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The tumor microenvironment (TME) is a complex system, in which the energy
metabolism of tumor cells plays a key role in the occurrence, development and
metastasis of tumors. In the TME, the energy supply of tumor cells mainly comes
from glycolysis. This metabolic reprogramming phenomenon is usually called the
Warburg effect. Despite the abundance of oxygen, tumor cells still preferentially
utilize the glycolytic pathway to meet their bioenergetic demands. Pyruvate
kinase (PK), as a key enzyme in glycolysis, plays an important role in the regulation
of energy metabolism in tumor cells. Among them, pyruvate kinase M2 (PKM2) is
highly expressed in tumors and promotes the release of cytokines by tumor cells,
thereby recruiting myeloid-derived suppressor cells (MDSCs). These cytokines
bind to the surface receptors of MDSCs, activate related signaling pathways, and
up-regulate the expression of cathepsin cysteine proteases. This process
subsequently inhibits the activity of T cells, thereby affecting tumor development.
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1 Introduction

The occurrence and development of tumors are complex multi-step processes driven by
the dysregulation of key molecular mechanisms and signaling pathways. The TME is
composed of heterogeneous cellular and non-cellular components, including cancer cells,
cancer-associated fibroblasts (CAFs), endothelial cells, various immune cell populations
(such as tumor-associated macrophages (TAMs), T cells, and MDSCs, extracellular matrix
(ECM), and a range of signaling molecules (cytokines, chemokines, growth factors), often
accompanied by abnormal physical conditions (such as hypoxia). This complex
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environment is not static but is constantly being dynamically
remodeled by the interactions between tumor cells and stromal
components. These interactions profoundly influence key cancer
characteristics, including proliferation, invasion, metastasis,
immune evasion, and metabolic adaptation. Emerging evidence
highlights the important functional roles of the metabolic enzyme
PKM2 and cathepsins in the dynamic TME, particularly in
promoting tumor progression. PKM2, as the rate-limiting enzyme
in glycolysis, is a central regulator of metabolic reprogramming in
tumor cells and can promote the Warburg effect (aerobic glycolysis)
even under oxygen-rich conditions (1). This metabolic shift
provides the necessary bioenergetic and biosynthetic substrates
for the rapid growth and proliferation of tumor cells in the TME
(2-4). Cat belong to the lysosomal cysteine protease family and play
crucial roles in ECM degradation (facilitating invasion and
metastasis), processing of signaling molecules, and, importantly,
suppressing the activity of immune cells (particularly T cells).
Notably, the influence of PKM2 is not limited to the metabolism
of cancer cells. It actively shapes the immunosuppressive
characteristics of the TME by promoting the secretion of specific
cytokines by tumor cells. These cytokines not only recruit
immunosuppressive cell types such as MDSCs but also activate
cathepsins within these cells upon binding to their receptors (5-8).
Once activated, Cat released by MDSCs (and other TME
components) exert powerful immunomodulatory effects, such as
suppressing T cells and further promoting immune evasion. This
review systematically examines the molecular interactions between
PKM2 and cathepsins in MDSCs and particularly emphasizes their
synergistic mechanisms in driving tumor progression.

2 The structural dynamics of PKM2
regulates the occurrence of tumors

PKM2 maintains dynamic equilibrium between monomeric,
dimeric, and tetrameric states. The tetrameric conformation of
PKM2 contains a structurally heterogeneous regulatory domain
that adopts a seesaw-like allosteric configuration. When some
isomeric regulators are inserted into the spatial structure involved
in the isomeric regulation of PKM2, the tetrameric PKM2 can
change from a compact state (R state) to a loose state (T state), and
finally dissociates into a dimer form (9, 10). Dimeric PKM2 exhibits
protein kinase activity that orchestrates cellular signaling cascades
and epigenetic regulation (11). PKM2 participates in cell signaling
and gene regulation due to a nuclear localization signal (NLS)
sequence, a 139-amino acid residue segment located in its C
domain. This NLS enables PKM2 to translocate to the nucleus
under specific conditions, such as in tumor cells. Within the
nucleus, PKM2 acts as a transcriptional coactivator and regulates
the expression of genes involved in cell growth, proliferation, and
differentiation (12, 13). This dual capacity enables PKM2 to
simultaneously coordinate metabolic reprogramming and
transcriptional activation, thereby supporting rapid cellular
proliferation. During embryogenesis, elevated PKM2 activity
correlates with enhanced mitotic rates, whereas PKMI becomes
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predominant during terminal differentiation (14, 15). Moreover,
during tumorigenesis, PKM1 expression is significantly reduced
and PKM2 expression is markedly increased, reflecting the high
proliferation rate of tumor cells (16, 17). PKM2 overexpression in
tumors is associated with poor prognosis in various digestive system
malignancies, including gastric cancer, esophageal squamous cell
carcinoma, hepatocellular carcinoma, biliary tract cancer, and oral
squamous cell carcinoma. High PKM2 expression levels are
significantly correlated with reduced overall survival (OS).
Furthermore, PKM2 overexpression correlates with adverse
clinicopathological features, such as advanced clinical stage, larger
tumor size, lymph node metastasis, and poor differentiation.
Accumulating evidence establishes PKM2 as a master regulator
driving tumor initiation and progression through its pleiotropic
functions (18, 19). In addition to the pleiotropic roles of PKM2 in
tumor metabolism and transcriptional regulation, Cats also play a
significant role in the TME, particularly by modulating MDSCs.

3 The structure of cysteine cathepsins
and their effects on MDSCs and other
immune cells

The structure of Cat usually has a conserved catalytic domain
containing cysteine (Cys), histidine (His) and asparagine (Asn)
residues, which form the active site of the enzyme. This structure
allows them to efficiently catalyze the hydrolysis of peptide bonds,
while Cat usually exists in the form of inactive zymogen (20).
Following Golgi-mediated post-translational modification,
procathepsins are trafficked to lysosomes, where acidic pH induces
autocatalytic removal of inhibitory propeptides, yielding mature
enzymes with proteolytic competence (21). The proteolytic activity
of cysteine cathepsins has been mechanistically linked to tumor
progression, particularly through their involvement in myeloid-
derived suppressor cell (MDSCs)-mediated immunosuppression
(22). In different tumor types, the dependence of MDSCs on
cathepsins may vary. For instance, in some solid tumors, MDSCs
may rely more on CatS to maintain their immunosuppressive
function, while in other tumors, other cathepsins (such as CatL,
CatX, etc.) may play a more significant role. Moreover, the
expression of Cat in MDSCs is regulated by cytokines, chemokines,
and metabolic pathways (23, 24). A total of 11 types of Cat have been
found, including cathepsins B, C, F, H, K, L, O, S, V, W and X, and
different types of cathepsins have different effects on tumors (25).
Some cat, such as cathepsins B, C, F, H, L and O, are ubiquitously
expressed in the human body, while others are restricted to specific
cells and tissues (26, 27). Cathepsin W (lymphopain) demonstrates
cytotoxic cell-specific expression, predominantly localizing to natural
killer (NK) cells with limited detection in CD8"T lymphocytes (28).
Cathepsin K serves as a osteoclast-specific protease critical for bone
matrix resorption (29). Cathepsin V, also known as cathepsin L2, is
mainly expressed in the cornea, thymus, heart, brain and skin and is
involved in the release of antigenic peptides and the maturation of
MHC class I molecules (30). Jakos et al. (31, 32) discovered through
experiments that lysosomal cathepsins L/X undergo dramatic
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upregulation during MDSCs differentiation, concomitant with
enhanced proteolytic capacity. In a mouse model of breast cancer
metastasis to bone, high levels of Cat were detected in myeloid-derived
suppressor cells (MDSCs) of mice with highly metastatic tumors.
Among them, cathepsin L and X types increased most significantly.
Therefore, in the subsequent part of this article, the effects of cysteine
cathepsins on immune cells and tumors are mainly discussed based on
these two types. The specific role of Cat in the immune system is
shown (Table 1).

4 PKM2 coordinates cytokine and
metabolic pathways for MDSCs
recruitment and immunosuppression
in cancer

PKM2 promotes cytokine production by tumor cells, which
promotes MDSCs infiltration within the TME (48-50). Liu et al.
(51) found that by knocking down PKM2, the levels of cytokines
(including CCL8, CXCL1, CCL21, CCL2 and MIF) were
significantly reduced, thereby confirming the role of PKM2 in
cytokine regulation. Specifically, PKM2-induced CXCL1 and MIF
produced by tumor cells can bind to CXCR2 and CXCR4 receptors
on MDSCs, thereby activating the signaling pathway of MDSCs and

TABLE 1 Immune effects of cysteine cathepsins.

Cysteine tissue
protease name

The immune role played

10.3389/fimmu.2025.1588019

triggering cytoskeletal rearrangement, which makes MDSCs
chemotactic to the periphery of tumor cells. In addition, the
nuclear translocation dimer PKM2 (in a low activity state) acts as
a protein kinase and transcriptional coactivator to activate STAT3
signaling pathway in tumor cells. Activation of STAT3 signaling
promotes the secretion of SI00A8/A9, a heterodimeric calcium-
sensing damage-associated molecular pattern (DAMP), which
binds to Toll-like receptor 4 (TLR4) on adjacent tumor cells.
TLR4 ligation activates NF-kB signaling and upregulates
chemokines (e.g., CXCL1, MIF), thereby amplifying MDSC
recruitment (52-56) (Figure 1).

In addition to coordinating chemokine-driven recruitment,
PKM2 further regulates the function and recruitment of myeloid-
derived suppressor cells (MDSCs) in the tumor microenvironment
(TME) through profound metabolic reprogramming. It is highly
expressed in tumor cells, and its dimeric form can act as a
coactivator of HIF-1a, promoting the stability of HIF-1o. As a
transcription factor, HIF-10. can directly bind to the promoters of
various chemokine genes such as CCL2 and CXCLI, thereby
upregulating the expression of these chemokines and promoting
the recruitment of MDSCs (57). Moreover, the cytokines secreted
by recruited MDSCs, such as TGF-B, IL-10, and VEGF, help
stabilize HIF-10,, thus forming a positive feedback loop known as
the “glycolysis-immunosuppression” circuit (58). After clarifying
the mechanisms driving MDSC recruitment and the role of PKM2-
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PKM2 promotes tumor cells to secrete cytokines such as MIF and CXCL1, thereby mediating the recruitment and aggregation of MDSCs in the tumor
microenvironment. In addition, PKM2 promoted the production of S100 calcium-binding protein A8/A9 (SLI00A8/A9) in tumor cells. These dimeric
proteins then bind to Toll-like receptor 4 (TLR4) expressed on adjacent tumor cells, thereby activating the NF-kB signaling pathway in tumor cells.
Activation of the NF-kB signaling pathway leads to the upregulation of MIF and CXCL1 expression, ultimately forming a positive feedback loop that

enhances the infiltration of MDSCs into the peritumoral area.

induced cytokines, it is necessary to investigate how the binding of
these cytokines to their corresponding receptors on MDSCs
translates into specific functional consequences. The binding of
CXCL1 to CXCR2 and MIF to CXCR4 triggers distinct but crucial
intracellular signaling pathways in MDSCs. These pathways
converge to induce the expression of Cat (a protease), which is a
key mediator of MDSC-mediated immunosuppression.

5 Cytokines induce the expression of
Cat in MDSCs through associated
signaling pathways

In the tumor microenvironment, PKM2 promotes tumor cells to
release cytokines and aggregates a large number of MDSCs around
tumor cells, PKM2 facilitates the binding of cytokines, such as CXCL1
and MIF, released by tumor cells to the surface receptors CXCR2 or
CXCR4 on MDSCs. The interaction between CXCL1 and the receptor
CXCR2 activates the STAT3 signaling pathway, phosphorylating
STAT3 at tyrosine 705 (Y705) to activate STAT3 signaling (59).
After activation of STAT3 signaling pathway, STAT3 can bind to the
promoter region of Cat gene as a transcription factor (60-64). Cat gene
promoters often contain STAT3 binding sites (65). For example, in
some tumor cell studies, STAT3 has been found to bind directly to
specific sequence elements in the Cat-B gene promoter and recruit
other transcription cofactors, such as histone acetyltransferase (HATS).
This complex mediates histone H3K27 and H4K16 acetylation,
inducing chromatin relaxation and enhancing transcriptional
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activation of cathepsin genes (66, 67). Enhanced transcription
elevates cathepsin mRNA levels, subsequently boosting protein
translation and enzymatic activity.

The MIF factor released by tumor cells due to PKM2 can bind
to the CXCR4 receptor on the surface of MDSCs and activate the
MAPK pathway, thereby initiating the MEK-ERK signaling cascade
(68). Activated MAPK signaling facilitates nuclear translocation of
ERK, which phosphorylates transcription factors including AP-1
complexes (c-Fos/c-Jun) to enhance their DNA-binding capacity.
These transcription factors can bind to the promoter region of
cysteine cathepsin related genes to promote gene transcription,
thereby increasing the expression of cysteine cathepsin (69-72).
Jakost et al. (32) found that Cat was mainly L and X types in
MDSCs, and inhibition of CAT-L was found to restore T cell
activity, reflecting that CAT-L could inhibit T cell activity. Janko
Kos et al. (73) found that Cat-X affected T cell immune functions,
such as migration and adhesion Figure 2.

6 Cathepsins (L & X) impair T cell
function

6.1 Effect of Cat-Lon T cells

Emerging evidence indicates that cathepsin L (Cat-L) impairs
CDS8'T cell effector functions, significantly attenuating their
tumoricidal activity within the TME (74). As the pore-forming
effector protein of cytotoxic lymphocytes (CTLs/NK cells), perforin
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FIGURE 2

PKM2 facilitates the release of cytokines, such as CXCL1 and MIF, from tumor cells, which can bind to the CXCR2/CXCR4 receptors on the surface
of MDSCs. This interaction activates relevant signaling pathways within MDSCs, including the STAT3 signaling pathway. Upon activation of the STAT3
signaling pathway. Activated STAT3 functions as a transcription factor that binds to cathepsin (Cat) gene promoters and recruits transcriptional
coactivators including histone acetyltransferases (HATs). HAT-mediated histone acetylation induces chromatin relaxation, thereby potentiating

cathepsin gene transcription.

mediates target cell lysis by facilitating granzyme delivery.
Following membrane pore formation, perforin enables granzyme
translocation into target cells, initiating caspase-dependent
apoptotic cascades. Proteolytic maturation of perforin precursor is
essential for acquiring lytic competence, a process tightly regulated
in cytotoxic granule (67, 75). Cat-L orchestrates multifaceted
immunosuppressive effects via distinct molecular pathways.
Mechanistically, Cat-L induces T cell apoptosis through
mitochondrial pathway activation. Under normal conditions,
anti-apoptotic proteins such as Bcl-2 prevent the increase in
mitochondrial membrane permeability and thus inhibit the
release of apoptotic factors such as cytochrome C, but Cat-L is
able to degrade anti-apoptotic proteins in the Bcl-2 family, such as
Bcl-2 and Bcl-XL, Thus, the activation of pro-apoptotic proteins
(such as Bad, Bim, Bax, etc.) causes the mitochondria to release
cytochrome C and activate the caspase cascade, thereby triggering T
cell apoptosis (Figure 3) (67, 75). In addition, in the study of the
interaction between MDSCs and tumor cells, inhibition of Cat-L
activity enhanced the cytotoxicity of CD8" T cells, indicating that
Cat-L may have an inhibitory effect on T cell activity under normal
conditions, and this inhibitory effect is closely related to the cell-to-
cell interaction and microenvironment. Thus, the anti-tumor
immune response of the body is affected (31).

6.2 Effect of Cat-X on T cells

Concomitant Cat-X upregulation is observed in MDSCs,
suggesting coordinated protease-mediated immunosuppression.

Frontiers in Immunology

Cat-X impairs T cell homing via proteolytic cleavage of 2
integrin’s extracellular domain, compromising its lymphocyte
adhesion functions essential for immune surveillance. 32 integrin
processing by Cat-X initiates signaling cascades that dysregulate
talin binding and LFA-1 activation. For example, it will regulate the
binding ability of Cat-X to talin, and then affect the affinity of
lymphocyte function-associated antigen-1 (LFA-1). This regulatory
effect may affect the adhesion ability of T cells, thereby affecting the
immune response of T cells (76-79). Cat-X degrades T cell chemo
attractants including CXCL12, thereby disrupting CXCR4-
mediated chemotactic migration toward inflammatory loci. If
CCXL-12 is excessively depleted, it will affect the ability of T cells
to migrate (80). Cat-X, as a cysteine protease with exopeptidase
activity, is capable of degrading components of the extracellular
matrix (ECM) This degradation can reshape the migration pathway
of T cells, which in turn affects their migration ability. In the tumor
microenvironment, when Cat-X activity is too high, some proteins
involved in actin fiber assembly may be over-activated, resulting in
excessive polymerization of actin fibers, which makes T cell
pseudopods rigid and unable to extend and contract flexibly, and
seriously hinders the migration of T cells. The impairment of this
migration ability will directly affect the efficacy of T cells in the
immune response, making it difficult for T cells to quickly reach the
site of infection or tumor tissue, thereby weakening the immune
defense ability of the body (81, 82). Cat-X disrupts immunological
synapse formation between T cells and antigen-presenting cells
(APCs) by modulating surface receptor dynamics. Normally, T cells
activate immune responses by recognizing antigen peptide-MHC
complexes presented by APCs. Cat-X may alter the expression or
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Cathepsin L (Cat-L) is internalized by T cells via receptor-mediated endocytosis, whereupon it proteolytically cleaves Bcl-2 and Bcl-XL, thereby
relieving the inhibitory constraint on Bak/Bax dimerization. This triggers mitochondrial outer membrane permeabilization (MOMP), resulting in
cytochrome c efflux that complexes with apoptotic protease-activating factor 1 (Apaf-1) to form the apoptosome. The apoptosome recruit
procaspase-9 through CARD-CARD interactions, inducing its proteolytic autoactivation into mature caspase-9. Activated caspase-9 proteolytically
processes executioner caspases (e.g., caspase-3/7) that systematically dismantle cellular components via cleavage of structural proteins and
nucleases, ultimately executing T cell apoptosis. Effect and mechanism of PKM2 on MDSCs.

function of T cell surface receptors and affect their effective binding
and signaling with APC, thereby interfering with T cell recognition
of antigens and the initiation of immune responses, thereby
promoting tumor progression (83, 84).

7 Effects of PKM2 and Cat-L/X on
tumors

7.1 Effect of PKM2 on tumors

7.1.1 The metabolic regulatory role of PKM2 in
tumors

To meet bioenergetic demands, tumor cells preferentially
engage in aerobic glycolysis (Warburg effect) despite sufficient
oxygen availability. Due to their accelerated proliferation, tumor
cells exhibit heightened anabolic requirements: lipids for membrane
biogenesis; glucose-derived carbons for protein glycosylation;
nucleotide precursors for genome duplication; ribosomal RNA for
proteome expansion (85). Within the TME, PKM2 serves as a
metabolic orchestrator that channels glycolytic intermediates into
proliferative biosynthetic pathways.
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As the terminal glycolytic enzyme, PKM2 catalyzes the rate-
limiting conversion, generating ATP while maintaining carbon flux
essential for tumor biomass accumulation (86). As an important
regulator of aerobic glycolysis pathway, PKM2 can provide
intermediate metabolites to support the biosynthesis of rapidly
dividing cells and avoid oxidative stress damage in tumor cells.
Notably, nuclear-translocated PKM2 functions as both a
transcriptional coactivator and a protein kinase, directly
modulating oncogene expression programs (87). The dimeric
PKM2 isoform redirects glucose carbons through branching
pathways: (i) lactate/pyruvate generation via glycolysis; (ii)
nucleotide/phospholipid synthesis via the pentose phosphate
pathway (PPP). Phospholipid biosynthesis, in particular, sustains
membrane expansion during neoplastic proliferation and confers
structural/functional plasticity to malignant cells (88, 89).

7.1.2 PKM2 drives tumor proliferation

Although PKM2 is much less active than PKM1, PKM2 is able
to rapidly perform glycolysis to supply energy to tumor cells (90).
Reversible dimer-tetramer transitions enable PKM2 to dynamically
regulate glycolytic flux in response to tumor microenvironmental
cues. When PKM2 is in the dimeric state, it is unable to efficiently
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convert phosphoenolpyruvate (PEP) to pyruvate, which leads to the
accumulation of glycolytic intermediates. These intermediates can
enter the anabolic pathway and be used for the synthesis of
biological macromolecules such as nucleic acids and amino acids,
which provide the necessary material basis for the rapid growth of
tumor cells (91, 92). Wang et al. (92) demonstrated that PKM2
knockdown markedly suppresses tumor growth in vivo, validating
its non-redundant role in tumorigenesis. Collectively, PKM2
emerges as a pleiotropic oncoprotein that coordinates pro-
tumorigenic processes ranging from metabolic adaptation to
metastatic dissemination.

7.2 Effect of Cat-L/X on tumors

7.2.1 Effect of Cat-L on tumors

Cat-L is highly upregulated in many highly aggressive cancer cell
lines and malignancies and is secreted into the extracellular matrix as a
precursor enzyme (22). The remodeling of the extracellular matrix has
been proven to be crucial for the invasion and migration of tumor cells.
For example, in ovarian cancer, when Cat-L is activated, it will degrade
various components of the extracellular matrix (such as collagen) to
create a pathway for the metastasis of ovarian cancer cells (93).
Additionally, Cat-L can also cleave specific proteolytic substrates. For
instance, Cat-L can cleave the CDP/Cux protein in the TME, thereby
enhancing its ability to activate the VEGF-D gene for transcriptional
activation. When VEGF-D expression increases, it promotes the
formation of blood vessels and lymphatic vessels around ovarian
cancer. This process provides more nutritional supply and migration
pathways for ovarian cancer cells. These mechanisms also jointly
promote tumor growth, invasion, and metastasis (19, 94).
Angiogenesis not only provides nutrients and oxygen but also

TABLE 2 The clinical application of PKM2/Cat treatment.

Intervention
treatment

Study
type

Study overview

10.3389/fimmu.2025.1588019

establishes channels for the spread of tumor cells. Cat-L may also
enhance the anti-tumor effect of chemotherapy, radiotherapy, and other
treatment methods by weakening the responsiveness to treatment (95).
This effect may be attributed to the role of Cat-L in key tumor cell
survival mechanisms, including activating anti-apoptotic pathways,
thereby promoting immune escape (96). Therefore, Cat-L exerts
multifaceted carcinogenic effects through different molecular pathways.

7.2.2 Effect of Cat-X on tumors

As a cysteine protease with terminal protease activity, Cat-X
promotes tumor development by degrading extracellular matrix
proteins, thereby helping tumor cells break through the basement
membrane and enter surrounding tissues and blood vessels, thereby
facilitating tumor metastasis. Secondly, in glioblastoma, Cat-X can
also regulate intercellular signal transduction in the tumor
microenvironment by processing cytokines, chemokines, and cell
adhesion molecules. Specifically, it may activate the TGF-B signaling
pathway to promote epithelial-mesenchymal transition (EMT),
which is a key process for tumor cells to acquire invasive ability
(97-99). In addition to promoting tumor cell invasion and metastasis,
Cat-X may also help tumor cells evade immune surveillance by
regulating immune cell functions in the tumor microenvironment.
For example, by degrading the extracellular matrix and modulating
the cytokine network, Cath-X may inhibit T cell infiltration and
function, thereby promoting tumor immune escape (100). When
Cat-B activity is inhibited, Cat-X activity and protein levels are
significantly increased to compensate for the loss of Cat-B function.
This compensatory mechanism may help to maintain the proteolytic
demand of tumor cells and promote tumor growth and invasion
(101). Mitrovic et al. (37) discovered in in vitro cell experiments and
in vivo tumor mouse models that simultaneously inhibiting cathepsin
B and X might significantly affect the progression of tumors.

Numbering
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8 Summary and prospect

In tumor biology, PKM2 is overexpressed in tumors and serves as a
central metabolic regulator through its dual roles in metabolic
reprogramming and gene regulation. PKM2 exhibits diverse
functional roles in tumor biology. For example, PKM2 can participate
in the process of glucose metabolism as a pyruvate kinase. By regulating
glycolytic flux, PKM2 coordinates cancer cell energy metabolism to
meet biosynthetic demands during rapid proliferation. PKM2 provides
essential material and energy resources to support cancer cell
proliferation. PKM2 driven MDSCs recruitment remodels the tumor
immune microenvironment, suppressing anti-tumor immunity and
facilitating immune escape. Secondly, the cytokines released by tumor
cells due to PKM2 can also activate the expression of Cat in MDSCs.
Activated Cat can inhibit the activity of CD8™T cells, which are the key
effector cells of anti-tumor immunity. After its activity is inhibited, the
immune surveillance and killing ability of tumor cells is decreased. In
addition to inhibiting the activity of T cells, Cat can also affect the
migration and adhesion ability of T cells, thereby indirectly promoting
the occurrence, development and metastasis of tumors.

To sum up, given the central role of the PKIM2-Cat axis in tumor-
related processes, they are regarded as highly potential therapeutic
targets for a variety of cancers and other metabolic diseases. By
inhibiting the activities of PKM2 and Cat, it is expected to break the
abnormal metabolic patterns and immune escape mechanisms of tumor
cells, opening up new avenues for the treatment of cancer and related
metabolic diseases, the current clinical studies related to PKIM2 and Cat
are shown in (Table 2) below. However, due to the complexity and
intercorrelation of cellular functions in the body, whether the inhibition
of PKM2 and Cat will have a negative impact on the physiological
functions of other normal cells in the body, such as interfering with the
metabolic balance of normal cells and affecting the normal defense
function of the immune system, remains to be further studied in depth.
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Glossary
APAF-1
APCs
BAX
Bcl
Bcl-X
BID

Cat
CXCL12
ccLs
ccral
ccr2
CXCL1
CXCR2
CXCR4
CDS'T
DISC
ERK
ECM
GLUTI
H3K2

Apoptotic protease activator 1
Antigen-presenting cells
Bcl-2-associated X protein

B-cell lymphoma 2 protein

B-cell lymphoma X protein

BH3 Interacting Domain Death Agonist
Cathepsins

C-X-C motif ligand 12

C-C motif ligand 8

C-C motif ligand 21

C-C motif ligand 2

C-X-C motif ligand 1

C-X-C motif receptor 2

C-X-C motif receptor 2

Cytotoxic T Lymphocytes
Death-inducing signaling complex
Extracellular Signal-Regulated Kinase
Extracellular matrix

Glucose Transporter 1

Histone H3 lysine 27
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H4K16
HIF
HAT
IGF1
LDHA
MAPK
MEK
MOMP
MIF
MDSCs

NF-«xB

PKM

PDK
STAT3
S100A8/A9
TIM

TCA

TLR4

10.3389/fimmu.2025.1588019

Histone H4 lysine 16

Hypoxia-inducible factor

Histone acetyltransferase

Insulin-like Growth Factor 1

Lactate Dehydrogenase A
Mitogen-Activated Protein Kinase
Mitogen-Activated Protein Kinase Kinase
Mitochondrial outer membrane permeability
Macrophage migration inhibitory factor
Myeloid-derived suppressor cells

Nuclear Factor kappa-light-chain-enhancer of activated
B cells

Pyruvate kinase

Pyruvate dehydrogenase kinase

Signal Transducer and Activator of Transcription 3
§100 calcium-binding protein

Tumor microenvironment

Cycle Tricarboxylic acid cycle

Toll-like receptor4
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