophages (20). 
PD‑1/PD‑L1 ICIs work by targeting the PD‑1/PD‑L1 axis, 
which has been shown to be a successful treatment strategy in 
multiple cancer types such as melanoma, renal cell carcinoma 
and cervical cancer (3,4,6).

There has been much discussion about the mechanisms 
of resistance to anti‑PD‑1/PD‑L1 therapy. Firstly, as afore‑
mentioned, anti‑PD‑1/PD‑L1 therapy works by targeting the 
PD‑1/PD‑L1 axis; therefore, PD‑L1 expression is critical for 
a response to immunotherapy (6). Secondly, effective immune 
responses cannot be achieved without antigen expression and 
antigen presentation (23,24). Accordingly, a study has demon‑
strated that tumors with sparse immune infiltration exhibit 
diminished neoantigen editing function (25). Furthermore, it 
has been demonstrated that activation of β‑catenin can suppress 
antitumor immune responses by impeding the recruitment of 
dendritic cells (DCs) (23). Antigen presentation leads to T‑cell 
activation, which is a crucial method for the immune system to 
attack and eliminate cancer cells (17). Furthermore, evidence 
shows that an abundance of CD8+ T cells is essential for anti‑
tumor immunity (7,26). A clinical trial of pembrolizumab in 
microsatellite instability‑high gastric cancer has demonstrated 
that abundant tumor‑infiltrating lymphocytes were associated 

with a clinical benefit (27). Furthermore, preventing the activa‑
tion of T cells or other mechanisms that affect the functioning 
of T cells can lead to low response rates to anti‑PD‑1/PD‑L1 
therapy (10). It has been shown that TYRO3 protein tyrosine 
kinase inhibited tumor cell ferroptosis, suppressing T‑cell 
attack and reducing responsiveness to anti‑PD‑1/PD‑L1 
therapy (10). In addition to the aforementioned mechanisms, 
there are numerous studies on other aspects of resistance such 
as genetic mutations (28), gut microbiota (29) and metabo‑
lism (17). Although progress has been achieved in elucidating 
the mechanism of resistance to anti‑PD‑1/PD‑L1 therapy, the 
intricate nature of the TME remains a research limitation. 
This complexity arises from the interactions among various 
cell types and molecular pathways, which collectively impact 
the progression of resistance to anti‑PD‑1/PD‑L1 therapy (30). 
Consequently, further research is essential to address these 
challenges such as tumor heterogeneity and the interac‑
tions among various cell types, as well as to enhance the 
understanding of resistance to anti‑PD‑1/PD‑L1 therapy.

Resistance to cancer immunotherapy is often linked to 
an immunosuppressive TME in which key nutrients serve 
a crucial role (17‑19). Tumor cells and immune cells engage 
in competition for essential nutrients, leading to reprogram‑
ming of metabolic pathways in immune cells, which in turn 
suppresses antitumor immune responses (31,32). In recent 
years, a study has investigated the relationship between tumor 
metabolism, immune evasion mechanisms and resistance to 
immunotherapy (32). Notably, metabolic byproducts produced 
by tumor cells, particularly lactic acid, are known to contribute 
to the immunosuppressive nature of the TME (33‑35). 
A growing body of research suggests that lactic acid in the 
TME is associated with resistance to immunotherapy (33‑35).

3. Lactate metabolism

Otto Warburg noticed that cancer cells preferentially generate 
energy through aerobic glycolysis, which is a hallmark of 
tumor cell metabolism (36). Under aerobic conditions, normal 
cells transform glucose into pyruvate via glycolysis. This 
pyruvate is then transferred to the mitochondria and oxidized 
through the tricarboxylic acid (TCA) cycle to generate carbon 
dioxide, oxygen and adenosine triphosphate (37). In cancer 
cells, a marked proportion of the pyruvate generated through 
glycolysis does not enter the mitochondria but is converted 
into lactate (37). Cancer cells regulate lactate production 
and secretion in the TME through several key enzymes such 
as glucose transporter 1 (GLUT1), hexokinase 2 (HK2) and 
pyruvate kinase 2 (PKM2) (16,38) (Fig. 1).

Hypoxia‑inducible factor‑1α (HIF‑1α) and c‑Myc serve 
crucial roles in regulating lactate metabolism in cancer 
cells, and can be regulated by mTOR (39). HIF‑1α and 
c‑Myc can increase pyruvate production by promoting the 
activity of GLUT1, HK2 and PKM2 (16,38). GLUT1 is 
responsible for transporting glucose from the extracellular 
space to the intracellular space, and HK2 converts glucose 
to glucose‑6‑phosphate (16). PKM2 is the key enzyme in the 
final step of glucose conversion to pyruvate, whereas HIF‑1α 
and c‑Myc affect lactate dehydrogenase (LDH) expres‑
sion (16). LDH is divided into LDHA and LDHB, which 
serve opposite roles; LDHA is responsible for catalyzing 
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the transformation of pyruvate into lactate (40). HIF‑1α 
and c‑Myc can increase lactate production by upregulating 
LDHA expression and inhibiting LDHB expression (16). 
The secreted lactate can subsequently promote the phos‑
phorylation of pyruvate dehydrogenase (PDH) by PDH 
kinase (PDK), thereby resulting in a greater conversion of 
pyruvate to lactate (41). PDK can phosphorylate PDH and 
inhibit its activity (42).

In addition to glycolysis, cancer cells produce lactate 
through glutaminolysis. Cancer cells uptake glutamine and 
convert it to glutamate via glutaminase, which is regulated by 
c‑Myc. Glutamate is then converted to α‑ketoglutarate, which 
in turn is transformed into malate via the TCA cycle. Malate is 
then translocated to the cytoplasm, where it is converted into 
pyruvate by the action of malic enzyme, ultimately facilitating 
lactate production (43).

Some lactate can enter the TME through the monocarbox‑
ylate transporter (MCT) at concentrations up to 40 mM (44). 
Lactate is a critical metabolite of glycolysis and serves a 
crucial role in tumorigenesis and progression of tumors (16). 
In particular, lactate is not only a TCA cycle carbon source 
for tumor cells (45‑47), but also increases the uptake and 
metabolism of glutamine by promoting the expression of 

glutamine transporter and glutaminase 1 (48). In addition, 
lactate is an important signaling molecule, which can influence 
the functions of immune cells, and impact tumorigenesis (49) 
and/or tumor metastasis (50). For example, Xie et al (51) found 
that lactate could inhibit the mTOR signaling pathway and the 
nuclear translocation of promyelocytic leukemia zinc‑finger by 
decreasing the extracellular pH, ultimately resulting in dysfunc‑
tion of natural killer (NK) T cells, particularly characterized by 
a reduction in the production of IFN‑γ and IL‑4.

4. Impact of lactate on resistance to anti‑PD‑1/PD‑L1 
therapy

By analyzing large‑scale pan‑cancer data, a study has revealed 
that lactate metabolism‑related features were negatively asso‑
ciated with antitumor immunity and positively associated with 
immunotherapy resistance (52). The positive response to ICIs 
in patients is linked to the presence of pre‑existing intratu‑
moral T‑cell infiltration and an immunologically favorable 
TME characterized as ‘hot’ or T‑cell‑inflamed (53). Lactate 
can promote an immunosuppressive TME via its effects on 
immune cells (Fig. 2), which is associated with immune cell 
infiltration and response to ICIs (19).

Figure 1. Lactate metabolism in the tumor microenvironment. In cancer cells, lactate is mainly produced through glycolysis and glutaminolysis. Glucose is 
converted to pyruvate in the cytoplasm, after which most pyruvate is metabolized to lactate by LDH. In addition, glutamine can be converted to glutamate, 
which is then transformed into α‑KG. α‑KG is transformed into malate via the TCA cycle, which is then translocated to the cytoplasm to provide pyruvate 
for lactate production. GLUT1, glucose transporter 1; HK2, hexokinase 2; PKM2, pyruvate kinase 2; PDK, pyruvate dehydrogenase kinase; PDH, pyruvate 
dehydrogenase; LDH, lactate dehydrogenase; MCT4, monocarboxylate transporter 4; ASCT2, alanine‑serine‑cysteine transporter type‑2; TCA, tricarboxylic 
acid; α‑KG, α‑ketoglutarate; HIF‑1α, hypoxia‑inducible factor‑1α.
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Macrophages. Macrophages are professional phagocytic cells 
that are capable of activating T helper cells by presenting 
peptide antigens through major histocompatibility complex 
class II (MHC‑II) (54). Macrophages can be categorized into 
two distinct phenotypes, namely the classically activated (M1) 
or the alternatively activated (M2) macrophages. M1‑like 
macrophages secrete pro‑inflammatory cytokines and have the 
capacity to induce tumor cell death, whereas M2‑like macro‑
phages are known for their secretion of anti‑inflammatory 
cytokines and their role in facilitating tumor progression (55). 
M2‑like macrophages can promote malignant tumor initia‑
tion and progression (56). G protein‑coupled receptor 132 
(GPR132), expressed by macrophages, can sense the lactate 
signal in the TME (57). Upon sensing lactate, GPR132 activates 
G proteins coupled to it. This subsequently activates protein 
kinase A (PKA). The activated PKA phosphorylates cAMP 
response element binding protein (CREB), which then enters 
the nucleus (58). CREB binds to the promoter regions of M2 
macrophage biomarkers, including CD206, arginase 1 (ARG1) 
and IL10, and promotes their expression (58). In addition, 
lactate can stabilize HIF‑1α protein, which induces the expres‑
sion of VEGF and ARG1, thereby leading to M2 macrophage 
polarization (59). Data have also shown that M2 macrophage 
polarization can be induced by lactate through the activation 
of the ERK/STAT3 signaling pathway, which promotes the 
expression of CD206 and ARG1 (55). Recent research has 
revealed that lactate generated by tumor cells accumulated 
in macrophages and induced histone H3 lysine 18 lactylation, 
which enhanced the expression of M2 macrophage biomarkers 
such as CD206, ARG1, IL10 and adrenomedullin (60). M2 

macrophages can inhibit the activity of CD8+ T cells by 
secreting immunosuppressive factors such as IL10 and trans‑
forming growth factor β1, thereby reducing the killing effect 
of CD8+ T cells on tumor cells (60). The addition of lactate 
can increase VEGF production by macrophages, further 
stimulating angiogenesis (61). Furthermore, a recent study 
found that exogenous lactate could increase PD‑L1 expres‑
sion in macrophages via the activation of NF‑κB (62). PD‑L1 
expressed on macrophages negatively regulates T‑cell func‑
tion and serves a crucial role in response to ICI therapy (63). 
Thus, lactate may influence the efficacy of immunotherapy by 
modulating macrophage function.

DCs. DCs are pivotal antigen‑presenting cells within the 
TME, and are responsible for processing and presenting 
antigens to naïve T lymphocytes, thereby initiating an 
antigen‑specific immune response (64). DCs have been 
identified as crucial players in the response to ICIs and are 
promising candidates for cancer immunotherapy (64). DCs 
are commonly categorized into plasmacytoid DCs (pDCs), 
monocyte‑derived DCs and conventional DCs (cDCs), which 
encompass cDC1s and cDC2s (65). pDCs are a subset of 
bone marrow‑derived DCs and are responsible for producing 
IFN‑I (53). Monocyte‑derived DCs are differentiated from 
monocytes in response to inflammation and are present under 
steady state conditions in specific tissues such as the gastro‑
intestinal tract and respiratory tract (66). cDCs are derived 
from precursor cells originating in the bone marrow and 
serve a crucial role in inducing T‑cell‑dependent adaptive 
immunity (53).

Figure 2. Lactate mediates the generation of an immunosuppressive TME. Accumulation of lactate induces differentiation and activation of M2‑macrophages 
and Treg cells, inhibits the antigen‑presenting function of DCs, activation of T cells and NK cells, and promotes immune escape of tumor cells. As a result, 
an immunosuppressive TME is formed, which affects the efficacy of anti‑PD‑1/PD‑L1 therapy. PD‑1, programmed cell death protein 1; PD‑L1, programmed 
death‑ligand 1; DCs, dendritic cells; NK cells, natural killer cells; Treg cells, regulatory T cells; MHC‑II, major histocompatibility complex class II; HIF‑1α, 
hypoxia‑inducible factor‑1α; GPR, Gi‑protein‑coupled receptor; TME, tumor microenvironment; PKA, protein kinase A; CREB, cAMP response element 
binding protein; NFAT, nuclear factor of activated T‑cells; CMC1, C‑X9‑C motif containing 1; GLUT10, glucose transporter 10; CHOP, C/EBP homologous 
protein.
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Within the TME, DC immunoreactivity is typically 
suppressed (67). One study found that lactic acidosis 
impai red the funct ion of pDCs in pat ients with 
melanoma (68). Lactate functions as a ligand for Gi‑protein‑
coupled receptor 81 (GPR81), binding to and subsequently 
activating it (69). The activation of GPR81 results in down‑
regulation of MHC‑II expression on the surface of DCs, which 
reduces the antigen‑presenting capability of DCs to T cells, 
thus inhibiting T cell activation and proliferation (69). Recent 
research has revealed that lactate could drive the formation of 
mature regulatory DCs (mregDCs) through activation of sterol 
response element binding protein 2 (70). mregDCs further 
inhibit antigenic cross‑presentation by DCs through the 
secretion of soluble mediators, such as preprotein convertase 
kukurenine/kexin type 9, and promote Treg cell differentia‑
tion, while inhibiting activation of CD8+ T cells, thus leading 
to an immunosuppressive TME (70). Furthermore, reducing 
lactate production in DCs can increase C/EBP homologous 
protein expression in DCs and subsequently induce DC 
maturation, which promotes T‑cell activation and improves 
the tumor response to anti‑PD‑1/PD‑L1 therapy (71).

T cells and Treg cells. Recent research has found that elevated 
concentrations of lactic acid diminished the glucose uptake and 
antitumor efficacy of CD8+ T cells by directly interacting with 
the intracellular motif of GLUT10 (72). Furthermore, lactate 
has been shown to enhance C‑X9‑C motif containing 1 (CMC1) 
protein expression through the induction of ubiquitin specific 
peptidase 7, a deubiquitinating enzyme that facilitates the 
stabilization and deubiquitination of CMC1 protein (73). The 
upregulation of CMC1 expression is associated with increased 
levels of T‑cell surface inhibitory receptors, including PD‑1 
and T‑cell immunoglobulin and mucin‑domain containing‑3, 
indicating that CMC1 may serve a role in promoting T‑cell 
depletion (73). Lactate is associated with impairment of T‑cell 
cytotoxicity and IFN‑γ secretion in liver kinase B1‑deficient 
tumors, which affects the anti‑PD‑1/PD‑L1 response 
in vivo (19). Additionally, lactate can inhibit CD8+ T‑cell 
migration into tumor tissue (74). In pancreatic cancer [specifi‑
cally pancreatic ductal adenocarcinoma (PDAC)], targeting of 
solute carrier family 4 member 4 can increase CD8+ T‑cell 
infiltration and IFN‑γ production due to the reduction of 
lactate production and the higher extracellular pH, which can 
sensitize PDAC to anti‑PD‑1/PD‑L1 therapy (75). In hepato‑
cellular carcinoma, inhibition of MCT4 reduces lactate output 
and alleviates TME acidification, which suppresses tumor 
growth by enhancing the infiltration and cytotoxic activity of 
CD8+ T cells, and has also been found to enhance the effective‑
ness of anti‑PD‑1 therapy (76). Lactate‑mediated inactivation 
of NF‑κB sensitizes cytotoxic T cells to activation‑induced 
cell death, thereby reducing cytotoxic CD8+ T‑cell infiltration 
and impairing the efficacy of anti‑PD‑1/PD‑L1 therapy (77). 
However, it has also been proposed that lactate is an important 
physiological carbon source for promoting T‑cell activity and 
that the intact function of LDH is critical for its cytotoxic 
function (78,79). Whether lactate itself or the resulting acidic 
environment mediates these different outcomes remains to be 
further explored.

Treg cells are central in the mediation of immune toler‑
ance (49). Under a low‑glucose and high‑lactic acid environment, 

lactic acid can enhance the expression of PD‑1 by Treg cells 
and inhibit PD‑1 expression in effector T cells, resulting in 
anti‑PD‑1/PD‑L1 therapy failure (35). Mechanistically, lactic 
acid enters Treg cells via MCT1 and promotes the expression 
of intranuclear nuclear factor of activated T‑cells (NFAT)1, 
which positively regulates PD‑1 expression (35). Recent 
research has shown that MOESIN lactylation levels were lower 
in individuals responding to anti‑PD‑1 therapy than in nonre‑
sponding individuals (49). Lactate can regulate the generation 
of Treg cells by modifying Lys72 in MOESIN, which enhances 
its interaction with transforming growth factor β receptor I 
and SMAD3 signaling (49).

NK cells. NK cells mediate immunity to pathogens indepen‑
dently of antigen‑presenting cells (80). Lactate accumulation 
within the TME results in TME acidification, leading to 
intracellular acidification and impaired energy metabolism 
in NK cells upon uptake of lactate (81). Data show that the 
SIX homeobox 1/LDHA axis can promote the accumulation 
of tumor lactate in pancreatic cancer, thus inhibiting the 
function of NK cells (82). In breast cancer, LDHB‑associated 
lactic acid clearance has been found to enhance NK cell 
activity (83). In addition, lactate and low pH reduce the cyto‑
toxic activity of NK cells. Mechanistically, lactic acid and 
its dissociated hydrogen ions (H+) can lead to intracellular 
acidification. The activity of calcium‑modulated phospha‑
tase, which is sensitive to pH variations, may be inhibited in 
an acidic environment, consequently affecting the dephos‑
phorylation and nuclear translocation of NFAT (84). By 
impeding NFAT activity, lactic acid diminishes the tran‑
scription and production of IFN‑γ, thereby impairing the 
effector functions of NK cells (84). Furthermore, lactic acid 
indirectly hinders NK cell function by promoting the expan‑
sion of myeloid‑derived suppressor cells (81). Combination 
strategies encompassing anti‑NK cell and anti‑PD‑1/PD‑L1 
therapies show greater efficacy than anti‑NK cell therapies 
in gastric cancer (85).

5. Clinical significance of lactate in anti‑PD‑1/PD‑L1 
therapy

Within the TME, TCRs identify tumor antigens presented 
by MHC molecules, facilitating the activation of T cells to 
execute cytotoxic functions and eliminate cancer cells (6). 
Nevertheless, tumors can progressively evolve immune evasion 
strategies, including the upregulation of PD‑L1, which impairs 
T‑cell activity through its interaction with PD‑1 receptors on 
T‑cell surfaces (6). Anti‑PD therapies employ monoclonal 
antibodies to inhibit the PD‑1/PD‑L1 signaling pathway (6). 
Lactate metabolism in tumor cells has been shown to be 
associated with immunotherapy resistance (18). Thus, further 
investigation is warranted to explore the potential of utilizing 
lactate as a predictive marker for immunotherapy efficacy, as 
well as the potential of targeting lactate metabolism to enhance 
the effectiveness of immunotherapy (Fig. 3).

A lactate metabolism‑related signature associated with 
the prediction of responses to immunotherapy and related 
prognosis has been identified and validated using information 
from public databases; however, validation in a larger number 
of patients is required (52). For example, a prognostic signature 

https://www.spandidos-publications.com/10.3892/mmr.2024.13413
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was constructed for patients with renal clear cell carcinoma 
using three lactate‑associated genes, and this could serve as 
a reliable predictor of prognosis and response to immuno‑
therapy (86). Furthermore, a study has demonstrated that 
patients treated with pembrolizumab who exhibited elevated 
baseline LDH levels had a reduced overall survival compared 
with those with normal LDH levels, suggesting that LDH 
could function as a biomarker for predicting the efficacy of 
immunotherapy (87).

Targeting metabolism combined with immunotherapy 
can help to increase the effectiveness of immunotherapy (88). 
Lactate abundance in the TME can be reduced by affecting 
key enzymes in lactate metabolism such as LDH (88) or by 
directly depleting lactate (89). Accordingly, nanovaccines 
are already available that deliver CaCO3 to tumor tissue 
to deplete lactate (89). However, inhibition of lactic acid 
production in tumor cells is also required. Evidence has 
shown that lactate/GPR81 blockade (3‑hydroxy‑butyrate) 
combined with metformin synergistically inhibited cancer 
cell proliferation in vitro. Additionally, this combination 
has been shown to suppress glycolysis and oxidative phos‑
phorylation metabolism, as well as impede tumor growth 
and reduce serum lactate levels in tumor‑bearing mice. 
Furthermore, this treatment regimen enhances the infiltra‑
tion of CD8+ T cells in tumors and augments IFN‑γ secretion 

in lymph nodes (90). Taken together, these findings suggest 
a promising strategy to enhance patient responsiveness to 
PD‑1/PD‑L1 inhibition (90).

A multifunctional nanoplatform has shown effective 
consumption of glucose and lactate within the TME. The 
nanoplatform combined three components: Glucose oxidase, 
laccase and CpG. These were integrated into a zeolitic 
imidazolate framework‑8 structure and then coated with a 
red blood cell membrane. Additionally, in conjunction with 
anti‑PD‑1/PD‑L1 therapy, the nanoplatform elicited robust 
systemic immunity, resulting in successful eradication of 
tumors (91).

Targeting lactate output is also a promising therapeutic 
strategy (76). Diclofenac has been shown to be a powerful 
inhibitor of MCT1 and MCT4, which reduced lactate secre‑
tion from tumor cells, and enhanced T‑cell killing induced by 
anti‑PD‑1 ICIs and the efficacy of ICI therapy (92).

Targeting lactate metabolism and its associated pathways 
offers novel strategies for cancer treatment, potentially providing 
innovative therapeutic approaches to address immunotherapy 
resistance. However, metabolic therapies targeting tumors may 
also impact cells within the TME and compromise immune cell 
function (93). Therefore, the synergistic interaction between 
metabolic therapies and antitumor immunity requires careful 
consideration. Given the metabolic heterogeneity of tumors, 

Figure 3. Clinical applications of lactate. Lactate and other key enzymes may serve a role in predicting the effectiveness of immunotherapy and combination 
therapy. Lactate‑related genes, lactate and LDH levels have the potential to function as biomarkers for the therapeutic response. The abundance of lactate 
within the TME can be diminished either through direct depletion using CaCO3 or by targeting key enzymes involved in lactate metabolism, such as LDH or 
MCT. Additionally, the combination of 3‑hydroxy‑butyrate and metformin has been demonstrated to synergistically reduce serum lactate concentrations. TCR, 
T‑cell receptor; MHC, major histocompatibility complex; LDH, lactate dehydrogenase; MCT, monocarboxylate transporter; PD‑1, programmed cell death 
protein 1; PD‑L1, programmed death‑ligand 1; TME, tumor microenvironment.
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precision and personalization may represent the future direction 
for metabolic therapies in oncology.

6. Discussion

Immunotherapy has been linked to enhanced survival 
of patients with cancer (3); however, screening for 
immune‑resistant and immune‑beneficial patient populations 
remains a major challenge. To address this challenge, the 
link between metabolic reprogramming and immunotherapy 
has become a hot research topic. Metabolic reprogramming 
involves modifications in various metabolic pathways such as 
glycolysis, amino acid metabolism and lipid metabolism (93). 
Glycolysis produces lactate as a byproduct, which serves as a 
crucial metabolite for cellular functions (94). Amino acid and 
lipid metabolism are also involved in the regulation of lactate 
metabolism and influence tumor immunity (43). For instance, 
amino acids such as glutamine can serve as precursors for 
lactate production and are converted to lactate in tumor 
cells (43). Intermediates produced during lipid metabolism 
can also influence the glycolytic process. Valerate and butyrate 
enhance mTOR activity, while mTORC1‑mediated glutamine 
uptake suppresses the expression of glycolytic genes such as 
GLUT1 and HK2 (95). In tumor cells, increased production 
of acetyl‑CoA via fatty acid oxidation may inhibit the activity 
of PDH, reducing the conversion of pyruvate to acetyl‑CoA, 
and consequently increasing lactate production (96,97). The 
present review has improved the understanding of the effects 
of lactate on tumor cell proliferation and function; however, 
specific regulatory mechanisms remain to be explored. For 
instance, the regulatory effects of lactate on immune cells have 
the potential to suppress antitumor immunity and contribute 
to resistance against immunotherapy. Understanding the 
mechanisms underlying metabolic reprogramming in tumors, 
as well as the interactions facilitating their immune evasion, 
is pivotal for devising strategies to enhance the efficacy of 
immunotherapy.

Briefly, the mechanisms through which lactate influences 
immune cell function within the TME are as follows (33,93,98): 
i) The induction of an acidic environment that impairs the 
activity of immune cells; ii) the modulation of immune cell 
signaling pathways, such as NF‑κB and HIF‑1α; iii) the utili‑
zation of lactate as a substrate for lactylation, which modifies 
proteins, including histones, thereby impacting immune cell 
gene expression and function; iv) the promotion of recruitment 
and stimulation of immunosuppressive cells such as Treg 
cells; and v) the regulation of the metabolic state of immune 
cells by either providing energy as a metabolic substrate or 
affecting metabolic pathways such as glycolysis and oxidative 
phosphorylation. Overall, the role of lactate within the TME is 
multifaceted and diverse. Current research mainly emphasizes 
the contributions of lactate to tumor progression and immune 
evasion (16,50). However, under certain conditions, lactate can 
also serve as an energy source and provide survival support 
to immune cells. It is expected that future studies will reveal 
more specific mechanisms of the role of lactate in tumor 
progression and metastasis, providing a theoretical basis for 
the development of novel therapeutic strategies.

In summary, most current research indicates that lactate 
within the TME may impact the efficacy of anti‑PD‑1/PD‑L1 

therapies through its role in mediating immunosuppres‑
sion (71‑75). This finding implies that biomarkers associated 
with lactate metabolism could serve as predictive indicators 
of the response to anti‑PD‑1/PD‑L1 treatment (99). A study 
has demonstrated that immunotherapy efficacy can be altered 
by modulating lactate metabolism (19). Modifying lactate 
metabolism might enhance the responsiveness of patients to 
anti‑PD‑1/PD‑L1 therapies. Lactate, a byproduct of tumor 
cell metabolism, is also involved in the metabolic processes 
of immune cells. Consequently, elucidating the metabolic 
crosstalk between tumor cells and immune cells is crucial for 
generating novel insights and therapeutic targets to enhance 
the efficacy of anti‑PD‑1/PD‑L1 therapies. However, research 
on the impact of targeting metabolic pathways in tumor 
cells on immune cell metabolism within the TME remains 
limited. Further studies are needed to identify novel targeted 
agents capable of more effectively and selectively modulating 
immune responses within the TME.
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