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As a major product of glycolysis and a vital signaling molecule, many studies have
reported the key role of lactate in tumor progression and cell fate determination.
Lactylation is a newly discovered post-translational modification induced by
lactate. On the one hand, lactylation introduced a new era of lactate metabolism
in the tumor microenvironment (TME), and on the other hand, it provided a key
breakthrough point for elucidation of the interaction between tumor metabolic
reprogramming and epigenetic modification. Studies have shown that the
lactylation of tumor cells, tumor stem cells and tumor-infiltrating immune cells
in TME can participate in the development of cancer through downstream
transcriptional regulation, and is a potential and promising tumor treatment
target. This review summarized the discovery and effects of lactylation, as well as
recent research on histone lactylation regulating cancer progression through
reshaping TME. We also focused on new strategies to enhance anti-tumor effects
via targeting lactylation. Finally, we discussed the limitations of existing studies
and proposed new perspectives for future research in order to further explore
lactylation targets. It may provide a new way and direction to improve
tumor prognosis.
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1 Introduction

It is well known that the occurrence of aerobic glycolysis is due to the greatly increased
demand for ATP in proliferating cells such as tumor cells, and as a result, the concentration
of lactate is significantly increased (1). As an important product of glycolysis, lactate has
been previously considered as a metabolic waste without any biological function, but in
recent years, lactate has attracted wide attention as a multifunctional signaling molecule in
many pathophysiological processes such as inflammation and cancer (2, 3). Lactate
accumulation in the tissue microenvironment is a prominent feature of inflammatory
disorders and cancers, and can participate in disease progression by regulating
inflammation response and tumor immune escape (4). Lactate has been reported to
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inhibit YAP and NF-xB activation as well as its downstream
production of TNF-o. and IL-6 via GPR81-mediated signaling
pathways, thereby inhibiting the pro-inflammatory response of
macrophages to LPS stimulation (5). In tumor progression, lactate
can also promote tumor invasion by regulating basement
membrane remodeling (BM) and epithelial-mesenchymal
transition (EMT) through signaling cascade activation of
cytokines and related pathways (6-8). In addition, some studies
have claimed that high concentrations of lactate accumulated in the
TME can inhibit the secretion of pro-inflammatory cytokines by
cytotoxic T lymphocyte (CTL), cause T cell dysfunction, and induce
immunosuppression (9, 10). Meanwhile, tumor-associated
macrophage (TAM) polarization driven by lactate is also a key
mechanism of immune escape in malignant tumors (11).

In addition to being a key metabolite linking glycolysis and
oxidative phosphorylation, lactate also has non-metabolic activity
(12). The recent discovery of histone lactylation modification is an
important milestone in lactate research (4). The histone lysine
lactylation driven by lactate is a novel epigenetic mark, which can
translate cellular metabolic signals into transcriptional regulation,
help cells adapt to complex new environments, and play a main
character in immune regulation and maintenance of biological
balance (13). A number of previous studies have demonstrated
that TME metabolic reprogramming can reshape epigenetic
modifications, and many metabolites can be used as substrates for
post-translational modifications (PTMs) to cause epigenetic
changes during this process. For example, classical metabolites
acetyl-CoA and S-adenosyl-methionine can be used by
acetyltransferase and methyltransferase for lysine acetylation and
lysine methylation modification, respectively (14, 15), and thus
participate in the occurrence and development of tumors (2, 16—
19). The acetylation readers BRD4 in tumor tissues can stabilize
Snail through acetylation modification to promote the progression
and metastasis of gastric cancer, and its abundance is associated
with shorter survival of patients without metastatic (20). The
enrichment of histone acetyltransferase KAT7 in FOXOI and
FOXO3a promoters can also induce changes in the expression of
downstream target genes, thereby inhibiting the proliferation and
invasion of gastric cancer cells (21). It has also been reported that
the succinyl-Coenzyme A (CoA) synthetase ADP forming subunit 3
(SUCLA2)-coupled regulation of GLS succinylation and activity
counteracts oxidative stress in tumor cells (22). Lactate and the
acidification of TME are key processes that promote carcinogenesis
(23). Protein lactylation not only opens up a new field for the study
of protein PTMs, but also points out a new direction for the study of
lactate in tumor immunity or other areas (24). Since the first
identification and discovery in 2019, relevant studies on histone
lysine lactylation developed rapidly in the following four years, and
further studies have confirmed that lactate can promote M2
macrophages polarization through lactylation of histone lysine,
thus inhibiting immune response in the TME (25). This
achievement provided a new perspective for targeting lactate
metabolism to inhibit cancer progression and opened up a more
promising new idea for future tumor treatment and drug
targets exploration.
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The TME contains a variety of cell types, which can provide a
great metabolic environment for lactylation (26, 27). However, the
interaction between metabolic reprogramming, histone lactylation
and immunosuppression in the TME, including tumor cells,
immune cells and stromal cells, is still not fully understood.
Further elucidation of the association between the above elements
is necessary and urgent for the discovery of new and effective cancer
treatments. In this paper, we reviewed the recent literature on the
involvement of histone lysine lactylation in tumor progression and
summarized the potential targets of lactylation modification as well
as new achievements in the combined treatments of cancer. Finally,
we proposed that the combined strategy of inhibiting the
production, transport and signal transduction of lactate with
cancer therapy is promising.

2 Lactylation: The “New Favorite” in
Epigenetic Modification

2.1 Discovery process of lactylation

As mentioned in previous studies, lactate is an important
product of Warburg effect and can perform non-metabolic
functions as a signal molecule (23). This hydroxy-carboxylic acid
includes two stereoisomers, named L-lactate acid and D-lactate
(28), among which L-lactic acid is the main physiological
enantiomer and most current studies on its functions all focus
on L-lactate (29). So, in this article, all lactate and its associated
epigenetic modification refers to L-lactate unless otherwise noted.
As is known to all, histone acetylation depends on the transfer of
acetyl-CoA to histone lysine residues by acetyltransferase (30), and
similarly, lactate can also be added to histone lysine residues as an
epigenetic substrate for histone lactylation modification (25, 31).
In 2019, Zhao Y et al. analyzed the core histones of human MCF-7
cells digested by trypsin through HPLC-MS/MS and detected the
presence of lysine lactylation (Kla) for the first time. Meanwhile,
isotope experiments demonstrated that L-lactate CoA, the
activated form of L-lactate, is an important substrate for this
new PTMs. They also identified 26 and 16 Kla sites in the core
histones of human cervical cancer cell line HeLa and mouse bone
marrow-derived macrophages (BMDM), respectively. Further,
they found that the expression of Arginase 1 (Argl) in
macrophage challenged by bacterial shows a time-dependent
change, which was mediated by a “lactate clock”. This suggests
that Argl expression is regulated by lactylation modification (25).
These findings are undoubtedly groundbreaking in that they
suggest a new approach to re-examine the role of excess lactate
in the TME, to redefine the association between metabolic
reprogramming and epigenetic modifications, and, more
importantly, to re-explore the impact of lactylation in lactate-
mediated carcinogenesis. Since then, histone lysine lactylation has
quickly stepped into the ranks of research hotspots and has
become a hot topic in the field of cancer, so what is the
lactylation process and what effectors are needed?
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2.2 Mechanism of lactylation and its
effectors: writers and erasers

It has been reported that the greater susceptibility of histone
lysine to lactylation modification is determined by the hydrophilic
position of lysine and special role of its e-amino group, which
means that the accessibility and reactivity of lysine residues make it
prone to PTMs (32). Although the Nature article published by Zhao
Y etal. in 2019 has found histone lysine lactylation modifications in
HeLa cells and BMDM and identified a different number of
lactylation sites including H3, H4, H2A and H2B. However, the
lactylation sites of histones vary among different species and
lactylation modifications may also occur in non-histones (33-36).
In conclusion, as a new type of PTM, our understanding of the
lactylation modification sites, process and reaction kinetics is still
limited (37, 38). Protein acylation is an evolutionally-conserved and
reversible PTM (39), and currently, based on the generality of lysine
acylation and biochemical analysis of other acylation reactions (27),
we have known that those involved in lactylation modification
include specific lactylases (Writers), de-lactylases (Erasers), and
lactylation recognition enzymes (Readers), which perform the
functions of adding lactate CoA to or removing it from histones,
and recognizing lactylation modifications, respectively. It has been
reported that from a non-PTM perspective, p300 is a transcriptional
co-activator that can activate oncogene transcription, promote
tumor cell growth, regulate immune function, etc. (40-43), and in
recent years, p300 has also been found to be a classic
acetyltransferase. It catalyzes plentiful types of protein
modification and plays an important role in the progression of
many malignant tumors such as hepatocellular carcinoma (HCC),
esophageal carcinoma, and cutaneous squamous cell carcinoma
(44-47).In 2019, Zhao Y et al. demonstrated for the first time that
overexpression or interference with p300 in HEK293T cells can
increase or decrease the level of histone lactylation by using
overexpression and knockdown experiments, indicating that p300
can play a catalytic function of histone lactylation as acylase.
Further, cell-free recombinant chromatin template histone
modification and transcription experiments were conducted, and
they demonstrated a p53-dependent, p300-driven mechanism for
the biogenesis of histone lactylation (25). In 2021, Liu G et al. also
demonstrated that both lactylation levels and pro-fibrotic gene
expression were downregulated in p300 knockdown macrophages
(48). Similarly, Li C et al. found that interfering with the expression
of p300/CBP (CREB-binding protein) or inhibiting p300 using
C646 resulted in reduced levels of the high mobility group
protein B-1 (HMGBI1) lactylation (49). CCS1477 is a promising
treatment for hematologic malignancies and advanced drug-
resistant prostate cancer, as well as the only CBP/p300 inhibitor
currently in Phase IB/ITA clinical trials (50). Moreover, studies have
prepared site-specific e-n-l-lactylation recombinant proteins using
the genetic encoding of e-n-l-lactoyl lysine in bacterial and
mammalian cells and constructed fluorescent and luminescent
probes for the detection of lactylases in living cells (51). The
above studies all indicate that p300/CBP is a potential Writer for
histone lactylation, which can co-regulate the occurrence of
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lactylation modification. The discovery of lactylation expands the
classical idea of research on the carcinogenic mechanism of p300/
CBP and provides a new potential therapeutic target for targeting
lactylation. However, at present, no more lactylase has been found
and the specific molecular mechanism of how p300/CBP functions
as a “writer” has not been reported in detail.

Similarly, based on the knowledge of other de-acylases, Zhao Y
et al. again published in 2022, where they screened in vitro for the
de-lactylases HDAC1-3 and SIRT1-3 by systematically evaluating
the ability of zinc- and nicotinamide adenine dinucleotide-
dependent histone deacetylases (HDACs) to cleave e-n-l-alanine.
Among them, HDACI-3 not only showed strong de-lactylase
activity for L-lactate but also functioned for D-lactate and a
variety of short-chain acyl modifications. Using cell
overexpression and knockdown experiments, they further
confirmed the specific de-lactylase activity of HDACs 1 and 3
rather than HDAC2 (4), while in June of the same year, Zessin
et al. found that many HDAC isomers such as HDAC6 and 8 are
also potential de-lactylase, but their enzymatic activity is far less
than that of HDACS3 as the activity of HDACS3 is even thousands of
times higher than that of SIRT2 (52). Since then, studies have begun
to pay attention to the role of de-lactylases in tumor progression. It
has been confirmed that SIRT2 can act as a histone lactylation
eraser to inhibit proliferation and migration of neuroblastoma cells
(53), and that SIRT3-dependent delactylation of cell cycle protein
E2 can prevent the growth of HCC (54). In summary, these data
suggested that histone delactylation is accomplished by effector
enzymes, many deacetylases have the function of delactylase, but
the specific molecular mechanism is still poorly understood.

3 TME lactylation and cancer
development

It is well known that the metabolism of tumor cells “favors” the
Warburg effect compared to normal cells, thus accumulating higher
levels of lactate in the TME, which is a key tumor phenotype (55,
56). A microenvironment with high lactate levels is an important
underlying condition for lactylation (27), which means that the level
of lactylation modifications in the entire TME, including tumor
parenchymal cells, stromal cells and even immune cells, may be
greatly increased. Overall, the discovery of histone lactylation
provided a new perspective to explore the role and mechanism of
lactate metabolism in tumor progression, and many unknown
lactylation-related mechanisms may be involved in cancer
development. Now, more and more studies are unraveling the
mystery of how histone lactylation regulating tumor progression
step by step.

3.1 Lactylation of tumor cells in TME

As a mainstay of the TME, tumor cell histone lactylation
modification have received extensive attention for regulating
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cellular metabolism through mediating gene expression and thus
participating in cancer progression.

3.1.1 Lactylation of tumor cells and tumor
progression

Ma Y et al. has reported the effects of lactate on non-small cell
lung cancer (NSCLC) metabolism and confirmed that lactate
dehydrogenase (LDH) upregulation was associated with poor
prognosis in NSCLC, and that lactate regulated the expression of
the glycolytic enzyme HK-1 and the TCA cycle enzyme IDH3G.
Chromatin immunoprecipitation results showed increased histone
lactylation of HK-1 and IDH3G promoters (57). These results
suggests that in NSCLC, lactate regulates cellular metabolism at
least in part through histone lactylation-mediated gene expression
(Figure 1). However, this study did not elucidate the specific
mechanisms by which lactylation modification affect NSCLC. The
latest study used liquid chromatography-tandem mass
spectrometry (LC-MS/MS) to globally analyze lactylation in
human lung under normal physiological conditions. After
comparison, 141 proteins that modified by lactylation were finally
identified. This work expands the human lactylation database and
helps to advance the study of lactylation function and its
mechanisms under physiological and pathological conditions (58).
In addition, Jia R et al. found that histone lactylation levels are
elevated in ocular melanoma and associated with poor prognosis
(Table 1). Mechanistically, they demonstrated that histone
lactylation accelerates ocular melanoma progression by promoting
the expression of the m6A reading protein YTHDF2, which

10.3389/fimmu.2023.1284344

recognizes m6A-modified PERI and TP53 mRNAs and promotes
their degradation (59), this study bridges the gap between histone
modifications and RNA modifications, providing a new
understanding of epigenetic regulation in tumorigenesis
development. To regulate lactate homeostasis inside and outside
the cell, the monocarboxylate transporter proteins MCT1 and
MCT4 are responsible for importing and exporting lactate into
and out of the cell, respectively (66). It has been claimed that
MCTI1-mediated elevation of lactate can stimulate hyaluronan
(HA)-binding protein KIAA1199 signaling via enhancing HIFlo
lactylation, thereby triggering the pro-angiogenic role of KIAA1199
in prostate cancer and laying the groundwork for the exploration of
new therapeutic targets (67). Another study has confirmed that
clear cell renal cell carcinoma (ccRCC) patients with high levels of
histone lactylation modification have a poor prognosis. Kla can
promote ccRCC progression by activating PDGFRP transcription,
and conversely, PDGFRP signaling also stimulates histone
lactylation. Targeting histone lactylation can inhibit the growth
and metastasis of ccRCC in vivo. This study suggests that the
positive feedback pathway of histone lactylation is a potential
target for the treatment of ccRCC (60). It has also been shown
that histone lactylation modification promotes the proliferation of
BRAF-mutated interstitial thyroid cancer (ATC) (13), and
mechanistically, the oncogene BRAFV600E increases glycolytic
flux and reorganizes the cellular lactylation landscape, leading to
H4K12 lactylation-driven gene transcription and cell cycle
dysregulation, causing ATC deterioration. Combined lactylation
antibody with BRAFV600E inhibitors can effectively curb ATC
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Lactate acts as a signaling molecule to affect gene transcription and immune evasion via histones and non-histone lysine lactylation and participate
in cancer progression. Lactylation on HIF1la promotes KIAA1199 expression and prostate cancer progression. Lactylation upregulates MYCN and
ASCL2 expression and thus promotes drug resistance. Increased H4K12 lactylation level causes cell cycle deregulation and ATC progression. Lactate
promotes the upregulation of METTL3 in TIMs via inducing lactylation of H3K18 and colon cancer progression. Lactylation of lysine at position K28
of AK2 protein promotes HCC deterioration. H3K18 lactylation promotes YTHDF2 expression and thus promoting P53 and PER1 degradation.
Histone lactylation in macrophages promotes a shift to the immunosuppressive M2 macrophage phenotype. Lactylation of K183 directly occur in
transcription factor YY1, which promotes FGF2 expression and proliferative retinopathy progression. Lactylation promotes IDH3G expression and
NSCLC. Histone lactylation on LINC0O052 promoter promotes CRC progression. H3K18 lactylation promotes PDGFRp expression and ccRCC
progression. Lactylation of lysine at position K72 of MOESIN protein improves the interaction of MOESIN with TGF-f receptor | and regulates
effector Tregs generation. Abbreviation: Kla, histone lysine lactylation; GLUT1, glucose transporter type 1; MCT1/4, monocarboxylate transporter 1/4;
ATC, Anaplastic thyroid cancer; METTL3, m6A methyltransferase-like 3; AK2, adenylate kinase 2; YTHDF2, YTH Domain Family Protein 2; ccRCC,

clear cell renal cell carcinoma; NSCLC, non-small cell lung cancer.
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TABLE 1 Lactylation modification sites and functions in different cells.

10.3389/fimmu.2023.1284344

Cells Lactylation site Function Reference
ATC cells H4K12 Gene transcription and cell cycle dysregulation and ATC deterioration (13)
MCEF-7 H3K09,18,23,27,56,122 H4K5,8,12,31,77,91 N/A (25)
BMDM H3K14,18,23,27,56 Tumor cell proliferation (25)
LLC1 H3K18 N/A (25)
B16F10 H3K18 N/A (25)
HEK293T H3K18 N/A (25)
HCT116 H3K18 N/A (25)
HeLa H3K09,18,23,27,79 N/A (25)

H4K5,8,12,16,31,77,91
H2AK11,13,115
H2BKS5,11,15,16,20,23,43,85,108,116,120
Ocular melanoma cells H3K18 PERI and TP53 mRNAs degradation and ocular melanoma progression (59)
ccRCC cells H3K18 PDGFR transcription activation and ccRCC progression (60)
HCC cells K28; H3K18 AK2 inhibition and HCC proliferation; N/A (25, 61)

LCSCs H3K9, H3K56 HCC proliferation (62)
Microglia K183 Increased expression of FGF2 and Proliferative Retinopathy progression (63)
TIMs H3K18 METTL3 upregulation and CRC promotion (64)
Tregs K72 Enhancing TGF- signaling, efficient Tregs production and HCC progression (65)

ATC, Anaplastic thyroid cancer; BMDM, Bone marrow derived macrophage; ccRCC, clear cell renal cell carcinoma; HCC, Hepatocellular carcinoma; LCSCs, Liver cancer stem cells; TIMs,

Tumor infiltrating myeloid cells; Tregs, Regulatory T cells. N/A, Not available.

progression, it means that the metabolic-epigenetic axis is a new
option for combination therapy.

The roles of histone lactylation modifications in digestive
tumors, including stomach, intestine and liver, have also been
widely reported. It was found that Kla levels were significantly
higher in gastric tumors tissues than in adjacent tissues and that
high levels of Kla were associated with poor prognosis in gastric
cancer (GC). In this study, a comprehensive lactylome analysis was
performed for the first time in gastric cancer AGS cells and 2375 Kla
sites were obtained. Meanwhile, KEGG pathway analysis showed
that these proteins were significantly enriched in spliceosome
function (68). It has also reported that six prognostic gene models
associated with lactylation in GC tissues were constructed using
GSEA, TCGA and GEO database. Lactylation score was performed
by immune cell infiltration and genetic instability levels, and it was
found that lactylation score was strongly correlated with overall GC
survival and progression. GC patients with high lactylation score
had higher immune dysfunction, rejection, and lower response to
immune checkpoint inhibitors (ICIs) (69). These results suggest
that Kla may be a prognostic marker and potential therapeutic
target for GC to predict malignant progression and immune evasion
and to guide the therapeutic response of GC to ICIs. Hypoxia is one
of the most important features of TME and common initiators of
malignant progression in solid tumor tissues (70, 71). Researchers
found that hypoxia-induced glycolysis promotes B-catenin
lactylation, enhances stability and expression of B-catenin, thus
exacerbating the malignant proliferation of colon rectal cancer
(CRCQ) cells (72). Another study also proved that the decrease in
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histone lactylation level and expression of macrophage migration
inhibitory factor (MIF) promoted M1 macrophage polarization and
inhibited M2 polarization, thereby inhibiting CRC progression and
metastasis (73). Further, Liu X et al. identified histone lactylation on
IncRNA (74). They demonstrated that bacterial-derived
lipopolysaccharide (LPS) could promote CRC invasion and
migration by increasing the level of LINC00152 promoter histone
lactylation and decreasing its binding efficiency to transcription
factor YY1, thus upregulating LINC00152 expression and
promoting CRC invasion and migration. This provides new
insights into host epigenetics when human diseases were
challenged by intestinal bacteria. Overall, these results imply that
targeting lactylation may be beneficial for effective control of CRC.
HCC is the most common type of primary liver cancer (75). In
order to further explore the impact of lactylation on HCC
progression, Gao Q et al. prospectively collected hepatitis B virus-
associated HCC samples and performed comprehensive lactylation
profiling, which revealed that Kla preferentially affects enzymes
involved in metabolic pathways and further confirmed that K28
lactylation promotes HCC cell proliferation and metastasis by
inhibiting the function of adenylate kinase 2 (AK2). This reveals a
lactylation-dependent mechanism of metabolic adaptation in HCC
(61). Using TCGA database, 8 prognostically differentially
expressed lactylation-related genes and their characteristics have
been identified and elucidated, as well as their correlation with
immune pathways, therapeutic responsiveness, and characteristic
gene mutations. These demonstrates the powerful predictive
efficiency of lactylation-related models in HCC and suggests that
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lactylation-related gene markers can be used as biomarkers for the
efficacy of HCC clinical treatments (76). HCC is often accompanied
by pulmonary metastasis, therefore, a clinical study investigated
lactylation proteomics for the first time in normal liver tissue, 3-
year metastasis-free HCC and HCC pulmonary metastasis samples,
respectively (75, 77). They detected 2045 modification sites on 960
proteins and found many differentially expressed Kla proteins
between different sample groups that may be potential factors
promoting HCC formation and metastasis. In addition, they also
confirmed that ubiquitin-specific peptidase 14 (USP14) and ATP-
binding cassette family 1 (ABCF1)-specific Kla sites are diagnostic
indicators of HCC and its metastasis. This result provides a reliable
basis for further studies on the role of Kla in metastatic HCC. As
described in the previous section, SIRT3 catalyzes the removal of
lactate-CoA from histone lysine residues (4). Wang Y et al. found
that non-histones can also act as substrates for SIRT3. Using
quantitative SILAC-based proteomics and crystallography studies,
they demonstrated that SIRT3 can wipe the K348 lactylation of cell
cycle proteins (CCNE2) in HCC cells, thereby inhibiting the
development of HCC. This reminds us that the activation of de-
lactylase may be a new direction to inhibit the HCC progression.
Liver cancer stem cells (LCSCs) can promote the growth of primary
tumor cells and metastasis of xenograft tumors (78). It may be
associated with tumor resistance to conventional therapies (79, 80),
and it has been reported that the triterpene antitumor compound
DML can inhibit tumorigenicity induced by LCSCs via inhibiting
lactylation of the histone H3K9 and K56 sites (62). This work
provides a new alternative option for the treatment of HCC from
the perspective of tumor stem cells lactylation modification.

3.1.2 Lactylation of tumor cells and tumor
therapy

It has also been reported that lactylation modification is widely
involved in regulating the efficacy of tumor therapy. It has been
elucidated that the mechanism of resistance to ADT/PI3K-AKT
blockade in PTEN-deficient mCRPC (metastatic Castration-
Resistant Prostate Cancer) is associated with the level of histone
lactylation in PD-1-expressing TAM (81). More precisely, reduced
lactate production in tumor cells inhibits histone lactylation within
TAM, leading to its anticancer phagocytosis activation, which is
further enhanced by ADT/aPD-1 treatment. This implies that
reversal of lactate, lactylation and PD-1-mediated TAM
immunosuppression is a novel metabolic-epigenetic-immune-
based therapeutic strategy. Cell plasticity and neuroendocrine
differentiation in prostate and lung adenocarcinoma are the main
causes of resistance to targeted therapies, He Y et al. have explored
how metabolic reprogramming promotes the fate transition from
adenocarcinoma to neuroendocrine cells (82). They demonstrated
that deletion of the Numb/Parkin pathway in prostate or lung
adenocarcinoma can lead to metabolic reprogramming and lactate
increase, subsequently causing upregulation of histone lactylation
and transcription of neuroendocrine-related genes. This suggested
that the metabolic switch is a promising therapeutic target by
regulating histone lactylation and thus cancer cell plasticity.
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All the studies reported above suggest us that as a tumor
marker, the negative role of lactate and histone lactylation
modification in tumor cells on cancer progression and treatment
should not be underestimated, which provides a new idea and basis
for targeting metabolic reprogramming to improve tumor
therapeutic efficacy. Interestingly, however, some findings are
contrary to these conclusions. Lucia et al. found that increased
lactate inhibited the progression of uveal melanoma (UM) (83), and
they demonstrated that this inhibition was achieved by increased
lactate-induced H3K18 lactylation modification, thereby leading to
increased UM cell homozygosity, nuclear enlargement and
cytostasis. Similarly, Liu J et al. found that Catalpol induced
apoptosis by modulating PTMs, with significant increases in
acetylation, 2-hydroxyisobutylation and lactylation while
decreases in succinylation, malondialdehyde and phosphorylation
in Catalpol-treated breast cancers, but the exact molecular
mechanism was not elucidated (84). This implied that the
function of lactylation may differ across cancers and that the
reasons for this contrasting effect may require detailed molecular

mechanisms to explain.

3.2 Immune cell lactylation and cancer
progression in TME

The “lactate metabolism coupling” implies that the lactate
metabolism present in TME is not involved in a single cell type,
and the high level of lactate affects not only tumor cells and tumor
stem cells in TME, but also a large number of infiltrating immune
cells. In view of this, lactylation modifications are by no means only
occurring in tumor cells (27, 85). As already mentioned earlier,
researchers have found that lactate produced by tumor cells induces
overexpression of vascular endothelial growth factor as well as M2-
like genes such as Argl in TAM, and that Argl expression in M2
macrophages is positively correlated with histone Kla levels (11, 25).
Whether the core metabolite lactate in TME regulates the
metabolism of intrinsic and adaptive immune cells to form
immunosuppression is mediated by lactylation modifications
needs to be further explored and elucidated (86).

In addition to detecting histone lactylation modifications in
human breast cancer cells for the first time, Zhao Y et al. also
detected histone lactylation in macrophages isolated from mouse
melanoma and lung tumors, and they observed that histone
lactylation levels positively correlated with the oncogenicity of M2
macrophages (25). These results suggest that the elevation of M2
macrophage histone lactylation may contribute to tumor formation
and progression. Microglia are resident macrophages in the CNS and
retina and have been reported to play an important role in
angiogenesis and vasculopathy (87-90). Researchers found that the
histone lactylation mediated by p300 and expression levels of
transcription factor YY1 in microglia were all increased, thus up
regulating the expression of FGF2 and promoting the formation of
retinal neovascularization. This implies that targeting lactylase p300,
YY1 lactylation, and FGF2 expression in macrophage may all provide

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1284344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qu et al.

new therapeutic targets for proliferative retinopathy (63). Tumor
infiltrating myeloid cells (TIMs) are an important cell population
involved in tumor immune escape, and their function is regulated by
multiple epigenetic mechanisms. In 2022, a study reported by
Wang Q et al. claimed that the increased expression of m6A
methyltransferase-like 3 (METTL3) in TIMs was associated with
poor prognosis in colon cancer patients, and mechanistically, they
found that the accumulated lactate in TME can promote the
upregulation of METTL3 in TIMs via inducing lactylation of
H3K18. More interestingly, two lactylation modification sites
identified in the zinc finger structural domain of METTL3 were
also critical for METTL3 to capture target RNAs (64). This
emphasizes the importance of lactylation-driven METTL3-
mediated RNA m6A modifications for promoting
immunosuppression and tumor progression in TIMs. This novel
link between histone and RNA modifications provides a new
perspective on epigenetic regulation in carcinogenesis. As an
important player in tumor immunity, the relationship between T
cell lactylation and tumor progression has also received widespread
attention. As we all know, regulatory T cells (Treg) play a crucial role
in maintaining the immunosuppressive microenvironment. Studies
have shown that lactate can promote tumorigenesis by regulating
MOESIN lactylation, enhancing TGF-B signaling, thus inducing
efficient Tregs production. Furthermore, researchers also have
found that the combination of PD-1 monotherapy with lactate
dehydrogenase inhibitors has a stronger anti-tumor effect than
anti-PD-1 alone (65). This suggests that targeting lactylation
modification mediated Tregs production is a novel idea to enhance
anti-tumor immunity. A special cell population named FOXP3+
NKT-like cell has been identified in the “cold” TME of malignant
pleural effusion (MPE). Using single-cell RNA sequencing analysis,
they found that like Tregs cells, FOXP3+ NKT cells had elevated
levels of lactylation to maintain immunosuppressive functions, but
the exact molecular mechanisms were not elucidated. These results
reveal for the first time a link between metabolic features and
epigenetic modifications in FOXP3+ NKT cells, providing a new
idea to overcome immunosuppression (91).

4 Targeting lactylation is a new
strategy to improve tumor
therapy efficacy

Modulation of lactate production and transport is an important
strategy to improve tumor prognosis (3, 92, 93), and the discovery
of lactylation modifications has further suggested that targeting
lactylation is a new option to inhibit cancer progression and
enhance antitumor effects (94). Epigenetic acylation targeted
drugs have achieved remarkable success in clinical applications of
antitumor therapy, for example, several deacetylase inhibitors
including Vorinostat, Belinostat, and Panobinostat have been
approved by the FDA for the treatment of lymphoma and
myeloma (95-97). Targeting lactylation can start from the process
of lactate generation, transport or lactylation processes and its
effector proteins (98-102). Currently, researchers have identified
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several potent LDH inhibitors such as Oxamate for inhibiting
lactate production and lactylation modifications, thus blocking
the downstream of lactylation pathway, some of which have
entered phase I and phase II clinical trials (59, 103, 104). For
example, FX-11 is a selective inhibitor of LDHA that shows
antitumor activity in a mouse transplantation tumor model and is
a potential target for cancer therapy (105, 106). Gallflavin also
inhibits lactate production and proliferation in Burkitt lymphoma
cells by reducing LDHA activity (107). As mentioned in the
previous section, studies have shown that lactate can promote
tumor progression by regulating MOESIN lactylation in Tregs
cells, and inhibition of LDHA can significantly reduce lactylation
level and tumor load. Further, the authors found that the lactylation
modification level of MOESIN was lower in patients responding to
PD-1 monoclonal antibody treatment (108). This means that
lactylation modification may affect tumor immunotherapy
efficacy. Targeting the lactate transporter protein MCT-1/miR-
34a/IL-6/IL-6R signaling axis has also been reported to inhibit
epithelial mesenchymal transition, tumor stemness and M2
macrophage polarization in triple-negative breast cancer (109), in
addition, MCT1-targeted drug AZD3956 is currently in clinical
trials (NCT01791595). Of course, there are also studies to achieve
effective tumor control by targeting the inhibition of lactylatse
p300/CBP or modulating the lactylation “eraser” SIRT2 (27, 53).
Based on this, a dual-targeting strategy has been proposed to
combine targeted therapy or immunotherapy with lactate axis
targets and apply them in cancer treatment (110), but this
therapeutic concept relies on limited signaling transduction and is
still not the best choice for tumor treatment. Notably, there are
some potential challenges during the application of LDHA
inhibitors for cancer treatment. Blindly inhibiting LDHA activity
to block lactate production in tumor cells may produce some
unmanageable side effects, for example, pyruvate accumulation
can drive ECM remodeling by inducing collagen hydroxylation,
thus promoting metastatic growth in breast cancer (111). Lactate
production and activity play an important role in maintaining
cellular and biological functions as well as immune regulation,
therefore, the realization of the anti-cancer potential of LDHA must
overcome the non-targeting effects associated with LDHA
blockade first.

Although there is increasing evidence of lactate as a therapeutic
target to inhibit cancer progression and restore tumor sensitivity to
treatment, it is still not completely clear whether its specific
mechanism is mediated by lactylation modification. At present,
most of the means targeting lactylation are still based on the
inhibition of lactate generation, transport, signal transduction,
and even blocking the glycolysis process. Therefore, to continue

» o«

to explore and identify the “Writers”, “Erasers” and “Readers” of

lactylation modification is the primary task to truly target
lactylation specifically and provide new targets for tumor therapy.

5 Discussion

Although many epigenetic modifications have been discovered,
lactylation may have more research value in the tumor
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microenvironment than acetylation and other modifications.
Lactylation modification is induced by the metabolite lactate. As
we all know, Warburg effect is an important metabolic feature of
tumors, and lactate, as an important product of glycolysis, is
significantly accumulated in the tumor microenvironment.
Therefore, lactylation which caused by lactate should be more
widely valued. The original intention of this paper is to review
the studies on the regulation of cancer progression and treatment by
immune cell lactylation modification in TME, and propose new
ideas on targeting immune cell lactylation or lactate generation to
improve immune suppression, regulate immune function, and
enhance anti-tumor immunity. However, there are still few
researches in this field. Most studies focus on the regulation of
biological functions through the lactylation modification of tumor
cells in TME, and in-depth studies on specific sites using mutation
experiments have not been reported. Even so, existing studies have
shown that improving immune cell function and reshaping the
immune environment by targeting histone lactylation of immune
cells is definitely a promising direction and field to help the
development of new drugs and improve the effect of cancer
therapy. This field is worth further exploration.

The interaction between metabolomics and epigenomics has
made great strides in recent decades (94). Lactate has been
transformed from a metabolic waste product into an important
signaling molecule that can remodel TME (16). The recent
discovery of lactylation induced by lactate has further explored
the tumor-promoting mechanisms of lactate production, recycling,
and utilization. Like other PTMs, lactylation can modify histones to
alter the spatial conformation of chromatin, affect DNA
accessibility, and regulate corresponding gene expression, which
constitutes an important bridge between epigenetic and metabolic
reprogramming (112). Many studies have reported that lactylation
modifications can participate in cancer progression and affect
therapeutic efficacy by regulating the physiological functions of
tumor cells, tumor stem cells, and immune cells in TME. It have
emerged as new targets for tumor therapy, but many questions
remain to be investigated, for example, distinguishing the
foundation of Zhao Y et al., some subsequent studies confirmed
that Kla modifications can also occur on non-histone proteins and
even non-coding RNAs of other organisms such as plants and
microorganisms (33-35, 49, 64, 113). Gaffney et al. later suggested
by mass spectrometry that D-lactylation modifications are also
widely present in cells, but there are some differences between the
two L-lactyl and D-lactyl forms of Kla, in substrate origin and
chirality, as well as in target protein and functional performance
(114). In addition, there is growing evidence that the interaction
between RNA m6A methylation and histone/DNA epigenetic
machinery determines transcriptional output (115), and as
mentioned earlier, Wang Q et al. confirmed that lactylation can
mediate upregulation of RNA m6A enzyme METTL3 expression
and thus promote CRC progression (64). It would be interesting to
further investigate how these non-lysine lactylation sites regulate
tumor cell or immune cell function in TME and the interactions
between various epigenetic modifications in TME.

Identification of Kla substrates and their exact sites is crucial to
unravel the molecular mechanisms of lactylation. Mass spectrometry
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is the basic but time-consuming and laborious method for identifying
PTM sites. During the exploration, researchers built the first Kla
benchmark dataset, developed an architectural approach based on a
small amount of learning, and designed the predictor FSL-Kla for Kla
site analysis (116). Other research also proposed a new computational
model Auto-Kla for fast and accurate prediction of Kla sites in GC
cells based on automatic machine learning (117). The cutting-edge
experimental tools such as big data analysis based on lactylome and
artificial intelligence machine learning will surely lead lactylation
research to new heights.

Although the interactions between histone lactylation,
metabolic reprogramming, and immunosuppression in TME are
beginning to be explored, further exploration and elucidation of
these associations are necessary and urgent for more effective cancer
therapy. At present, the relevant research on lactylation “readers” is
still a blank. Given the universality of lysine acylation modification,
there must be more types and functions of “writers”, “erasers” and
“readers” in lactylation modification waiting for further exploration,
which will provide new ideas and targets for improving cancer
treatment effect and tumor prognosis.

Author contributions

JQ: Conceptualization, Data curation, Funding acquisition,
Investigation, Methodology, Resources, Software, Supervision,
Validation, Writing — original draft, Writing - review & editing. PL:
Data curation, Formal Analysis, Methodology, Project administration,
Validation, Writing - review & editing. ZS: Funding acquisition,
Investigation, Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work is
supported by grants from National Natural Science Foundation
youth fund of China (32200714); Henan Normal University
Research Launch Foundation (20220099) to ZS; Xinxiang Medical
University Research Launch Foundation (505501) to JQ.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1284344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qu et al.

References

1. Li X, Yang Y, Zhang B, Lin X, Fu X, An Y, et al. Lactate metabolism in human
health and disease. Signal Transduct Target Ther (2022) 7(1):305. doi: 10.1038/s41392-
022-01151-3

2. Liu X, Zhang Y, Li W, Zhou X. Lactylation, an emerging hallmark of metabolic
reprogramming: current progress and open challenges. Front Cell Dev Biol (2022)
10:972020. doi: 10.3389/fcell.2022.972020

3. LinJ, Liu G, Chen L, Kwok HF, Lin Y. Targeting lactate-related cell cycle activities
for cancer therapy. Semin Cancer Biol (2022) 86(Pt 3):1231-43. doi: 10.1016/
j.semcancer.2022.10.009

4. Moreno-Yruela C, Zhang D, Wei W, Baek M, Liu W, Gao J, et al. Class I histone
deacetylases (Hdac1-3) are histone lysine delactylases. Sci Adv (2022) 8(3):eabi6696.
doi: 10.1126/sciadv.abi6696

5. Yang K, Xu J, Fan M, Tu F, Wang X, Ha T, et al. Lactate suppresses macrophage
pro-inflammatory response to Ips stimulation by inhibition of Yap and Nf-Kappab
activation via Gpr8l-mediated signaling. Front Immunol (2020) 11:587913.
doi: 10.3389/fimmu.2020.587913

6. Ohno Y, Oyama A, Kaneko H, Egawa T, Yokoyama S, Sugiura T, et al. Lactate
increases myotube diameter via activation of Mek/Erk pathway in C2c12 cells. Acta
Physiol (Oxf) (2018) 223(2):e13042. doi: 10.1111/apha.13042

7. Niu D, Luo T, Wang H, Xia Y, Xie Z. Lactic acid in tumor invasion. Clin Chim
Acta (2021) 522:61-9. doi: 10.1016/j.cca.2021.08.011

8. Ahn JH, Choi YS, Choi JH. Leptin Promotes Human Endometriotic Cell
Migration and Invasion by up-Regulating Mmp-2 through the Jak2/Stat3
Signaling Pathway. Mol Hum Reprod (2015) 21(10):792-802. doi: 10.1093/molehr/
gav039

9. Mendler AN, Hu B, Prinz PU, Kreutz M, Gottfried E, Noessner E. Tumor lactic
acidosis suppresses Ctl function by inhibition of P38 and Jnk/C-Jun activation. Int |
Cancer (2012) 131(3):633-40. doi: 10.1002/ijc.26410

10. Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, et al.
Ldha-associated lactic acid production blunts tumor immunosurveillance by T and Nk
cells. Cell Metab (2016) 24(5):657-71. doi: 10.1016/j.cmet.2016.08.011

11. Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al.
Functional polarization of tumour-associated macrophages by tumour-derived lactic
acid. Nature (2014) 513(7519):559-63. doi: 10.1038/nature13490

12. Certo M, Llibre A, Lee W, Mauro C. Understanding lactate sensing and
signalling. Trends Endocrinol Metab (2022) 33(10):722-35. doi: 10.1016/
j.tem.2022.07.004

13. Wang X, Ying T, Yuan J, Wang Y, Su X, Chen §, et al. Brafv600e restructures
cellular lactylation to promote anaplastic thyroid cancer proliferation. Endocr Relat
Cancer (2023) 30(8):€220344. doi: 10.1530/ERC-22-0344

14. Dancy BM, Cole PA. Protein lysine acetylation by P300/Cbp. Chem Rev (2015)
115(6):2419-52. doi: 10.1021/cr500452k

15. Luo M. Chemical and biochemical perspectives of protein lysine methylation.
Chem Rev (2018) 118(14):6656-705. doi: 10.1021/acs.chemrev.8b00008

16. Sun L, Zhang H, Gao P. Metabolic reprogramming and epigenetic modifications
on the path to cancer. Protein Cell (2022) 13(12):877-919. doi: 10.1007/s13238-021-
00846-7

17. Flavahan WA, Gaskell E, Bernstein BE. Epigenetic plasticity and the hallmarks of
cancer. Science (2017) 357(6348):eaal2380. doi: 10.1126/science.aal2380

18. Thakur C, Chen F. Connections between metabolism and epigenetics in cancers.
Semin Cancer Biol (2019) 57:52-8. doi: 10.1016/j.semcancer.2019.06.006

19. Xu Y, Liao W, Luo Q, Yang D, Pan M. Histone acetylation regulator-mediated
acetylation patterns define tumor Malignant pathways and tumor microenvironment
in hepatocellular carcinoma. Front Immunol (2022) 13:761046. doi: 10.3389/
fimmu.2022.761046

20. Qin ZY, Wang T, Su S, Shen LT, Zhu GX, Liu Q, et al. Brd4 promotes
gastric cancer progression and metastasis through acetylation-dependent
stabilization of snail. Cancer Res (2019) 79(19):4869-81. doi: 10.1158/0008-
5472.CAN-19-0442

21. JieM, Wu'Y, Gao M, Li X, Liu C, Ouyang Q, et al. Circmrps35 suppresses gastric
cancer progression via recruiting Kat7 to govern histone modification. Mol Cancer
(2020) 19(1):56. doi: 10.1186/s12943-020-01160-2

22. Tong Y, Guo D, Lin SH, Liang J, Yang D, Ma C, et al. Sucla2-coupled regulation

of gls succinylation and activity counteracts oxidative stress in tumor cells. Mol Cell
(2021) 81(11):2303-16 8. doi: 10.1016/j.molcel.2021.04.002

23. Chen L, Huang L, Gu Y, Cang W, Sun P, Xiang Y. Lactate-lactylation hands
between metabolic reprogramming and immunosuppression. Int ] Mol Sci (2022) 23
(19):11943. doi: 10.3390/ijms231911943

24. Liberti MV, Locasale JW. Histone lactylation: A new role for glucose metabolism.
Trends Biochem Sci (2020) 45(3):179-82. doi: 10.1016/j.tibs.2019.12.004

25. Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic regulation
of gene expression by histone lactylation. Nature (2019) 574(7779):575-80.
doi: 10.1038/s41586-019-1678-1

Frontiers in Immunology

10.3389/fimmu.2023.1284344

26. Bader JE, Voss K, Rathmell JC. Targeting metabolism to improve the tumor
microenvironment for cancer immunotherapy. Mol Cell (2020) 78(6):1019-33.
doi: 10.1016/j.molcel.2020.05.034

27. Wang JH, Mao L, Wang J, Zhang X, Wu M, Wen Q, et al. Beyond metabolic
waste: lysine lactylation and its potential roles in cancer progression and cell fate
determination. Cell Oncol (Dordr) (2023) 46(3):465-80. doi: 10.1007/s13402-023-
00775-z

28. Manosalva C, Quiroga J, Hida.lgo Al Alarcon P, Anseoleaga N, Hidalgo MA,
et al. Role of lactate in inflammatory processes: friend or foe. Front Immunol (2021)
12:808799. doi: 10.3389/fimmu.2021.808799

29. Levitt MD, Levitt DG. Quantitative evaluation of D-lactate pathophysiology: new
insights into the mechanisms involved and the many areas in need of further
investigation. Clin Exp Gastroenterol (2020) 13:321-37. doi: 10.2147/CEG.S260600

30. Shvedunova M, Akhtar A. Modulation of cellular processes by histone and non-
histone protein acetylation. Nat Rev Mol Cell Biol (2022) 23(5):329-49. doi: 10.1038/
s41580-021-00441-y

31. Dai X, Lv X, Thompson EW, Ostrikov KK. Histone lactylation: epigenetic mark
of glycolytic switch. Trends Genet (2022) 38(2):124-7. doi: 10.1016/j.tig.2021.09.009

32. Azevedo C, Saiardi A. Why always lysine? The ongoing tale of one of the most
modified amino acids. Adv Biol Regul (2016) 60:144-50. doi: 10.1016/
jjbior.2015.09.008

33. Zhang N, Jiang N, Yu L, Guan T, Sang X, Feng Y, et al. Protein lactylation
critically regulates energy metabolism in the protozoan parasite trypanosoma brucei.
Front Cell Dev Biol (2021) 9:719720. doi: 10.3389/fcell.2021.719720

34. Gao M, Zhang N, Liang W. Systematic analysis of lysine lactylation in the plant
fungal pathogen botrytis cinerea. Front Microbiol (2020) 11:594743. doi: 10.3389/
fmicb.2020.594743

35. Meng X, Baine JM, Yan T, Wang S. Comprehensive analysis of lysine lactylation
in rice (Oryza sativa) grains. J Agric Food Chem (2021) 69(29):8287-97. doi: 10.1021/
acs.jafc.1c00760

36. SunY, Chen'Y, Peng T. A bioorthogonal chemical reporter for the detection and
identification of protein lactylation. Chem Sci (2022) 13(20):6019-27. doi: 10.1039/
d2sc00918h

37. Izzo LT, Wellen KE. Histone lactylation links metabolism and gene regulation.
Nature (2019) 574(7779):492-3. doi: 10.1038/d41586-019-03122-1

38. Notarangelo G, Haigis MC. Sweet temptation: from sugar metabolism to gene
regulation. Immunity (2019) 51(6):980-1. doi: 10.1016/j.immuni.2019.11.008

39. Neumann-Staubitz P, Lammers M, Neumann H. Genetic code expansion tools
to study lysine acylation. Adv Biol (Weinh) (2021) 5(12):€2100926. doi: 10.1002/
adbi.202100926

40. Xu S, Fan L, Jeon HY, Zhang F, Cui X, Mickle MB, et al. P300-mediated
acetylation of histone demethylase jmjdla prevents its degradation by ubiquitin ligase
stubl and enhances its activity in prostate cancer. Cancer Res (2020) 80(15):3074-87.
doi: 10.1158/0008-5472.CAN-20-0233

41. Wang YM, Gu ML, Meng FS, Jiao WR, Zhou XX, Yao HP, et al. Histone
acetyltransferase P300/cbp inhibitor C646 blocks the survival and invasion pathways of
gastric cancer cell lines. Int J Oncol (2017) 51(6):1860-8. doi: 10.3892/ij0.2017.4176

42. Hou X, Li Y, Luo RZ, Fu JH, He JH, Zhang LJ, et al. High expression of the
transcriptional co-activator P300 predicts poor survival in resectable non-small cell
lung cancers. Eur J Surg Oncol (2012) 38(6):523-30. doi: 10.1016/.€js0.2012.02.180

43. Zhu G, Pei L, Li Y, Gou X. Ep300 mutation is associated with tumor mutation
burden and promotes antitumor immunity in bladder cancer patients. Aging (Albany
NY) (2020) 12(3):2132-41. doi: 10.18632/aging.102728

44. Zeng Q, Wang K, Zhao Y, Ma Q, Chen Z, Huang W. Effects of the
acetyltransferase P300 on tumour regulation from the novel perspective of
posttranslational protein modification. Biomolecules (2023) 13(3):417. doi: 10.3390/
biom13030417

45. Yokomizo C, Yamaguchi K, Itoh Y, Nishimura T, Umemura A, Minami M, et al.
High expression of P300 in hcc predicts shortened overall survival in association with
enhanced epithelial mesenchymal transition of hcc cells. Cancer Lett (2011) 310
(2):140-7. doi: 10.1016/j.canlet.2011.06.030

46. LiY, Yang HX, Luo RZ, Zhang Y, Li M, Wang X, et al. High expression of P300
has an unfavorable impact on survival in resectable esophageal squamous cell
carcinoma. Ann Thorac Surg (2011) 91(5):1531-8. doi: 10.1016/
j.athoracsur.2010.12.012

47. Chen MK, Cai MY, Luo RZ, Tian X, Liao QM, Zhang XY, et al. Overexpression
of P300 correlates with poor prognosis in patients with cutaneous squamous cell
carcinoma. Br J Dermatol (2015) 172(1):111-9. doi: 10.1111/bjd.13226

48. Cui H, Xie N, Banerjee S, Ge ], Jiang D, Dey T, et al. Lung myofibroblasts
promote macrophage profibrotic activity through lactate-induced histone lactylation.
Am ] Respir Cell Mol Biol (2021) 64(1):115-25. doi: 10.1165/rcmb.2020-03600C

49. Yang K, Fan M, Wang X, Xu J, Wang Y, Tu F, et al. Lactate promotes
macrophage hmgbl lactylation, acetylation, and exosomal release in polymicrobial
sepsis. Cell Death Differ (2022) 29(1):133-46. doi: 10.1038/s41418-021-00841-9

frontiersin.org


https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.3389/fcell.2022.972020
https://doi.org/10.1016/j.semcancer.2022.10.009
https://doi.org/10.1016/j.semcancer.2022.10.009
https://doi.org/10.1126/sciadv.abi6696
https://doi.org/10.3389/fimmu.2020.587913
https://doi.org/10.1111/apha.13042
https://doi.org/10.1016/j.cca.2021.08.011
https://doi.org/10.1093/molehr/gav039
https://doi.org/10.1093/molehr/gav039
https://doi.org/10.1002/ijc.26410
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1038/nature13490
https://doi.org/10.1016/j.tem.2022.07.004
https://doi.org/10.1016/j.tem.2022.07.004
https://doi.org/10.1530/ERC-22-0344
https://doi.org/10.1021/cr500452k
https://doi.org/10.1021/acs.chemrev.8b00008
https://doi.org/10.1007/s13238-021-00846-7
https://doi.org/10.1007/s13238-021-00846-7
https://doi.org/10.1126/science.aal2380
https://doi.org/10.1016/j.semcancer.2019.06.006
https://doi.org/10.3389/fimmu.2022.761046
https://doi.org/10.3389/fimmu.2022.761046
https://doi.org/10.1158/0008-5472.CAN-19-0442
https://doi.org/10.1158/0008-5472.CAN-19-0442
https://doi.org/10.1186/s12943-020-01160-2
https://doi.org/10.1016/j.molcel.2021.04.002
https://doi.org/10.3390/ijms231911943
https://doi.org/10.1016/j.tibs.2019.12.004
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1016/j.molcel.2020.05.034
https://doi.org/10.1007/s13402-023-00775-z
https://doi.org/10.1007/s13402-023-00775-z
https://doi.org/10.3389/fimmu.2021.808799
https://doi.org/10.2147/CEG.S260600
https://doi.org/10.1038/s41580-021-00441-y
https://doi.org/10.1038/s41580-021-00441-y
https://doi.org/10.1016/j.tig.2021.09.009
https://doi.org/10.1016/j.jbior.2015.09.008
https://doi.org/10.1016/j.jbior.2015.09.008
https://doi.org/10.3389/fcell.2021.719720
https://doi.org/10.3389/fmicb.2020.594743
https://doi.org/10.3389/fmicb.2020.594743
https://doi.org/10.1021/acs.jafc.1c00760
https://doi.org/10.1021/acs.jafc.1c00760
https://doi.org/10.1039/d2sc00918h
https://doi.org/10.1039/d2sc00918h
https://doi.org/10.1038/d41586-019-03122-1
https://doi.org/10.1016/j.immuni.2019.11.008
https://doi.org/10.1002/adbi.202100926
https://doi.org/10.1002/adbi.202100926
https://doi.org/10.1158/0008-5472.CAN-20-0233
https://doi.org/10.3892/ijo.2017.4176
https://doi.org/10.1016/j.ejso.2012.02.180
https://doi.org/10.18632/aging.102728
https://doi.org/10.3390/biom13030417
https://doi.org/10.3390/biom13030417
https://doi.org/10.1016/j.canlet.2011.06.030
https://doi.org/10.1016/j.athoracsur.2010.12.012
https://doi.org/10.1016/j.athoracsur.2010.12.012
https://doi.org/10.1111/bjd.13226
https://doi.org/10.1165/rcmb.2020-0360OC
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.3389/fimmu.2023.1284344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qu et al.

50. He ZX, Wei BF, Zhang X, Gong YP, Ma LY, Zhao W. Current development of
Cbp/P300 inhibitors in the last decade. Eur ] Med Chem (2021) 209:112861.
doi: 10.1016/j.ejmech.2020.112861

51. SunY, Chen Y, XuY, Zhang Y, Lu M, Li M, et al. Genetic encoding of epsilon-N-
L-lactyllysine for detecting delactylase activity in living cells. Chem Commun (Camb)
(2022) 58(61):8544-7. doi: 10.1039/d2cc02643k

52. Zessin M, Meleshin M, Praetorius L, Sippl W, Barinka C, Schutkowski M.
Uncovering robust delactoylase and depyruvoylase activities of hdac isoforms. ACS
Chem Biol (2022) 17(6):1364-75. doi: 10.1021/acschembio.1c00863

53. Zu H, Li C, Dai C, Pan Y, Ding C, Sun H, et al. Sirt2 functions as a histone
delactylase and inhibits the proliferation and migration of neuroblastoma cells. Cell
Discovery (2022) 8(1):54. doi: 10.1038/s41421-022-00398-y

54. Jin J, Bai L, Wang D, Ding W, Cao Z, Yan P, et al. Sirt3-dependent delactylation
of cyclin E2 prevents hepatocellular carcinoma growth. EMBO Rep (2023) 24(5):
e56052. doi: 10.15252/embr.202256052

55. Ippolito L, Morandi A, Giannoni E, Chiarugi P. Lactate: A metabolic driver in
the tumour landscape. Trends Biochem Sci (2019) 44(2):153-66. doi: 10.1016/
j.tibs.2018.10.011

56. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell (2011)
144(5):646-74. doi: 10.1016/j.cell.2011.02.013

57. Jiang J, Huang D, Jiang Y, Hou J, Tian M, Li J, et al. Lactate modulates cellular
metabolism through histone lactylation-mediated gene expression in non-small cell
lung cancer. Front Oncol (2021) 11:647559. doi: 10.3389/fonc.2021.647559

58. Yang YH, Wang QC, Kong J, Yang JT, Liu JF. Global profiling of lysine
lactylation in human lungs. Proteomics (2023) 23(15):e2200437. doi: 10.1002/
pmic.202200437

59. Yu J, Chai P, Xie M, Ge S, Ruan J, Fan X, et al. Histone lactylation drives
oncogenesis by facilitating M(6)a reader protein Ythdf2 expression in ocular
melanoma. Genome Biol (2021) 22(1):85. doi: 10.1186/s13059-021-02308-z

60. Yang J, Luo L, Zhao C, Li X, Wang Z, Zeng Z, et al. A positive feedback loop
between inactive vhl-triggered histone lactylation and Pdgfrbeta signaling drives clear
cell renal cell carcinoma progression. Int ] Biol Sci (2022) 18(8):3470-83. doi: 10.7150/
ijbs.73398

61. Yang Z, Yan C, Ma J, Peng P, Ren X, Cai S, et al. Lactylome analysis suggests
lactylation-dependent mechanisms of metabolic adaptation in hepatocellular
carcinoma. Nat Metab (2023) 5(1):61-79. doi: 10.1038/s42255-022-00710-w

62. Pan L, Feng F, Wu J, Fan S, Han J, Wang S, et al. Demethylzeylasteral targets
lactate by inhibiting histone lactylation to suppress the tumorigenicity of liver cancer
stem cells. Pharmacol Res (2022) 181:106270. doi: 10.1016/j.phrs.2022.106270

63. Wang X, Fan W, Li N, Ma Y, Yao M, Wang G, et al. Yyl lactylation in microglia
promotes angiogenesis through transcription activation-mediated upregulation of Fgf2.
Genome Biol (2023) 24(1):87. doi: 10.1186/s13059-023-02931-y

64. Xiong J, He J, Zhu J, Pan ], Liao W, Ye H, et al. Lactylation-driven mettl3-
mediated rna M(6)a modification promotes immunosuppression of tumor-infiltrating
myeloid cells. Mol Cell (2022) 82(9):1660-77 €10. doi: 10.1016/j.molcel.2022.02.033

65. Gu]J, ZhouJ, Chen Q, Xu X, Gao J, Li X, et al. Tumor metabolite lactate promotes
tumorigenesis by modulating moesin lactylation and enhancing Tgf-beta signaling in
regulatory T cells. Cell Rep (2022) 40(3):111122. doi: 10.1016/j.celrep.2022.111122

66. Watson MJ, Vignali PDA, Mullett SJ, Overacre-Delgoffe AE, Peralta RM,
Grebinoski S, et al. Metabolic support of tumour-infiltrating regulatory T cells by
lactic acid. Nature (2021) 591(7851):645-51. doi: 10.1038/s41586-020-03045-2

67. Luo Y, Yang Z, Yu Y, Zhang P. Hiflalpha lactylation enhances kiaall199
transcription to promote angiogenesis and vasculogenic mimicry in prostate cancer.
Int J Biol Macromol (2022) 222(Pt B):2225-43. doi: 10.1016/j.ijbiomac.2022.10.014

68. Yang D, Yin ], Shan L, Yi X, Zhang W, Ding Y. Identification of lysine-lactylated
substrates in gastric cancer cells. iScience (2022) 25(7):104630. doi: 10.1016/
j.5¢i.2022.104630

69. Yang H, Zou X, Yang S, Zhang A, Li N, Ma Z. Identification of lactylation related
model to predict prognostic, tumor infiltrating immunocytes and response of
immunotherapy in gastric cancer. Front Immunol (2023) 14:1149989. doi: 10.3389/
fimmu.2023.1149989

70. Jing X, Yang F, Shao C, Wei K, Xie M, Shen H, et al. Role of hypoxia in cancer
therapy by regulating the tumor microenvironment. Mol Cancer (2019) 18(1):157.
doi: 10.1186/512943-019-1089-9

71. Zhang F, Liu H, Duan M, Wang G, Zhang Z, Wang Y, et al. Crosstalk among M
(6)a rna methylation, hypoxia and metabolic reprogramming in tme: from
immunosuppressive microenvironment to clinical application. J Hematol Oncol
(2022) 15(1):84. doi: 10.1186/s13045-022-01304-5

72. Miao Z, Zhao X, Liu X. Hypoxia induced beta-catenin lactylation promotes the
cell proliferation and stemness of colorectal cancer through the Wnt signaling pathway.
Exp Cell Res (2023) 422(1):113439. doi: 10.1016/j.yexcr.2022.113439

73. Wang L, Li S, Luo H, Lu Q, Yu S. Pcsk9 promotes the progression and metastasis
of colon cancer cells through regulation of Emt and Pi3k/Akt signaling in tumor cells
and phenotypic polarization of macrophages. | Exp Clin Cancer Res (2022) 41(1):303.
doi: 10.1186/s13046-022-02477-0

74. Wang J, Liu Z, Xu Y, Wang Y, Wang F, Zhang Q, et al. Enterobacterial Lps-
inducible 1linc00152 is regulated by histone lactylation and promotes cancer cells

Frontiers in Immunology

10

10.3389/fimmu.2023.1284344

invasion and migration. Front Cell Infect Microbiol (2022) 12:913815. doi: 10.3389/
fcimb.2022.913815

75. Hong H, Chen X, Wang H, Gu X, Yuan Y, Zhang Z. Global profiling of protein
lysine lactylation and potential target modified protein analysis in hepatocellular
carcinoma. Proteomics (2023) 23(9):¢2200432. doi: 10.1002/pmic.202200432

76. Cheng Z, Huang H, Li M, Liang X, Tan Y, Chen Y. Lactylation-related gene
signature effectively predicts prognosis and treatment responsiveness in hepatocellular
carcinoma. Pharm (Basel) (2023) 16(5):644. doi: 10.3390/ph16050644

77. Wu X. In-depth discovery of protein lactylation in hepatocellular carcinoma.
Proteomics (2023) 23(9):e2300003. doi: 10.1002/pmic.202300003

78. Lee TK, Guan XY, Ma S. Cancer stem cells in hepatocellular carcinoma - from
origin to clinical implications. Nat Rev Gastroenterol Hepatol (2022) 19(1):26-44.
doi: 10.1038/s41575-021-00508-3

79. Bai X, Ni ], Beretov J, Graham P, Li Y. Cancer stem cell in breast cancer
therapeutic resistance. Cancer Treat Rev (2018) 69:152-63. doi: 10.1016/
j.ctrv.2018.07.004

80. Najafi M, Mortezaee K, Majidpoor J. Cancer stem cell (Csc) resistance drivers.
Life Sci (2019) 234:116781. doi: 10.1016/j.1fs.2019.116781

81. Chaudagar K, Hieromnimon HM, Khurana R, Labadie B, Hirz T, Mei S, et al.
Reversal of lactate and Pd-1-mediated macrophage immunosuppression controls
growth of Pten/P53-deficient prostate cancer. Clin Cancer Res (2023) 29(10):1952—
68. doi: 10.1158/1078-0432.CCR-22-3350

82. He Y, Ji Z, Gong Y, Fan L, Xu P, Chen X, et al. Numb/parkin-directed
mitochondrial fitness governs cancer cell fate via metabolic regulation of histone
lactylation. Cell Rep (2023) 42(2):112033. doi: 10.1016/j.celrep.2023.112033

83. Longhitano L, Giallongo S, Orlando L, Broggi G, Longo A, Russo A, et al. Lactate
rewrites the metabolic reprogramming of uveal melanoma cells and induces quiescence
phenotype. Int J Mol Sci (2022) 24(1):24. doi: 10.3390/ijms24010024

84. LiuJ,DuJ, LiY, Wang F, Song D, Lin J, et al. Catalpol induces apoptosis in breast
cancer in vitro and in vivo: involvement of mitochondria apoptosis pathway and post-
translational modifications. Toxicol Appl Pharmacol (2022) 454:116215. doi: 10.1016/
j.taap.2022.116215

85. Pavlides S, Whitaker-Menezes D, Castello-Cros R, Flomenberg N, Witkiewicz
AK, Frank PG, et al. The reverse warburg effect: aerobic glycolysis in cancer associated
fibroblasts and the tumor stroma. Cell Cycle (2009) 8(23):3984-4001. doi: 10.4161/
cc.8.23.10238

86. Certo M, Tsai CH, Pucino V, Ho PC, Mauro C. Lactate modulation of immune
responses in inflammatory versus tumour microenvironments. Nat Rev Immunol
(2021) 21(3):151-61. doi: 10.1038/s41577-020-0406-2

87. Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of microglia.
Physiol Rev (2011) 91(2):461-553. doi: 10.1152/physrev.00011.2010

88. He C, Liu Y, Huang Z, Yang Z, Zhou T, Liu S, et al. A specific rip3(+)
subpopulation of microglia promotes retinopathy through a hypoxia-triggered
necroptotic mechanism. Proc Natl Acad Sci USA (2021) 118(11):e2023290118.
doi: 10.1073/pnas.2023290118

89. LiJ, Yu S, Lu X, Cui K, Tang X, Xu Y, et al. The phase changes of M1/M2
phenotype of microglia/macrophage following oxygen-induced retinopathy in mice.
Inflammation Res (2021) 70(2):183-92. doi: 10.1007/s00011-020-01427-w

90. Xu W, Hu Z, Lv Y, Dou G, Zhang Z, Wang H, et al. Microglial density
determines the appearance of pathological neovascular tufts in oxygen-induced
retinopathy. Cell Tissue Res (2018) 374(1):25-38. doi: 10.1007/s00441-018-2847-5

91. Wang ZH, Zhang P, Peng WB, Ye LL, Xiang X, Wei XS, et al. Altered phenotypic
and metabolic characteristics of Foxp3(+)Cd3(+)Cd56(+) natural killer T (Nkt)-like
cells in human malignant pleural effusion. Oncoimmunology (2023) 12(1):2160558.
doi: 10.1080/2162402X.2022.2160558

92. Spencer NY, Stanton RC. The warburg effect, lactate, and nearly a century of
trying to cure cancer. Semin Nephrol (2019) 39(4):380-93. doi: 10.1016/
j.semnephrol.2019.04.007

93. Apicella M, Giannoni E, Fiore S, Ferrari KJ, Fernandez-Perez D, Isella C, et al.
Increased lactate secretion by cancer cells sustains non-cell-autonomous adaptive
resistance to met and Egfr targeted therapies. Cell Metab (2018) 28(6):848-65 e6.
doi: 10.1016/j.cmet.2018.08.006

94. Fan H, Yang F, Xiao Z, Luo H, Chen H, Chen Z, et al. Lactylation: novel
epigenetic regulatory and therapeutic opportunities. Am ] Physiol Endocrinol Metab
(2023) 324(4):E330-E8. doi: 10.1152/ajpendo.00159.2022

95. Ogura M, Ando K, Suzuki T, Ishizawa K, Oh SY, Itoh K, et al. A multicentre
phase ii study of vorinostat in patients with relapsed or refractory indolent B-cell non-
hodgkin lymphoma and mantle cell lymphoma. Br ] Haematol (2014) 165(6):768-76.
doi: 10.1111/bjh.12819

96. O’Connor OA, Horwitz S, Masszi T, Van Hoof A, Brown P, Doorduijn J, et al.
Belinostat in patients with relapsed or refractory peripheral T-cell lymphoma: results of
the pivotal phase Ii belief (CIn-19) study. J Clin Oncol (2015) 33(23):2492-9.
doi: 10.1200/JC0O.2014.59.2782

97. Kaufman JL, Mina R, Jakubowiak AJ, Zimmerman TL, Wolf JJ, Lewis C, et al.
Combining carfilzomib and panobinostat to treat relapsed/refractory multiple
myeloma: results of a multiple myeloma research consortium phase I study. Blood
Cancer J (2019) 9(1):3. doi: 10.1038/s41408-018-0154-8

frontiersin.org


https://doi.org/10.1016/j.ejmech.2020.112861
https://doi.org/10.1039/d2cc02643k
https://doi.org/10.1021/acschembio.1c00863
https://doi.org/10.1038/s41421-022-00398-y
https://doi.org/10.15252/embr.202256052
https://doi.org/10.1016/j.tibs.2018.10.011
https://doi.org/10.1016/j.tibs.2018.10.011
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3389/fonc.2021.647559
https://doi.org/10.1002/pmic.202200437
https://doi.org/10.1002/pmic.202200437
https://doi.org/10.1186/s13059-021-02308-z
https://doi.org/10.7150/ijbs.73398
https://doi.org/10.7150/ijbs.73398
https://doi.org/10.1038/s42255-022-00710-w
https://doi.org/10.1016/j.phrs.2022.106270
https://doi.org/10.1186/s13059-023-02931-y
https://doi.org/10.1016/j.molcel.2022.02.033
https://doi.org/10.1016/j.celrep.2022.111122
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1016/j.ijbiomac.2022.10.014
https://doi.org/10.1016/j.isci.2022.104630
https://doi.org/10.1016/j.isci.2022.104630
https://doi.org/10.3389/fimmu.2023.1149989
https://doi.org/10.3389/fimmu.2023.1149989
https://doi.org/10.1186/s12943-019-1089-9
https://doi.org/10.1186/s13045-022-01304-5
https://doi.org/10.1016/j.yexcr.2022.113439
https://doi.org/10.1186/s13046-022-02477-0
https://doi.org/10.3389/fcimb.2022.913815
https://doi.org/10.3389/fcimb.2022.913815
https://doi.org/10.1002/pmic.202200432
https://doi.org/10.3390/ph16050644
https://doi.org/10.1002/pmic.202300003
https://doi.org/10.1038/s41575-021-00508-3
https://doi.org/10.1016/j.ctrv.2018.07.004
https://doi.org/10.1016/j.ctrv.2018.07.004
https://doi.org/10.1016/j.lfs.2019.116781
https://doi.org/10.1158/1078-0432.CCR-22-3350
https://doi.org/10.1016/j.celrep.2023.112033
https://doi.org/10.3390/ijms24010024
https://doi.org/10.1016/j.taap.2022.116215
https://doi.org/10.1016/j.taap.2022.116215
https://doi.org/10.4161/cc.8.23.10238
https://doi.org/10.4161/cc.8.23.10238
https://doi.org/10.1038/s41577-020-0406-2
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1073/pnas.2023290118
https://doi.org/10.1007/s00011-020-01427-w
https://doi.org/10.1007/s00441-018-2847-5
https://doi.org/10.1080/2162402X.2022.2160558
https://doi.org/10.1016/j.semnephrol.2019.04.007
https://doi.org/10.1016/j.semnephrol.2019.04.007
https://doi.org/10.1016/j.cmet.2018.08.006
https://doi.org/10.1152/ajpendo.00159.2022
https://doi.org/10.1111/bjh.12819
https://doi.org/10.1200/JCO.2014.59.2782
https://doi.org/10.1038/s41408-018-0154-8
https://doi.org/10.3389/fimmu.2023.1284344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qu et al.

98. Zhao Y, Li M, Yao X, Fei Y, Lin Z, Li Z, et al. Hcarl/Mctl regulates tumor
ferroptosis through the lactate-mediated Ampk-Scdl activity and its therapeutic
implications. Cell Rep (2020) 33(10):108487. doi: 10.1016/j.celrep.2020.108487

99. Siska PJ, Singer K, Evert K, Renner K, Kreutz M. The immunological warburg
effect: can a metabolic-tumor-stroma score (Mets) guide cancer immunotherapy?
Immunol Rev (2020) 295(1):187-202. doi: 10.1111/imr.12846

100. Taddei ML, Pietrovito L, Leo A, Chiarugi P. Lactate in sarcoma
microenvironment: much more than just a waste product. Cells (2020) 9(2):510.
doi: 10.3390/cells9020510

101. Feng], Yang H, Zhang Y, Wei H, Zhu Z, Zhu B, et al. Tumor cell-derived lactate
induces taz-dependent upregulation of Pd-L1 through Gpr81 in human lung cancer
cells. Oncogene (2017) 36(42):5829-39. doi: 10.1038/0onc.2017.188

102. Feichtinger RG, Lang R. Targeting L-lactate metabolism to overcome resistance
to immune therapy of melanoma and other tumor entities. J Oncol (2019)
2019:2084195. doi: 10.1155/2019/2084195

103. Lagana G, Barreca D, Calderaro A, Bellocco E. Lactate dehydrogenase
inhibition: biochemical relevance and therapeutical potential. Curr Med Chem (2019)
26(18):3242-52. doi: 10.2174/0929867324666170209103444

104. Allison SJ, Knight JR, Granchi C, Rani R, Minutolo F, Milner J, et al.
Identification of Ldh-a as a therapeutic target for cancer cell killing via (I) P53/Nad
(H)-dependent and (Ii) P53-independent pathways. Oncogenesis (2014) 3(5):e102.
doi: 10.1038/0ncsis.2014.16

105. Le A, Cooper CR, Gouw AM, Dinavahi R, Maitra A, Deck LM, et al. Inhibition
of lactate dehydrogenase a induces oxidative stress and inhibits tumor progression. Proc
Natl Acad Sci U.S.A. (2010) 107(5):2037-42. doi: 10.1073/pnas.0914433107

106. Mohammad GH, Vassileva V, Acedo P, Olde Damink SWM, Malago M, Dhar
DK, et al. Targeting pyruvate kinase M2 and lactate dehydrogenase a is an effective
combination strategy for the treatment of pancreatic cancer. Cancers (Basel) (2019) 11
(9):1372. doi: 10.3390/cancers11091372

107. Manerba M, Vettraino M, Fiume L, Di Stefano G, Sartini A, Giacomini E, et al.
Galloflavin (Cas 568-80-9): A novel inhibitor of lactate dehydrogenase. ChemMedChem
(2012) 7(2):311-7. doi: 10.1002/cmdc.201100471

Frontiers in Immunology

11

10.3389/fimmu.2023.1284344

108. Gu J, Zhou J, Chen Q, Xu X, Gao J, Li X, et al. Tumor metabolite lactate
promotes tumorigenesis by modulating moesin lactylation and enhancing Tgf-beta
signaling in regulatory T cells. Cell Rep (2022) 39(12):110986. doi: 10.1016/
j.celrep.2022.110986

109. Weng YS, Tseng HY, Chen YA, Shen PC, Al Haq AT, Chen LM, et al. Mct-1/
mir-34a/il-6/il-6r signaling axis promotes Emt progression, cancer stemness and M2
macrophage polarization in triple-negative breast cancer. Mol Cancer (2019) 18(1):42.
doi: 10.1186/s12943-019-0988-0

110. Davids MS, Fisher DC, Tyekucheva S, McDonough M, Hanna J, Lee B, et al. A
phase 1b/2 study of duvelisib in combination with fcr (Dfcr) for frontline therapy for
younger cll patients. Leukemia (2021) 35(4):1064-72. doi: 10.1038/s41375-020-01010-6

111. Elia I, Rossi M, Stegen S, Broekaert D, Doglioni G, van Gorsel M, et al. Breast
cancer cells rely on environmental pyruvate to shape the metastatic niche. Nature
(2019) 568(7750):117-21. doi: 10.1038/s41586-019-0977-x

112. Wang T, Ye Z, Li Z, Jing DS, Fan GX, Liu MQ, et al. Lactate-induced protein
lactylation: A bridge between epigenetics and metabolic reprogramming in cancer. Cell
Prolif (2023) 56(10):e13478. doi: 10.1111/cpr.13478

113. Hagihara H, Shoji H, Otabi H, Toyoda A, Katoh K, Namihira M, et al. Protein
lactylation induced by neural excitation. Cell Rep (2021) 37(2):109820. doi: 10.1016/
j.celrep.2021.109820

114. Gaffney DO, Jennings EQ, Anderson CC, Marentette JO, Shi T, Schou Oxvig
AM, et al. Non-enzymatic lysine lactoylation of glycolytic enzymes. Cell Chem Biol
(2020) 27(2):206-13 e6. doi: 10.1016/j.chembiol.2019.11.005

115. Kan RL, Chen J, Sallam T. Crosstalk between epitranscriptomic and epigenetic
mechanisms in gene regulation. Trends Genet (2022) 38(2):182-93. doi: 10.1016/
j.tig.2021.06.014

116. Jiang P, Ning W, Shi Y, Liu C, Mo S, Zhou H, et al. Fsl-kla: A few-shot learning-
based multi-feature hybrid system for lactylation site prediction. Comput Struct
Biotechnol J (2021) 19:4497-509. doi: 10.1016/j.csbj.2021.08.013

117. Lai FL, Gao F. Auto-Kla: A novel web server to discriminate lysine lactylation
sites using automated machine learning. Brief Bioinform (2023) 24(2):bbad070.
doi: 10.1093/bib/bbad070

frontiersin.org


https://doi.org/10.1016/j.celrep.2020.108487
https://doi.org/10.1111/imr.12846
https://doi.org/10.3390/cells9020510
https://doi.org/10.1038/onc.2017.188
https://doi.org/10.1155/2019/2084195
https://doi.org/10.2174/0929867324666170209103444
https://doi.org/10.1038/oncsis.2014.16
https://doi.org/10.1073/pnas.0914433107
https://doi.org/10.3390/cancers11091372
https://doi.org/10.1002/cmdc.201100471
https://doi.org/10.1016/j.celrep.2022.110986
https://doi.org/10.1016/j.celrep.2022.110986
https://doi.org/10.1186/s12943-019-0988-0
https://doi.org/10.1038/s41375-020-01010-6
https://doi.org/10.1038/s41586-019-0977-x
https://doi.org/10.1111/cpr.13478
https://doi.org/10.1016/j.celrep.2021.109820
https://doi.org/10.1016/j.celrep.2021.109820
https://doi.org/10.1016/j.chembiol.2019.11.005
https://doi.org/10.1016/j.tig.2021.06.014
https://doi.org/10.1016/j.tig.2021.06.014
https://doi.org/10.1016/j.csbj.2021.08.013
https://doi.org/10.1093/bib/bbad070
https://doi.org/10.3389/fimmu.2023.1284344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Histone lactylation regulates cancer progression by reshaping the tumor microenvironment
	1 Introduction
	2 Lactylation: The “New Favorite” in Epigenetic Modification
	2.1 Discovery process of lactylation
	2.2 Mechanism of lactylation and its effectors: writers and erasers

	3 TME lactylation and cancer development
	3.1 Lactylation of tumor cells in TME
	3.1.1 Lactylation of tumor cells and tumor progression
	3.1.2 Lactylation of tumor cells and tumor therapy

	3.2 Immune cell lactylation and cancer progression in TME

	4 Targeting lactylation is a new strategy to improve tumor therapy efficacy
	5 Discussion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


