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Abstract 

Cancer remains a major challenge to global public health, with rising incidence and high mortality rates. 
The tumor microenvironment (TME) is a complex system of immune cells, fibroblasts, extracellular 
matrix (ECM), and blood vessels that form a space conducive to cancer cell proliferation. Myeloid-derived 
suppressor cells (MDSCs) are abundant in tumors, and they drive immunosuppression through metabolic 
reprogramming in the TME. This review describes how metabolic pathways such as glucose metabolism, 
lipid metabolism, amino acid metabolism, and adenosine metabolism have a significant impact on the 
function of MDSCs by regulating their immunosuppressive activity and promoting their survival and 
expansion in tumors. The review also explores key metabolic targets in MDSCs and strategies to 
modulate MDSC metabolism to improve the tumor immune microenvironment and enhance anti-tumor 
immune responses. Understanding these pathways can provide insight into potential therapeutic targets 
for modulating MDSC activity and improving outcomes of cancer immunotherapies. 
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Introduction 
Cancer remains a significant challenge to global 

public health, with rising incidence and high 
mortality rates [1]. While surgery, radiotherapy and 
chemotherapy have been the mainstays of treatment, 
there effectiveness is often limited by severe side 
effects and inconsistent patient responses [2]. 
Targeted therapies that block specific signaling 
pathways critical for cancer cell survival have 
improved outcomes for certain cancers, with notable 
examples such as inhibitors of epidermal growth 
factor receptor, HER2, estrogen receptor, and vascular 
endothelial growth factor receptor, as well as 
multikinase inhibitors, [3]. However, issues such as 
acquired drug resistance and poor efficacy in certain 

pathophysiologically complex cancer types continue 
to impede research progress. Recently, cancer 
immunotherapies, especially immune checkpoint 
inhibitors such as anti-PD-1 and anti-PD-L1 
antibodies, have made significant advances and even 
won the 2018 Nobel Prize for the discovery of the 
mechanism of immune evasion in PD-L1/PD-1 
cancers [4, 5]. Nonetheless, these therapies benefit 
only a subset of patients, primarily due to the 
complexity and heterogeneity of the tumor 
microenvironment (TME). 

TME often referred to as the “devil’s sanctuary”, 
includes immune infiltration, fibroblasts, extracellular 
matrix (ECM), and blood vessels, creating a space for 

 
Ivyspring  

International Publisher 



Theranostics 2025, Vol. 15, Issue 6 
 

 
https://www.thno.org 

2160 

cancer cell proliferation with minimal inhibition of 
cancer cells. T cells, dendritic cells (DCs), natural killer 
(NK) cells, macrophages, Myeloid-derived suppressor 
cells (MDSCs) and other immune cells are important 
components. Effector cells such as cytotoxic T 
lymphocytes (CTLs) and NK cells play a key role in 
immune surveillance [6]. Current immunotherapies, 
including CAR T cells and checkpoint inhibitors, are 
designed to enhance the activity of CTLs [7]. 
However, many tumors lack adequate adaptive 
immune responses (“cold tumors”) due to the 
presence of immunosuppressive infiltrates such as 
MDSCs, tumor-associated macrophages (TAMs), and 
Tregs, thus complicating therapeutic efforts [8].  

Among these cells, MDSCs are one of the most 
abundant myeloid cells within the TME and are 
thought to be key drivers of immunosuppression 
(Figure 1). Originating in the bone marrow, MDSCs 
migrate to the tumor site and expand in response to 
tumor-derived factors and inflammatory signals [9]. 
This expansion is associated with their metabolic 
reprogramming, including increased glycolysis and 
lipid metabolism that support their 

immunosuppressive functions. MDSCs suppress the 
immune response by inhibiting CTLs activation, 
promoting the expansion of Tregs, and secreting 
immunosuppressive cytokines like IL-10 and TGF-β 
[10]. They also increase oxidative stress in TME, 
impairing CTLs function [11]. Furthermore, MDSCs 
promote tumor progression by enhancing 
angiogenesis, tumor invasion, metastasis, and drug 
resistance [12]. Thus, targeting MDSCs rather than 
focusing solely on enhancing CTL efficacy could 
stimulate a more comprehensive anti-tumor immune 
response, representing a promising direction for 
future cancer immunotherapy. 

In the current review, we aim to describe how 
the metabolic state of MDSCs affects their 
immunosuppressive capacity, identify key metabolic 
targets of MDSCs in TME, and summarize strategies 
for targeting MDSC metabolism. In addition, we 
highlight the advantages of improving the tumor 
immune microenvironment by inhibiting metabolic 
regulation of MDSCs, providing insights into 
improving anti-tumor immune responses by 
modulating these pathways. 

 

 
Figure 1. MDSC in immunodepression in TME. The molecular mechanisms underlying MDSCs-mediated immunosuppression in the tumor microenvironment. MDSCs 
suppress T-cell activity through the depletion of essential nutrients such as tryptophan and arginine, as well as by producing high levels of ROS, NO, adenosine, and 
immunosuppressive cytokines like TGF-β and IL-10. Additionally, MDSCs promote the expansion of Tregs through the secretion of TGF-β and IL-10, which further dampen T-cell 
function. MDSCs also secrete IL-10, PGE2, and VEGF, which contributes to macrophage polarization. MDSCs express PD-L1, which binds to the PD-1 receptor on T cells, 
inducing T-cell exhaustion and dysfunction. In addition, MDSCs inhibit B-cell proliferation via TGF-β and PGE2, suppress natural killer (NK) cell function through TGF-β, and 
impair dendritic cell antigen presentation through the secretion of IL-10 and NO. ARG1, arginase 1, DC,dendritic cell, IDO1, indoleamine 2,3-dioxygenase-1, IL-10, Interleukin 
10, iNOS, inducible nitric oxide synthase, MDSC, Myeloid-derived suppressor cell, NK cell, natural killer cell, NO, nitrous oxide, NOX2, NADPH oxidase 2, PD-1, programmed 
cell death protein 1, PD-L1, programmed death ligand 1, PGE2, prostaglandin E2, ROS, reactive oxygen species, TAM, tumor-associated macrophage, TGF-β, transforming growth 
factor beta, Treg, regulatory T cell, VEGF, vascular endothelial growth factor. 
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MDSCs in immunosuppressive TME 
The concept of MDSCs were firstly introduced 15 

years ago by Gabrilovich, and was familiar to the 
scientific public as increasing researches on MDSCs 
have been published in recent years. MDSCs are now 
considered to be the “queen bee” of the 
immunosuppressive TME. They inhibit the growth 
and function of NK cells and CTLs through the release 
of a variety of immunosuppressive cytokines, which 
continually trigger a vicious cycle of chronic 
inflammation in the body. 

MDSCs originate during bone marrow 
hematopoiesis, and their differentiation process is 
notably complex. Hematopoietic stem cells in the 
bone marrow differentiate into common myeloid 
progenitor cells, which then differentiate into 
granulocyte-monocyte progenitors and monocyte- 
dendritic cell progenitors. Under normal 
physiological conditions, monocyte-dendritic cell 
progenitors next differentiate into monocytes and 
dendritic cells. In contrast, under pathological 
conditions, such as tumors, they transform into 
immunosuppressive mononuclear MDSCs (M- 
MDSCs) and myeloid cells into polymorphonuclear 
MDSCs (PMN-MDSCs), which are also referred to as 
two major subpopulations of MDSCs. Intriguingly, it 
has been demonstrated that PMN-MDSCs are less 
immunosuppressive than M-MDSCs. In mice, MDSCs 
generally express myeloid lineage differentiation 
markers like Gr-1 and CD11b are defined as MDSCs 
(CD11b+Gr-1+), which are further identified into 
PMN-MDSCs (CD11b+Ly6G+Ly6Clo) and M-MDSCs 
(CD11b+Ly6G-Ly6Chi) by the expression of Ly6C. 
However, the flow cytometry results of human are 
totally different from those in mice, by which human 
PMN-MDSCs were well characterized as 
CD11b+CD14-CD15+(or CD66b+) and M-MDSCs as 
CD11b+CD14+CD15-HLA-DRlow/-. 

In the bone marrow, pro-cancer and pro-chronic 
inflammatory factors in TME have been proved to 
promote the expansion and differentiation of 
immature myeloid cell into MDSCs, including 
granulocyte monocyte colony stimulating factor 
(GM-CSF), granulocyte colony-stimulating factor 
(G-CSF), macrophage colony-stimulating factor 
(M-CSF), S100 proteins, interleukin (IL)-6 and tumor 
necrosis factorα-alpha (TNF-α). After that, the 
recruitment and expansion of MDSCs to the tumor 
sites are regulated by multiple tumor-derived factors 
secreted by TME. These factors can be classified into 
two distinct types of signals, the first is trafficking 
signals mainly secreted by tumor cells for recruiting 
MDSCs into tumors, and the second is activation 
signals of MDSCs mainly secreted by tumor stroma 

[13]. Chemokines have been proved to play an 
essential role in the process of recruitment [14], 
including CCL2/CCL12-CCR2, CCL3/4/5-CCR5, 
CXCL5/2/1-CXCR2, and CXCL13-CXCR5. In 
addition, some chemokines have been found not only 
promote their migration, but also induce the 
proliferation of MDSCs and maintain their 
immunosuppressive activity. For instance, CCR5 
ligands (CCL3, CCL4, CCL5) have been shown to 
induce the proliferation of CCR5-expressing MDSCs 
in the bone marrow, while CCL5 deficiency adversely 
modulated the morphology, differentiation, and 
immunosuppressive activity of MDSCs, ultimately 
inhibiting tumor growth [15]. Moreover, recent 
studies have pointed out that hypoxia at the primary 
tumor site is linked to the recruitment of 
CX3CR1-expressing MDSCs, mediated by the 
activation of CCL26 in cancer cells [16].  

Recent studies have demonstrated that the 
immunosuppressive capacity of MDSCs is influenced 
by their intracellular metabolic pathways. 
Representative signals that stimulate MDSCs to 
acquire immunosuppressive properties include signal 
transducer and activator of transcription (STAT3), 
prostaglandin E2 (PGE2) and other significant 
regulators that are related to the metabolism of both 
glucose and lipids. MDSCs have also been proved to 
induce anergy in CD4+, CD8+ T cells and NK cells 
through metabolic-based mechanisms that consume 
essential amino acids. High expression of arginase 1 
(ARG1) and inducible nitric oxide synthase (iNOS) in 
MDSCs is responsible for the depletion of arginine 
and the production of nitric oxide (NO). Meanwhile, 
increased expression of NOX2 in MDSCs can produce 
high level reactive oxygen species (ROS), which can 
react with NO to form peroxynitrite, abrogating the 
migration and antigen-specific response in CD8+ T 
cells and CTLs [17, 18] Intriguingly, it has also been 
found that PMN-MDSCs and M-MDSCs adopt 
different mechanisms on inhibiting the immune 
system by regulating metabolic homeostasis in TME. 
PMN-MDSCs suppress antigen-specific CD8+ T cells 
primarily by the production of ROS, while M-MDSCs 
inhibit T-cell responses under antigen-specific and 
nonspecific manners through the expression of the 
enzymes ARG1 and iNOS as well as the production of 
ROS. Collectively, metabolic reprogramming of 
MDSCs in TME regulates their immunosuppressive 
mechanisms. In the following, we will delve into the 
metabolic effects on MDSCs' functions from four 
aspects: glucose metabolism, lipid metabolism, amino 
acid metabolism, and adenosine metabolism, as well 
as exploring the possibility of targeting these 
metabolic pathways as potential drug targets. 
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Figure 2. Therapeutic strategies targeting glucose metabolism in MDSCs. Acetyl-CoA acetyl coenzyme A, Akt protein kinase B, ARG1 arginase 1, β-AR 
beta-adrenergic receptor, CaMKK2 calcium/calmodulin-dependent protein kinase kinase 2, Glucose 6-P glucose 6-phosphate, GLUTs glucose transporters, GPR81 G-protein 
coupled receptor 81, Hes1 hairy and enhancer of split 1, HIF-1α hypoxia-inducible factor 1-alpha, HK2 Hexokinase 2, iNOS inducible nitric oxide synthase, LDH Lactate 
Dehydrogenase, LPS Lipopolysaccharide, MCTs monocarboxylate transporters, MHCII Major Histocompatibility Complex class II, MPKA mitogen-activated protein kinase, 
mTOR mammalian target of rapamycin, PAPR poly ADP-ribose polymerase, PDK pyruvate dehydrogenase kinase, PFKFB3 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 
3, PI3K phosphatidylinositol 3-kinase, PKM2 pyruvate kinase M2, PPP pentose phosphate pathway, RBP-J recombination signal bindingprotein for immunoglobulin kappa J regions, 
SDHA succinate dehydrogenase flavoprotein subunit, TCA tricarboxylic acid cycle, TLR4 toll-like receptor 4. The black arrows show endogenous changes and the yellow arrows 
represent effects of potential therapies. 

 

Glucose metabolism 
Glycolysis 

Glycolysis converts glucose in the cytoplasm to 
pyruvate, resulting in the production of triphosphate 
(ATP) and NADH, a process that is critical for the 
function of MDSCs. In a hypoxic TME, glycolysis is 
better able to provide energy and protection to 
MDSCs, enabling them to survive and maintain 
immunosuppressive functions. Enhanced glycolysis 
contributes to the suppressive effects of MDSCs on 
effector T cells, thereby facilitating tumor immune 
escape (Figure 2). 

The key regulatory targets of glycolysis in 
MDSCs include multiple types of components as 
follows. Representative regulators include 
hypoxia-inducible factor 1-α (HIF-1α), mechanistic 
target of rapamycin (mTOR), and STAT3. These 

regulatory factors increase the expression of glucose 
transporter type 1 (GLUT1) and glucose transporter 
type 3 (GLUT3), which promotes the uptake of 
glucose into the cell. Subsequently, glucose entering 
the cell is phosphorylated by hexokinase 2 (HK2) to 
initiate glycolysis. Another key enzyme, pyruvate 
kinase M2 (PKM2), converts phosphoenolpyruvate to 
pyruvate to catalyze the subsequent process of 
glycolysis. In addition, pyruvate is also critical for 
maintaining glycolysis levels. Under anaerobic 
conditions, pyruvate can be converted to lactate by 
lactate dehydrogenase A (LDHA). And lactate and 
pyruvate can be transported across cell membranes by 
monocarboxylate transporters (MCT). Notably, a 
broader regulatory role is mediated by 
calcium/calmodulin-dependent protein kinase kinase 
2 (CAMKK2), which affects the overall metabolic 
response. 
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HIF-1α 

HIF-1α, an important driver of glycolysis under 
the hypoxic conditions as well as the downstream 
factor of PI3K-AKT-mTOR pathway, has been 
identified to result in increased glucose levels and 
upregulated glycolytic enzymes and lactate 
transporters, thus promotes the transition of oxidative 
phosphorylation (OXPHOS) to glycolysis [19]. It's 
worth noting that upregulation of HIF-1α under 
hypoxia can enhance the suppressive function of 
MDSCs by directly upregulating the transcription of 
PD-L1 on MDSCs, while increased PD-L1 can inhibit 
the activation of T cells. Through chromatin 
immunoprecipitation and luciferase reporter 
experiments, Muhammad et al. have revealed that 
HIF-1α can bind to the transcriptionally active 
hypoxia-response element in the promoter of PD-L1. 
Moreover, inhibition of PD-L1 in ex vivo MDSCs by an 
anti-PD-L1 monoclonal antibody significantly 
decreased the expression of protumor cytokines 
including IL-6 and IL-10[20, 21]. Wang’s group also 
found that HIF-1α can promote the recruitment of 
MDSCs under the regulation of miR-155. In miR-155 
deficient MDSCs, HIF-1α expression was markedly 
increased and therefore the expression of CXCL1, 
CXCL3 and CXCL8 was subsequently upregulated, 
contributing to the accumulation of MDSCs in TME. 
The research also showed that both Lewis lung 
carcinoma and B16-F10 melanoma tumors grow faster 
in miR-155 knockout (miR-155-/-) mice, accompanied 
with a notable increase accumulation of MDSCs in 
tumors compared with the wild-type mice [22]. In 
addition, Natascha and colleagues have also 
identified that a reduced number of MDSCs in mice in 
myeloid HIF-1α knockout mice [23].  

Therapies targeting HIF-1α can be mainly 
divided into 3 subcategories: agents inhibiting HIF-1α 
transcription, agents inhibiting HIF-1α translation, 
and agents destructing HIF-1α stabilization. 
Camptothecins analogues, one of the most widely 
used topoisomerase I inhibitors, have been proved to 
suppress HIF-1α protein translation in hypoxic U251 
human glioma cells. And the FDA approved 
camptothecin derivatives including Irinotecan and 
Topotecan, have been identified with potent 
antitumor activities against solid tumors. Digoxin, a 
cardiac glycoside, also inhibits HIF-1α protein 
expression and a clinical phase 2 trail (NCT01763931) 
using digoxin on human breast cancer have achieved 
promising results. EZN-2968 belongs to an RNA 
antagonist that can binds to the HIF-1α mRNA to 
inhibit its translation. A clinical study (NCT01120288) 
of EZN-2968 on duodenal neuroendocrine tumor 
patients at a dose of 18 mg/kg once a week, observed 
a significant reduction in HIF-1α mRNA levels [24]. 

Hsp90 inhibitors can block the binding of HIF-1α with 
Hsp90, which further destabilize HIF-1α. 
Geldanamycin and its analogs are specific Hsp90 
inhibitors. A clinical research (CAUY922A2101) of 
AUY922 (Geldanamycin derivative) on Japanese 
patients with advanced solid tumors achieved 
potential clinical activities [25]. Although the 
regulative effect of most HIF-1a inhibitors on 
immunosuppressive TME was not determined in 
clinical and pre-clinical studies, a recent study 
suggested that these anti-tumor effects of digoxin are 
at least partially attributed to the decreased 
recruitment of MDSCs into the TME [16]. 

mTOR 
mTOR is a major regulator of glycolytic 

reprogramming in MDSCs, which consists of two 
complexes: mTORC1 and mTORC2. mTORC1 mainly 
regulates cell growth and metabolism, whereas 
mTORC2 is associated with cell survival and 
cytoskeleton organization. It was found that 
CXCL1/CXCR2 recruits PMN-MDSCs, and 
S100A8/A9 increases CXCL1 expression in gastric 
cancer (GC) through the TLR4/p38 MAPK/NF-κB 
pathway. Subsequently, PMN-MDSCs aggregated, 
leading to CD8+ T cell exhaustion via the 
S100A8/A9-TLR4/AKT/mTOR pathway, which 
reduced GC growth and enhanced the efficacy of 
anti-PD-1 therapy [26]. Additionally, mTOR signaling 
has been shown to be critical for MDSC 
differentiation. It has been shown that MDSCs in 
tumors display higher rates of glycolysis and higher 
inhibitory activity compared to MDSCs in spleen. 
However, the phosphorylation-dependent activation 
of key signaling pathways including Akt and MAPK 
was significantly reduced, and in contrast, mTOR 
phosphorylation was upregulated in intratumoral 
MDSCs. Inhibition of mTOR phosphorylation 
reduced the immunosuppressive activity of 
intratumoral MDSCs and limited tumor growth by 
decreasing the level of glycolysis through selective 
degradation of HK2 [21]. Seahorse metabolic analyses 
corroborated that Lipopolysaccharide (LPS) induction 
significantly enhanced the glycolytic function of 
MDSCs. And lactate treatment greatly increased the 
expression of MHCII, CD80 and CD86 in MDSCs to 
achieve LPS induction and promote the 
differentiation of MDSCs. During this process, the 
expression levels of the key glycolytic enzymes 
PKM2, GLUT1, and PFKFB3 were significantly 
increased [27]. PFKFB3 is a glycolytic enzyme, and 
PFKFB3-driven glycolysis serves as a feed-forward 
regulator of mTORC1 signaling to control MDSCs 
differentiation [28].  

Drugs that target mTOR to regulate MDSC 
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glycolysis include Rapamycin, Metformin, 
Methionine enkephalin, and PFKFB3 inhibitors. 
Rapamycin is an mTOR inhibitor, which can inhibit 
mTOR to reduce the expression and activity of 
glycolytic enzymes. Studies have shown that 
rapamycin significantly increased the number of 
MDSCs in vitro and inhibited lipopolysaccharide- 
induced CD80 expression in MDSCs in vivo, 
suggesting that it may affect MDSC differentiation. In 
addition, rapamycin markedly decreased the 
expression of iNOS and ARG1 in MDSCs, thereby 
reducing MDSCs-mediated inhibition of T cell 
responses [29]. Metformin can downregulate the 
mevalonate pathway by activating AMP-activated 
protein kinase (AMPK) and inhibiting mTOR, thus 
reducing the number of MDSCs [30]. Methionine 
enkephalin, on the other hand, can decrease glycolysis 
and ROS production in MDSCs through the 
PI3K/Akt/mTOR pathway, thus enhancing immune 
response [31]. Activation of the PI3K-Akt-mTOR 
pathway significantly upregulated PFKFB3 
expression and enhanced aerobic glycolysis [28]. 
PFKFB3 inhibitors, such as 3PO, can minimize mTOR 
activation by blocking the upstream step of glycolysis, 
which reduces the glycolytic activity of MDSCs and 
ultimately improves anti-tumor efficacy [27]. These 
drugs regulate MDSC glycolysis by targeting mTOR 
and offer potential therapeutic applications.  

STAT3 
STAT3, as a transcription factor, plays an 

essential role in the growth and differentiation of 
various cells [32]. It is also one of the important 
regulators of glycolytic reprogramming in MDSCs. In 
TME, lactate accumulation, STAT3 activation, and 
MDSCs infiltration increase to shape the 
immunosuppressive microenvironment. The 
interleukin-6/Janus kinase/signal transducer and 
activator of transcription 3 (IL-6/JAK/STAT3) 
inflammatory pathway plays an influential role in 
limiting effective antitumor immunity in MDSCs [33]. 
Mechanistically, β2-adrenergic receptor (β2-AR) 
activation triggers STAT3 signaling for metabolic 
reprogramming through sustained mitochondrial 
respiration and higher ATP production, improving 
MDSC function. The STAT3 signaling induced in 
MDSCs enhances glutamine consumption through the 
tricarboxylic acid (TCA) cycle. Metabolized glutamine 
produces itaconic acid, which enhances MDSC 
survival by downregulating mitochondrial ROS 
through modulation of Nrf2 and oxidative stress [34]. 
Furthermore, the immunosuppressive 
microenvironment shaped by MDSCs influences 
tumor resistance. Radiotherapy enhanced the 
tumor-promoting activity of MDSCs in pancreatic 

cancer. The G protein-coupled receptor 81 
(GPR81)/mTOR/HIF-1α/STAT3 pathway regulates 
the Warburg effect enhanced by radiation, causing a 
sustained increase in lactate secretion. MDSCs 
stimulated by lactate displayed upregulated 
expression of tumor-promoting functional genes 
(S100A8/A9, ARG1, MMPs) and more potent 
immunosuppressive activity against T cells [35]. 

Targeting STAT3 to regulate glycolysis in 
MDSCs involves a variety of strategies. One approach 
is to directly inhibit STAT3 phosphorylation, thereby 
decreasing glycolytic enzyme expression and 
impairing glycolytic flux in MDSCs. For example, 
STAT3 inhibitor Napabucasin (also known as BBI608), 
which inhibits the immunosuppressive potential of 
MDSCs without limiting anti-tumor T-cell responses 
[36]. JSI-124 is a STAT3 inhibitor that inhibits the 
proliferation of CRC cells. miR-93-5p, an IL-6-driven 
G-MDSC exosome, promotes the differentiation of 
M-MDSCs into M2 macrophages and is implicated in 
the STAT3 signaling mechanism that promotes the 
transition from colitis to cancer. Combining the 
STAT3 inhibitor JSI-124 with a strategy to inhibit 
IL-6-mediated production of the G-MDSC exosome 
miR-93-5p facilitates the prevention and treatment of 
colitis-associated cancer [37]. Another strategy is to 
target upstream and downstream effectors of STAT3. 
The orphan drug dichloroacetate is a small molecule 
inhibitor of mitochondrial pyruvate dehydrogenase 
kinase (PDK). PDK inhibition leads to reactivation of 
pyruvate dehydrogenase in the mitochondria, thereby 
increasing the ratio of glucose oxidation to glycolysis. 
Dichloroacetate significantly down-regulates STAT3 
activation (phosphorylated STAT3, p-STAT3) and 
IL-6 expression, thereby down-regulating glycolysis 
and effectively reducing the immunosuppressive 
activity of MDSCs. The β-blocker propranololum 
improves Doxorubicin efficacy by blocking 
β-AR-induced STAT3 signaling in MDSCs and thus 
improves survival in EL4 lymphoma model [34]. 
Blocking lactate production in tumor cells or 
inhibiting the GPR81 receptor, which mediates lactate 
signaling, disrupts the mTOR/HIF-1α/STAT3 axis, 
thereby decreasing the glycolytic and 
immunosuppressive activities of MDSCs [35].  

GLUT1/3 
GLUT1 and GLUT3 are glucose transporters that 

play vital roles in regulating the initial steps of 
glucose uptake, providing sufficient glucose for 
glycolysis and subsequent adenosine ATP production 
[38, 39]. Mechanistically, GLUT1 and GLUT3 are 
known to maintain the high glycolytic flux required to 
carry out immunosuppressive activities in MDSCs in 
TME. It was shown that GLUT1 overexpressed in 
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MDSCs transports excess glucose into MDSCs, 
thereby creating a high-glucose environment within 
MDSCs. Furthermore, the data suggest that GLUT1 
overexpression is a unique feature of MDSCs and that 
terminal maturation of MDSCs downregulates 
GLUT1 [40]. Besides, GLUT1-dependent glycolysis is 
required for tumor-induced MDSC differentiation 
and the process is associated with latent membrane 
protein 1 (LMP1) expression. LMP1 interacts with 
GLUT1 by disrupting its K48-linked ubiquitination 
and autolysosomal degradation in a p62-dependent 
manner and stabilizes the GLUT1 protein by inducing 
up-regulation of GLUT1 mRNA and protein levels 
through p65 activation [41]. Similarly, GLUT3 is 
associated with this metabolic adaptation, and 
inhibition of GLUT3 reduces the inhibitory capacity of 
MDSCs and enhances anti-tumor immune responses. 
In 4T1 and 4T07 mouse tumor models, CD205 
PMN-MDSCs strongly suppress CD8+ T cell 
antitumor response activity. It was found that CD205 
PMN-MDSCs rapidly adapted by increasing GLUT3 
expression under TME low glucose stress. In vitro and 
in vivo experiments showed that siRNA effectively 
blocked GLUT3 expression, reduced glucose uptake, 
and upregulated the caspase3/PARP apoptotic axis in 
MDSCs cells, especially the CD205 subpopulation. 
GLUT3 enhanced the resistance of MDSCs to 
low-glucose stress by competing for glucose and 
preventing ROS-mediated apoptosis in MDSCs [42]. 

Targeted inhibition of these transporter proteins 
reduces glycolysis in MDSCs. Unique Rg3-based 
liposomes were formulated using ginsenoside Rg3 
and loaded with paclitaxel (PTX), namely 
Rg3-PTX-LPs. Rg3-PTX-LPs could be uptake via 
GLUT1 and specifically distributed in MCF7/T tumor 
cells and TME. Rg3-PTX-LPs remodeled the 
immunosuppressive microenvironment by inhibiting 
the activation of IL-6/STAT3/p-STAT3 pathway, 
reduced the number of MDSCs, promoted tumor cell 
apoptosis, and increased the cancer suppression rate 
[43]. Furthermore, it was reported that GSK3β 
inhibitors may selectively kill cancer cells 
overexpressing GLUT3 while barely affecting cells 
expressing only GLUT1.Thus, GLUT3 inhibitors may 
also exhibit selective elimination of PMN-MDSCs [42], 
however relevant studies have not been confirmed. 

HK2 
HK2 is an enzyme that catalyzes glycolysis by 

converting glucose to glucose-6-phosphate and 
facilitating the initial phosphorylation of glucose [44]. 
Mechanistically, HK2 plays an essential role in 
regulating glycolysis in MDSCs. It has been 
implicated that the gut fungus Candida tropicalis may 
enhance the immunosuppressive function of MDSCs 

by up-regulating HK2. Furthermore, HK2 was found 
to be part of the Syk-PKM2-HIF-1α axis, which 
emphasized that HK2 maintains the survival and 
function of MDSCs in TME by regulating glycolysis 
levels in MDSCs [45]. 

Inhibiting HK2 activity is capable of targeting 
the regulation of glycolytic metabolism in MDSCs. 
The use of specific inhibitors that block HK2 function 
with 3-bromopyruvate (3-BrPA) decreases the level of 
glucose phosphorylation and subsequent glycolysis, 
thereby reducing the energy supply of MDSCs and 
their immunosuppressive capacity. It was found that 
15 μM 3-BrPA could severely inhibit ATP production 
in tumor cells by disrupting the interaction between 
HK2 and mitochondrial voltage-dependent anion 
channel-1 (VDAC1) proteins, and that glycolysis, 
NADP, ATP, and lactic acid production were severely 
inhibited in 40 μM 3-BrPA-treated tumor cells. 15 and 
20 mg/kg of 3-BrPA significantly reduced tumor 
growth in a mouse pancreatic cancer model. The 
tumors showed apoptotic death with complete 
inhibition of HK2 and TGFβ, and enhanced 
expression of active cysteine asparaginase-3. 
Meanwhile, TME was improved and the number of 
MDSCs was severely suppressed, which may account 
for the increased CD8+ T cell infiltration and tumor 
growth inhibition [46]. In conclusion 3-BrPA showed 
good effects on metabolic regulation of tumor cells, 
thus exerting anti-tumor effects. Therefore, whether 
3-BrPA could directly regulate the metabolic 
reprogramming of MDSCs and thus affect their 
differentiation and function? An in vitro study found 
that 3-BrPA significantly inhibited the glycolysis of 
MDSCs, increased the expression of MDSCs-related 
immunosuppressive molecules, such as iNOS, ARG1, 
and CXCR2, enhanced the expression of PD-L1, and 
promoted the differentiation of the CD155 phenotype 
of MDSCs, which can inhibit the function of T-cells 
and effector cells [47]. However the correlation 
between metabolic reprogramming and immune 
function in this result is contradictory to other studies 
and may be caused by the fact that this is an in vitro 
study, which is divorced from the interaction of 
immune cells in the TME. 

PKM2 
PKM2, a member of pyruvate kinase, also 

functions as a pivotal enzyme for glycolysis. 
Activation of PKM2 is closely related to the 
proliferation, invasion, and metastasis of cancer cells 
[48]. A recent study on 721 HCC patients revealed not 
only an oncogenic role for PKM2 but also an effective 
function for recruiting MDSCs to the tumor site. By 
transplanting PKM2-knockdown HCCLM3 cells into 
mice, it was found that tumor progression was 
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significantly inhibited and the percentage of 
CD11b+Gr-1+ granulocytic MDSCs and CD11b+Ly6C+ 
monocytic MDSCs were decreased obviously when 
compared with HCCLM3 transplanted mice. 
Mechanistically, the knockdown of PKM2 in 
HCCLM3 cells increased CXCL1 and MIF, which 
function as important cytokines to recruit MDSCs 
[49]. 

In T cell acute lymphoblastic leukemia therapy, 
metabolically reprogrammed immunosurveillance- 
activated nanomedicine (MRIAN), a novel amino acid 
metabolite nanomedicine, was applied. MRIAN was 
capable of degrading to L-phenylalanine, inhibiting 
PKM2 activity and decreasing ROS levels in MDSCs, 
thereby interfering with their immunosuppressive 
function [50]. While, in the treatment of colorectal 
cancer, a mesoporous polydopamine nanoparticle 
(SHK@HA-MPDA) utilizing alizarin-loaded, 
hyaluronic acid-modified nanoparticles is effective in 
the treatment of colorectal cancer liver metastases 
(CRLM). SHK@HA-MPDA provides an approach 
against CRLM by targeting both metabolic and 
immune pathways by inhibiting PKM2 and glycolysis 
[51]. Targeting the Syk-PKM2-HIF-1α axis effectively 
reduces glycolysis in MDSCs. Studies have shown 
that inhibition of PKM2 or blocking its nuclear 
translocation attenuates the enhancement of MDSC 
glycolytic activity induced by intestinal fungi. In 
Candida tropicalis-treated MDSCs, PKM2 Tyr105 
phosphorylation and PKM2 nuclear translocation 
were required and increased the interaction between 
PKM2 and HIF-1α. MDSCs in CRC showed elevated 
expression of PKM2, PKM2 (p-Y105), and iNOS, with 
positive correlation with MDSCs infiltration. siPKM2 
markedly blocked the mRNA and protein expression 
of HIF-1α-dependent glycolytic enzymes in Candida 
tropicalis-treated MDSCs. Meanwhile, PKM2 
knockdown also decreased the mRNA and protein 
expression of iNOS, Cyclooxygenase 2 (COX2) and 
NADPH oxidase 2 in Candida tropicalis-stimulated 
MDSCs. In conclusion, PKM2 Tyr105 phosphorylation 
and PKM2 nuclear translocation are essential for 
HIF-1α-dependent glycolytic metabolism in Candida 
tropicalis-induced MDSCs [45].  

LDH 
LDH is an enzyme that catalyzes the conversion 

of pyruvate to lactate during glycolysis, playing a 
crucial role in anaerobic metabolism [52]. It allows the 
regeneration of NAD+, enabling the continuation of 
glycolysis under anaerobic conditions [53]. LDHA is 
one of the isoforms of LDH responsible for converting 
pyruvate to lactate during glycolysis [54]. 
Mechanistically, LDHA expression is upregulated in 
MDSCs to promote lactate production, and elevated 

lactate levels further activate HIF-1α to promote 
glycolytic enzyme expression and enhance glycolytic 
flux in MDSCs [55]. LDH-A-produced lactate 
activates the glycolytic pathway, upregulates CD4+ T 
cell proliferation, and increases the release of 
immunosuppressive effector molecules, such as 
ARG1 and iNOS, from MDSCs [56]. Moreover, LDHA 
is usually accompanied by abundant tumor-derived 
G-CSF and GM-CSF, which further promotes the 
recruitment and immunosuppression of MDSCs [57]. 

LDHA knockdown may affect MDSC 
recruitment through autophagy-related mechanisms. 
To achieve potent anti-tumor immunity, a 
redox-responsive nano-assembly (R-mPDV/PDV/ 
DOX/siL)-based immunochemotherapy regimen was 
developed, which integrates a combined strategy of 
inhibiting cytokine-mediated MDSC recruitment 
through LDHA silencing and enhancing tumor 
immunogenicity through anthracycline (DOX)- 
induced immunogenic cell death effects. After 
R-mPDV/PDV/siL treatment, LDHA mRNA 
downregulation by more than 80% and lactate 
accumulation were significantly reduced in 4T1 
tumors, along with activation of AMPK-ULK1 
pathway and autophagy in tumor cells, and reduction 
of G-CSF and GM-CSF production. Meanwhile, 
R-mPDV/PDV/siL also reduced the infiltration of 
MDSCs, lowered the level of immunosuppressive 
IL-10, and increased the ratio of CD4+ T cells and 
CD8+ T cells in tumors [57]. Moreover, the use of pd-1 
antibodies has a modulating effect on LDH. 
Melanoma patients have elevated levels of total 
MDSCs after receiving anti-PD-1 immunotherapy 
(navulizumab and pabolizumab). Among them, LDH 
levels were correlated with poor prognosis of 
anti-PD-1 therapy, and serum LDH levels were 
significantly reduced in those who responded to 
checkpoint therapy, suggesting the therapeutic 
promise of our inhibition of LDH in combination with 
PD-1 antibodies [55]. Thus, targeting LDH in MDSCs 
to modulate metabolism focuses on the potential of 
inhibiting LDHA to disrupt glycolysis and reduce 
lactate production as a means to modulate MDSCs 
activity and improve cancer treatment efficacy. 

MCT 
MCTs are proteins that facilitate the transport of 

lactate, pyruvate, and other monocarboxylates across 
cell membranes and play a critical role in cellular 
metabolism and pH regulation [58]. Pyruvate, the end 
product of glycolysis, which can be reduced to lactate 
in the cytosol. After transported by MCT, the lactate 
that aggregates in the TME shapes the acidic 
microenvironment of the TME and supports the 
metabolism of immunosuppressive cells such as 
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MDSCs and Treg [59, 60]. Lactate can also act as a 
signaling molecule enhancing the immunosup-
pressive phenotype of MDSCs by stabilizing HIF-1α 
and upregulating glycolytic enzymes [61, 62].  

Disrupting lactate output by inhibiting these 
transporters can impair glycolytic metabolism in 
MDSCs. Specific inhibitors of MCTs, such as 
AZD3965, have been shown to diminish lactate 
transport, result in intracellular lactate accumulation, 
reduce glycolytic flux, and decrease 
immunosuppressive activity in MDSCs [63]. Another 
specific targeting inhibitor of MCTs, AR-C155858 and 
BAY-8002, have been gradually applied in antitumor 
research, however current studies have mainly 
focused on its role in targeting tumors, and the role of 
targeting MDSCs has not yet been clarified [58]. 
Suppressing the expression of MCTs is another 
potential approach, since it has been reported that 
activated Notch/RBP-J signaling represses MCT2 
transcription in MDSCs via Hes1-binding genes [61]. 
Moreover, knocking down MCTs using CRISPR-Cas9 
technology and combining them with 
immunotherapeutic strategies, such as anti-PD-1 can 
enhance anti-tumor immune responses and further 
improve therapeutic efficacy [64].  

CaMKK2 
CaMKK2 plays a crucial role in various cellular 

processes by activating downstream kinases 
regulated by metabolism, including glycolysis [65]. In 
the context of MDSCs, CaMKK2 regulates glycolysis 
by activating AMPK. This activation increases the 
expression of key glycolytic enzymes, which enhances 
glycolytic flux within MDSCs and supports the 
immunosuppressive function of MDSCs in TME [66]. 
The most widely used CaMKK2 antagonist is the 
competitive inhibitor STO-609. STO-609 can reduce 
glycolysis by downregulating AMPK activation, 
thereby impairing the immunosuppressive capacity of 
MDSCs and potentially enhancing anti-tumor 
immune responses [66]. 

Other plausible targets regulating glycolysis in 
MDSCs 

In regulating the glycolytic metabolism of 
MDSCs, glucose-6-phosphate dehydrogenase (G6PD) 
plays a crucial role by controlling key steps in the 
pentose phosphate pathway (PPP), thereby 
modulating NADPH production and antioxidant 
protection. Inhibition of G6PD can decrease NADPH 
production, leading to impaired nucleotide synthesis 
and cell cycle arrest, which subsequently inhibits 
tumor cell proliferation and the immunosuppressive 
functions of MDSCs. Studies have shown that the 
antifungal drug terbinafine reduces the 

NADP+/NADPH ratio, inhibiting G6PD activity, 
thereby decreasing MDSC infiltration and tumor 
burden [67]. 

Succinate dehydrogenase subunit A (SDHA) is a 
critical component of TCA and OXPHOS pathway. 
Modulation of SDHA can significantly impact the 
energy metabolism and function of MDSCs. Inhibition 
of silent information regulator 2 can increase NAD+ 
levels, enhance SDHA activity, and elevate OXPHOS 
levels, thereby augmenting the immunosuppressive 
activity of MDSCs and improving graft survival rates 
in transplantation [68]. Conversely, blocking SDHA or 
OXPHOS can significantly restore the 
immunosuppressive activity and inflammatory 
cytokine production in SIRT2-deficient MDSCs. 

NADH is a vital electron donor in the cellular 
respiratory chain, participating in energy metabolism 
and redox reactions. Strategies targeting NADH to 
regulate MDSC function include the use of 
hydroxyurea (HU) and its derivatives, such as 
Mito-HU. These derivatives increase hydrophobicity, 
inhibit oxidative phosphorylation, and reduce tumor 
cell proliferation [69]. Furthermore, these compounds 
can effectively inhibit the immunosuppressive 
function of MDSCs and enhance T cell responses, 
presenting potential antitumor immunomodulatory 
effects. 

In summary, strategies targeting the regulation 
of G6PD, SDHA, and NADH can effectively inhibit 
the immunosuppressive functions of MDSCs and 
enhance antitumor immune responses by altering 
their metabolic pathways. These mechanisms and 
strategies provide new insights and directions for the 
development of antitumor therapies targeting 
MDSCs. 

Lipid metabolism 
Fatty acid oxidation 

Fatty acid oxidation (FAO) is an important 
metabolic pathway that catabolizes fatty acids 
primarily in mitochondria and peroxisomes to 
produce ATP [70]. It supports energy homeostasis 
and is then translocated to mitochondria where it 
undergoes β-oxidation via the TCA cycle to produce 
ATP [71]. In MDSCs, FAO is essential for their 
immunosuppressive function and survival within the 
TME. The enhancement of FAO enables MDSCs to 
adapt to nutrient-deprived and hypoxic conditions, 
thereby facilitating their role in suppressing T cell 
activity and promoting tumor growth (Figure 3) [72]. 

Targeting FAO pathway in MDSCs may provide 
novel therapeutic strategies to modulate their activity 
and improve cancer treatment outcomes. The key 
metabolic targets include peroxisome proliferator- 



Theranostics 2025, Vol. 15, Issue 6 
 

 
https://www.thno.org 

2168 

activated receptor γ (PPARγ), carnitine 
palmitoyltransferase 1A (CPT1A), and stearoyl-CoA 
desaturase 1 (SCD1), among others. PPARγ regulates 
genes involved in lipid metabolism, enhances FAO, 
and supports cellular function [73]. CPT1A transports 
long-chain fatty acids into mitochondria for 
β-oxidation, which is critical for the development and 
growth of tumors. [74]. These targeting strategies 
could disrupt FAO in MDSCs, thereby reducing their 
immunosuppressive activity and enhancing 
antitumor efficacy. 

PPARγ 

PPARγ plays a critical role in regulating FAO in 
MDSCs. Cannabidiol (CBD) has been shown to induce 
PPARγ activation in mast cells, leading to G-CSF 
secretion and subsequent MDSC mobilization [75]. In 
lung adenocarcinoma, the final metabolite of FAO, 
acetic acid, contributes to immune suppression via 
free fatty acid receptor 2 (FFAR2). This pathway is 
significantly mediated by the Gαq/calcium/ 
PPARγ/ARG1 axis. FFAR2 deficiency in MDSCs 
reduces ARG1 expression, relieving L-arginine 
consumption in the TME, thereby restoring T cell 
function. Replenishing L-arginine or inhibiting 
PPARγ with GW9662 can mitigate the acetic 
acid/FFAR2-mediated suppression of T cells and 

overcome resistance to immune checkpoint blockade 
[76]. Pharmacological inhibition of PPARγ using a 
specific inhibitor T0070907 has also been shown to 
convert the TME from immunosuppressive to 
immunostimulatory, thereby resensitizing tumors to 
anti-PD-1 therapies [77]. lysosomal acid lipase (LAL) 
hydrolyzes cholesteryl esters and triglycerides in 
cytosolic lysosomes to produce free fatty acids and 
cholesterol, and a downstream metabolic derivative of 
LAL, 9-hydroxyoctadecadienoic acid (9-HODE), is a 
hormonal ligand for PPARγ Targeting PPARγ using 
9-HODE can regulate the mTOR pathway and 
subsequently reduce ROS production, which is critical 
for the suppressive function of MDSCs [78].  

Another effective strategy involves the inhibition 
of PIM kinase, which regulates lipid oxidative 
metabolism via PPARγ activities. A recent study on 
immunotherapy-resistant tumors using single-cell 
RNA sequencing revealed that MDSCs with enhanced 
FAO dominate the immune landscape. In these 
MDSCs, PIM1 was highly expressed, and 
PIM1-mediated phosphorylation of STAT3 at the S727 
site amplified STAT3's transcriptional activity, 
leading to increased expression of PPARγ, a key 
downstream target of PIM1 that promotes FAO and 
immunosuppression in MDSCs [79]. Pharmacologic 
inhibition of PIM kinase by AZD1208, a potent and 

 

 
Figure 3. Therapeutic strategies targeting lipid metabolism in MDSCs. 9-HODE 9-hydroxyoctadecadienoid acid, AA arachidonic acid, COX2 cyclooxygenase-2, 
CPT1A carnitine palmitoyltransferase 1A, Gαp guanine nucleotide-binding protein alpha subunit, LDLR low-density lipoprotein receptor, FA fatty acid, FASN fatty acid synthase, 
FATP2 fatty acid transport protein 2, FFAR2 free fatty acid receptor 2, LAL Lipoarabinomannan, NLRP3 NLR family pyrin domain containing 3, PIM1 proviral integration site for 
moloney murine leukemia virus 1, PGE2 prostaglandin E2, PUFA polyunsaturated fatty acid. The black arrows show endogenous changes and the yellow arrows represent effects 
of potential therapies. 
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selective pan-PIM kinase inhibitor, disrupts the 
immunosuppressive microenvironment mediated by 
myeloid cells and enhances CD8+ T cell-mediated 
antitumor immunity, showing potential in 
overcoming resistance to immune checkpoint 
blockade therapies [79]. This was achieved by 
targeting PPARγ in MDSCs, reducing FAO, and 
lowering the expression of indoleamine 
2,3-dioxygenase 1 (IDO), ARG1, and TGFβ1 [79]. 
These strategies collectively highlight the therapeutic 
potential of modulating PPARγ to improve cancer 
immunotherapy outcomes. 

CPT1A 
The fatty acid transporter protein CPT1A is 

required for FAO-mediated immunosuppression of 
MDSCs. CPT1A is the rate-limiting enzyme of FAO in 
many tissues that catalyzes the transfer of long-chain 
acyl group of acyl-CoA ester to carnitine, thereby 
shuttling long-chain fatty acids into the mitochondrial 
matrix through the carnitine transporter for 
β-oxidation [80]. Under stress, β2-AR signaling is 
activated in MDSCs, resulting in increased CPT1A 
expression. This activation shifts the metabolic 
balance from glycolysis to oxidative phosphorylation 
and FAO, and β2-AR signaling induces autophagy 
and activates the arachidonic acid cycle, which 
increases the synthesis and release of the 
immunosuppressive mediator PGE2 and enhances the 
immunosuppressive capacity of MDSCs [81]. The 
critical role of PGE2 and AA in regulating MDSCs will 
be further discussed later. The gut microbiota-derived 
metabolite butyrate was able to activate the 
CPT1α-dependent FAO pathway to facilitate the 
acetylation of lysine at position 27 of histone H3 in the 
promoter region of the PPARD and other FAO genes 
in MDSCs. By improving impaired mitochondrial 
function, Butyrate promoted MDSCs amplification 
and immunosuppressive activity [82]. 

From a therapeutic perspective, targeting CPT1A 
and the associated metabolic pathways can modulate 
MDSCs activities to improve immune responses 
against tumors. Etomoxir is a specific inhibitor of 
CPT1. Studies have shown that in normal C57BL/6 
mice, treatment with Etomoxir reduces basal and 
maximal OCR of BM-MDSC, decreases fatty acid 
uptake, and lowers ATP levels by approximately 
40-50%. In addition, Etomoxir treatment significantly 
reduced the ability of BM-MDSC to block T cell 
proliferation. In 3LL lung cancer and MCA-38 colon 
cancer models, Etomoxir treatment reduced the 
enzymatic activity of CPT1 in T-MDSCs in vivo and 
decreased the overall metabolic activity of T-MDSCs 
by inhibiting FAO. More importantly, inhibition of 
FAO in vivo decreased the expression of ARG1, ROS, 

NO, and PNT, which attenuated the 
immunosuppressive function of T-MDSCs, rendering 
them unable to block T-cell proliferation and 
interferon-gamma (IFN-γ) production. Etomoxir 
treatment led to a significant reduction in the 
expression levels of cytokines G-CSF, GM-CSF, IL6, 
and IL10, and subsequently inhibited the induction 
and differentiation of the immunosuppressive 
phenotype in MDSCs. However, the high embryonic 
lethality of CPT1 knockout mice and the fact that 
conditional CPT1 knockout mice have not been able to 
be tested have made it impossible to genetically 
confirm the effects of CPT1 suppression at this time 
[72]. 

Lipogenesis 
The lipogenesis pathway, or de novo fatty acid 

synthesis, converts acetyl-CoA to fatty acids in the 
liver and adipose tissue. Key steps include the 
carboxylation of acetyl-CoA by acetyl-CoA 
carboxylase to form malonyl-CoA, which is elongated 
by fatty acid synthase (FASN) to produce palmitate. 
Palmitate can be further modified into various fatty 
acids, esterified with glycerol to form triglycerides, 
stored in lipid droplets, or used for membrane 
biosynthesis and energy production. MDSCs require 
large amounts of energy and biosynthetic precursors 
during amplification and enhanced functional 
activity. Through de novo fatty acid synthesis, MDSCs 
can maintain their membrane lipid renewal, energy 
storage, and signaling molecule synthesis. Fatty acid 
synthesis, adipogenesis and fat accumulation are 
associated with the inhibitory function of MDSCs. 
When fatty acids are excessive within MDSCs, they 
can be converted to triglycerides, leading to the 
formation of lipid droplets that promote cell 
proliferation [83]. Thus, MDSCs exhibit a greater 
reliance on FASN-catalyzed de novo fatty acid 
synthesis than normal cells. Targeting FASN can 
disrupt these processes and enhance the efficacy of 
cancer immunotherapy (Figure 3). 

Inhibition of FASN increases polyunsaturated 
fatty acids (PUFA), and accumulation of PUFA may 
lead to iron-dependent cell death [84]. So far, except 
for TVB-2640, no compounds that selectively inhibit 
FASN have been studied in the clinic. TVB-2640 is a 
potent and reversible inhibitor of FASN and has been 
validated in a variety of tumor cell lines, including 
KRAS-mutant non-small cell lung cancer (NSCLC), 
colon cancer, advanced HER2 breast cancer, and 
glioblastoma, as well as in clinical studies [85]. 
Although TVB-2640 was not evaluated for its effects 
on MDSCs, a study found that a natural compound 
ginger polysaccharide has similar effects to FASN 
inhibitors, thereby reducing fatty acid synthesis and 
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lipid droplet formation in MDSCs. This metabolic 
disruption impairs the energy supply, resulting in 
elevated levels of pro-apoptotic caspase 9 and 
reduced levels of anti-apoptotic Bcl-2, thereby 
promoting the cell death of MDSCs [83].  

Cholesterol metabolism 
Cholesterol metabolism encompasses the 

synthesis, transport, and regulation of cholesterol 
within the body. It begins with the de novo synthesis of 
cholesterol in the liver from acetyl-CoA, primarily 
through the mevalonate pathway. Most cells are able 
to take up cholesterol from low-density lipoproteins 
(LDL) from the circulation via LDL receptor 
(LDLR)-mediated nonphagocytosis [86]. In TME, 
cholesterol is not only an important component of cell 
membranes, but also an important factor in the 
regulation of immune system functions. It is involved 
in a variety of immune processes, including lipid 
raft-mediated signaling and immune cell 
development and function. Lipid rafts are cholesterol- 
and sphingolipid-enriched microregions in the cell 
membrane, providing a platform for the clustering of 
a variety of signaling molecules such as PD-L1, and, 
IL-10 in MDSCs [87, 88]. These molecules transmit 
inhibitory signals more efficiently through lipid rafts, 
thereby promoting the immunosuppressive activity of 
MDSCs and inhibiting the activation and proliferation 
of effector T cells (Figure 3). Intracellular cholesterol 
levels are tightly and finely regulated by esterified 
cholesterol or oxygenated sterols and nuclear 
receptors such as liver X receptors (LXRs) [89].  

When cholesterol synthesis is disrupted, for 
instance, in receptor-interacting protein kinase 3 
(RIPK3)-deficient MDSCs, a significant decrease in 
cholesterol levels is observed, leading to reduced 
phosphorylated AKT-mTORC1 signaling and blunted 
downstream SREBP2-HMGCR-mediated cholesterol 
synthesis. This cholesterol deficiency, paradoxically, 
enhances the immunosuppressive activity of MDSCs 
by promoting the nuclear accumulation of LXRβ. The 
LXRβ-RXRα heterodimer then binds to a novel 
composite element in the promoter of ARG1, further 
augmenting the immunosuppressive properties of 
MDSCs [90]. Further insights into the role of LXRs, 
particularly LXRα, reveal that systemic or 
hepatocyte-specific activation of LXRα sensitizes mice 
to liver tumorigenesis by upregulating the 
IL-6/STAT3 signaling pathway and the complement 
system, while downregulating bile acid metabolism. 
LXRα gain-of-function models, VP-LXRα knockin 
(LXRαKI) mice and VP-LXRα transgenic mice were 
used to investigate the role of LXRα activation in liver 
carcinogenesis. This activation leads to the 
accumulation of secondary bile acids and oxysterols. 

Oxysterol-CXC chemokine receptor 2 (CXCR2) axis 
plays a key role in the recruitment of 
tumor-promoting CD11b+Gr-1+ myeloid cells, and 
flow cytometry revealed an increase in the number of 
CXCR2 Mo-MDSCs, which in turn enhances innate 
immunosuppression and tumor progression [91]. 

Therapeutically, targeting LXR in MDSCs 
presents a viable strategy to modulate their 
immunosuppressive function. For instance, the 
dual-pH-sensitivity conjugated micelle system 
(PAH/RGX-104@PDM/PTX) effectively delivers LXR 
agonist RGX-104 and paclitaxel (PTX) to TME, 
enabling the coinstantaneous release of RGX-104 in 
perivascular regions to activate LXR in leukocytes, 
endothelial cells, and macrophages, thereby reducing 
MDSC levels and enhancing cytotoxic T lymphocyte 
infiltration [92].  

Arachidonic acid metabolism 
Arachidonic acid metabolism involves the 

conversion of arachidonic acid, a polyunsaturated 
fatty acid, into various bioactive lipid mediators. This 
process begins with the release of arachidonic acid 
from membrane phospholipids by phospholipase A2. 
Arachidonic acid is then metabolized through three 
primary pathways: the cyclooxygenase (COX) 
pathway, the lipoxygenase (LOX) pathway, and the 
cytochrome P450 (CYP) pathway. The COX pathway 
produces prostaglandins and thromboxanes, the LOX 
pathway generates leukotrienes and hydroxyeico-
satetraenoic acids (HETEs), and the CYP pathway 
forms epoxyeicosatrienoic acids (EETs) and additional 
HETEs.  

For arachidonic acid metabolism in MDSCs, the 
roles of Prostaglandin E2 (PGE2), Cyclooxygenase 2 
(COX2), and Fatty Acid Transport Protein 2 (FATP2) 
are particularly significant (Figure 3). PGE2 is a 
potent immunosuppressive mediator that enhances 
the immunosuppressive functions of MDSCs by 
inhibiting T cell and NK cell activities, thereby 
promoting tumor immune evasion [93]. COX2 is an 
enzyme that converts arachidonic acid into 
prostaglandins, including PGE2. FATP2 facilitates the 
uptake of arachidonic acid into cells, ensuring a 
sufficient supply for eicosanoid synthesis, including 
PGE2 [94]. By targeting COX2 to inhibit prostaglandin 
synthesis, FATP2 to reduce arachidonic acid uptake, 
and PGE2 to block its immunosuppressive effects, it is 
possible to modulate arachidonic acid metabolism in a 
way that diminishes MDSCs' immunosuppressive 
functions. 

PGE2 
In ovarian cancer, MDSC-derived PGE2 

increases cancer stem-like cell properties and PD-L1 
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expression through the mammalian target of 
rapamycin (mTOR) pathway. Co-culture experiments 
indicate that PGE2 derived from MDSCs significantly 
enhances tumor PD-L1 expression and stemness, 
suggesting that depleting MDSCs might be 
therapeutically effective [95]. PGE2 exerts its 
biological effects by binding to four different G 
protein-coupled receptors (EP1, EP2, EP3, EP4). EP2 
and EP4 are two receptors that can regulate MDSC 
activity. They mainly activate adenylate cyclase 
through the G protein Gs subtype, leading to 
increased cAMP levels. As a second messenger, cAMP 
can activate protein kinase A (PKA) and cAMP 
response element binding protein (CREB), thereby 
promoting tumor cell proliferation and angiogenesis. 

Tumor-derived PGE2 induces the nuclear 
accumulation of p50 NF-κB in M-MDSCs, diverting 
their response to IFN-γ towards immunosuppression 
by upregulating NO production and reducing TNF-α 
expression. Using PGE2 receptor antagonists EP2 
(AH6809) and EP4 (AH23848) to block PGE2 receptors 
EP2 and EP4 can inhibit the nuclear accumulation of 
p50, reprogram M-MDSCs to a less suppressive 
phenotype, restore the anti-tumor activity of IFN-γ, 
and enhance the efficacy of cancer immunotherapy 
[96]. The use of specific EP4 receptor inhibitors, such 
as MF-766, shows promise in enhancing anti-tumor 
immunity. EP4 inhibition by MF-766 synergistically 
improves the efficacy of anti-PD-1 therapy by 
modulating myeloid cells, NK cells, cDCs, and T cells, 
demonstrating the potential of combining EP4 
antagonists with immune checkpoint inhibitors to 
enhance antitumor activity [97]. Combination of the 
EP4 receptor antagonist ONO-AE3-208 with anti-PD-1 
therapies promotes NK cell activation and shifts 
macrophages to a pro-inflammatory phenotype, 
which reduces hypoxia and normalizes tumor 
vasculature, thereby reducing tumor growth [98].  

COX2 
By producing prostaglandins, including PGE2, 

COX2 regulates the immunosuppressive function of 
MDSCs. For instance, TFF3 can activate PMN-MDSCs 
via the NF-κB/COX2 pathway, enhancing their 
immunosuppressive capabilities by upregulating 
PGE2 production [99]. Long noncoding RNAs 
(lncRNAs) such as lnc57Rik and Lnc-17Rik also 
modulate COX2 expression. Lnc57Rik upregulates 
genes associated with MDSC-mediated immuno-
suppression, including COX2, through interactions 
with C/EBPβ and histone modification enzymes, 
thereby enhancing PGE2 production and MDSC 
function in TME [100]. Similarly, Lnc-17Rik facilitates 
the expression of COX2 by interacting with 
transcription factors and promoting histone modifi-

cations, leading to increased immunosuppressive 
activity of MDSCs and supporting tumor growth 
[101]. 

Studies have demonstrated that targeting COX2 
can decrease MDSC accumulation and enhance 
anti-tumor immune responses. Celecoxib is an 
approved COX2 inhibitor in ovarian cancer and 
celecoxib-mediated COX2 blockade was observed to 
reverse MDSC suppressive function in an in vitro 
patient-derived culture assay. Synergistic effects of 
IFN-γ and TNF-α also lead to enhanced 
immunosuppressive activity of MDSC by inducing 
COX2 expression. MDSC overactivation and 
subsequent IDO, overexpression of iNOS, IL-10, and 
additional COX2 leads to a strong feedback 
suppression of type 1 immune responses. Upon 
blockade of COX2, this negative feedback mechanism 
would be broken, attenuating the inhibitory effect of 
MDSC on type 1 immune responses and thus 
promoting stronger anti-tumor immune responses 
[102]. Furthermore, sulforaphane (SFN) from 
cruciferous plants effectively blocks PGE2 synthesis in 
breast cancer cells by activating Nrf2. This activation 
reduces COX2 expression and PGE2 secretion, 
prompting MDSCs to adopt an immunogenic 
phenotype and enhancing CD8+ T cell anti-tumor 
activities. Combining SFN with doxorubicin shows a 
significant decrease in tumor volume and MDSC 
expansion, highlighting SFN's potential as an 
adjuvant chemotherapeutic candidate [103]. Shenqi 
Fuzheng Injection (SFI) has also been shown to inhibit 
the arachidonic acid metabolism process in melanoma 
cells, reducing the expression of COX2 and 
subsequently lowering PGE2 production. This 
inhibition leads to a decrease in MDSC and Treg 
levels while enhancing CD8+ and CD4+ T cell 
infiltration in TME. By improving the immune 
microenvironment, SFI enhances the anti-tumor 
effects of immune checkpoint inhibitors like the 
PD-L1 antibody [104]. Moreover, Dectin-1, a receptor 
for β-glucans, is preferentially expressed on MDSCs. 
In a mouse model, the absence of Dectin-1 (Clec7a-/-) 
led to a reduction in MDSC-derived PGE2 levels and 
an increase in IL-22 binding protein expression, which 
is normally suppressed by PGE2. Dectin-1 signaling 
upregulates PGE2 synthases (such as PTGES2, 
PTGES3, COX1, and COX2), and administration of 
Dectin-1 antagonists (such as short-chained β-glucan 
laminin) inhibits intestinal tumorigenesis. This 
highlights the potential of targeting Dectin-1 to 
modulate PGE2 levels and MDSC function in 
colorectal cancer [105]. To be note, there are many 
other clinically approved COX2 inhibitors, including 
Meloxicam and Etodolac, but their potential in 
targeting MDSCs have not yet been evaluated. 
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Repurposing of these drugs may have promising 
prospects in the treatment of cancers. 

FATP2 
FATP2 plays a pivotal role in regulating 

arachidonic acid metabolism in MDSCs. In addition to 
facilitating arachidonic acid uptake, a feedback loop 
exists between FATP2 and the RIPK3 pathway that 
drives COX2 expression and finally PGE2 production. 
Interestingly, the lack of RIPK3 in MDSCs induces 
NF-κB-dependent transcription of COX2. While PGE2 
inhibited RIPK3 expression and promoted FATP2 
expression, further amplifying the immunosup-
pressive function of PMN-MDSCs [106, 107]. 
Targeting FATP2 to modulate arachidonic acid 
metabolism in MDSCs involves several strategies. 
Bladder cancer-derived exosomal circRNA_0013936 
regulates FATP2 expression in PMN-MDSCs through 
the circRNA_0013936/miR-320a/JAK2 and circRNA_ 
0013936/miR-301b/CREB1 pathways. This regulatory 
mechanism enhances the immunosuppressive activity 
of PMN-MDSCs by upregulating FATP2 and 
downregulating RIPK3, contributing to the 
suppression of CD8+ T cell functions [107]. During 
fatty liver graft injury, arachidonic acid activates the 
NLRP3 inflammasome in MDSCs through FATP2, 
leading to increased IL-17 secretion by CD4+ T cells 

and promoting tumor recurrence post-transplantation 
[108]. An effective approach is using pharmaceutical 
inhibitors like lipofermata, which block FATP2 
activity. Inhibiting FATP2 reduces lipid accumulation 
and ROS production in MDSCs, thereby diminishing 
their immunosuppressive activity [109]. Lipofermata 
also enhances the efficacy of PD-L1 blockade therapy 
by increasing the number of CD4+ and CD8+ T cells, as 
well as boosting CD107a expression on both CD4+ and 
CD8+ T cells [110]. Lipofermata is the most 
representative FATP2 inhibitor known, and more 
FATP2 inhibitors may be developed in the future for 
cancer treatment and immunomodulation as research 
progresses. 

Amino acid metabolism 
Arginine metabolism 

Arginine metabolism involves the conversion of 
the amino acid arginine into a variety of biologically 
active compounds, including NO, ornithine, 
polyamines, and citrulline. This process is regulated 
by key enzymes such as arginase and nitric oxide 
synthase (NOS). Arginase converts arginine to 
ornithine and urea, while NOS converts arginine to 
NO and citrulline (Figure 4). 

 

 
Figure 4. Therapeutic strategies targeting amino metabolism in MDSCs. ATRA all-trans retinoic acid, CBG cannabigerol, CP cyclophosphamide, DFMO 
difluoromethylornithine, DLL4 delta-like ligand 4, EGCG epigallocatechin-3-gallate, EMT epithelial-mesenchymal transition, GCN2 general control nonderepressible 2, ISR 
interferon-stimulated response element, L-NIL L-N6-(1-iminoethyl)-L-lysine, RSV resveratrol, SNG sanguinarine, Trp tryptophan. The black arrows show endogenous changes 
and the yellow arrows represent effects of potential therapies. 
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ARG1 
ARG1 is a cytosolic protein that catalyzes the 

hydrolysis of arginine to ornithine and urea [111]. In 
humans, ARG1 is mainly expressed by hepatocytes 
and cells of myeloid lineage. ARG1 has been 
identified as a pivotal immunosuppressive target, a 
sufficient amount of extracellular arginine is always 
necessary for the proliferation and cytotoxic function 
of T cells. When arginase hydrolyzes and depleted 
extracellular arginine, the expression of T cell receptor 
chain is inhibited and T cells are arrested in the G0–G1 
phase, whereas arginine supplementation reverses 
this phenomenon and facilitates T cell expansion and 
anti-tumoral activities [112, 113]. In addition, some of 
the environmental conditions such as acidosis, 
hypoxia and changes of ECM proteins can also induce 
ARG1 expression through hypoxia-inducible factors, 
lactic acid and other targets, as discussed above [111, 
114]. The overexpression of ARG1 in MDSCs is also 
modulated by P300-dependent acetylation of the 
transcription factor C/EBPβ [115]. 

Two major classes of arginase inhibitors have 
been evaluated in various cancers: synthetic and 
natural compounds. Chemical arginase inhibitors 
include NOHA and its analogs, 2(S)-amino-6- 
boronohexanoic acid, S-(2-boronylethyl)-L-cysteine, 
L-norvaline, and CB-1158, while natural arginase 
inhibitors include picrotoxin, chlorogenic acid (CA), 
Sanguinarine (SNG), and Resveratrol (RSV) [116]. 
Both natural compounds and pharmacological agents 
targeting ARG1 in MDSCs have shown potential in 
cancer treatment. SNG are now recognized as 
potential treatments for lung cancer. SNG reduced the 
proportion of MDSCs and also increased the 
production of T helper 1 (Th1), T helper 2 (Th2), CTLs, 
macrophages, and DCs. In vitro studies revealed that 
SNG induced differentiation of MDSCs into 
macrophages and DCs via the NF-κB pathway, 
thereby down-regulating the proportion of MDSCs 
and promoting their apoptosis, differentiation, and 
maturation. Meanwhile, SNG also decreased the 
expression of ARG1, iNOS and eliminated ROS in 
MDSCs, and reduced the inhibitory effect on CD8+ T 
cell proliferation [117]. RSV is an AhR antagonist that 
reduces the number of MDSCs, decreases the 
expression of ARG1 in MDSCs, and attenuates the 
immunosuppressive function of MDSCs. At the same 
time, RSV was able to increase F4/80+ macrophages 
and decrease CD11C+ DCs [118]. 

An increase in the proportion of MDSCs has also 
been reported after the administration of 
chemotherapeutic agents such as cyclophosphamide 
(CP) and docetaxel. The increase in the proportion of 
MDSCs after chemotherapy may attenuate anticancer 

T cell responses by decreasing L-arginine and 
L-tryptophan levels in the hormonal host. After 
combination therapy with oral supplementation of 
L-arginine, although there was no significant change 
in the proportion of MDSCs, there was a significant 
increase in the proportion of CD8+ T cells, and the 
antitumor effect of CP was enhanced [119]. 
Furthermore, combinational therapies targeting 
ARG1 have shown promising applications. Radiation 
therapy (RT) has been found to recruit MDSCs to 
TME, where they suppress immune responses by 
elevating ARG1 expression. Administration of ARG1 
inhibitor nor-NOHA and phosphodiesterase 5 (PDE5) 
inhibitor Sildenafil after RT reduced ARG1 expression 
and MDSC accumulation, enhanced infiltration of 
CD8+ T cells in the tumor, significantly elevated IFN-γ 
secretion by CD8+ T cells and delayed tumor 
regeneration after irradiation [120]. 

iNOS 
iNOS catalyzes the conversion of L-arginine to 

NO and citrulline. Multiple relationships exist 
between NO and tumor: appropriate concentration of 
NO promotes tumor growth, while high 
concentration of NO is detrimental to tumor growth 
and has anti-tumor effects. Antitumor activity 
mediated by NO levels can be divided into three main 
categories: cGMP signaling (<100 nM NO), 
pro-oncogenic nitrosative signaling (100–500 nM NO), 
and nitrosative stress signaling (500–2000 nM NO) 
[121]. Meanwhile, citrulline can regulate apoptosis 
and differentiation to promote EMT and tumor 
metastasis [122]. 

The role of iNOS in MDSC-mediated 
immunosuppression is evident in various cancer 
models. For instance, in a squamous cell carcinoma 
(SCC) model, inhibition of iNOS with 
L-N6-(1-iminoethyl)-L-lysine (L-NIL) reduced lung 
metastasis by decreasing tumor-infiltrating myeloid 
cells and plasma Cxcl5 levels while promoting T-cell 
activation [123]. Similarly, in hepatocellular 
carcinoma, all-trans retinoic acid (ATRA) reduces the 
expression of immunosuppressive molecules such as 
iNOS and the number of MDSCs, thereby shifting 
TME towards an anti-tumor phenotype and 
increasing cytotoxic T-cell infiltration [124]. Treatment 
with epigallocatechin-3-gallate (EGCG), a compound 
derived from tea leaves, significantly inhibits MDSC 
accumulation and induces their apoptosis. EGCG 
down-regulates the canonical pathways in MDSCs, 
including the ARG1/iNOS/Nox2/NF-κB/STAT3 
signaling pathway, thus ameliorating 
immunosuppression and enhancing T-cell responses 
[125]. Additionally, cannabinoid-based therapies, 
such as cannabigerol (CBG), have also been found to 
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reduce iNOS expression in MDSCs, restoring CD8+ 
T-cell activation [126]. Moreover, recent studies have 
shown that anti-programmed cell death ligand 1 
(αPD-L1) alone is insufficient in many cases due to the 
presence of immunosuppressive myeloid cells that 
reduce its efficacy. The infiltration of CTLs within the 
tumor, as well as the expression of GrzB and TNF-α in 
these CTLs, was significantly enhanced when CBG 
was combined with αPD-L1 therapy [126].  

Tryptophan metabolism 
Tryptophan metabolism involves the breakdown 

of the amino acid tryptophan into several metabolites, 
including kynurenine, serotonin, and melatonin. As 
an essential metabolic enzyme in pathogenic 
inflammatory processes, IDO transforms tryptophan 
into a series of toxic downstream kynurenine 
metabolites (Figure 4). IDO has been found highly 
expressed in various kinds of human cancer cells and 
antigen-presenting cells, which is mainly induced by 
IFN-γ secreted from tumor-infiltrating lymphocytes 
through the activation of STAT1 [28656203]. Increased 
expression of IDO in tumor cells have further been 
identified to enhance the recruitment and activation 
of MDSCs. Rikke and colleagues have established a 
B16 melanoma model overexpressing IDO (B16-IDO) 
and found that MDSCs sorted from B16-IDO tumors 
showed significantly higher ARG1 expression, 
increased NO production, and upregulated TNF-α, 
IL- 10, IL-4, IL-6, IL-2, IFN-γ, IL-13, MIG, MCP-1, 
MIP-1α, IP-10, VEGF, and GM-CSF that related to 
MDSC recruitment, amplification, activation, and 
function. Moreover, the combined use of ARG1 
inhibitors with iNOS inhibitors completely blocked 
the inhibitory activity of B16-IDO-derived MDSCs, 
emphasizing the potential interplay between 
tryptophan and arginine metabolism, but the exact 
mechanisms remain to be further investigated [127]. 
In chronic lymphocytic leukemia (CLL), the 
accumulation of IDO-expressing monocytic MDSCs 
facilitates immune suppression. Research utilizing the 
Eµ-TCL1 mouse model of CLL demonstrated that the 
upregulation of IDO in MDSCs leads to an elevated 
kynurenine to tryptophan ratio in the serum, 
correlating with enhanced immunosuppression and 
progression of leukemia [128]. Moreover, the 
pro-cancer role of IDO extends beyond 
immunosuppression to include promoting tumor 
angiogenesis. IDO expression in a subset of CD11blo 
Gr-1+ MDSCs, termed IDVCs (IDO-dependent 
vascularizing cells), drives neovascularization by 
interfacing with inflammatory cytokines like IFN-γ 
and IL6. IDO induction in these cells provides a 
negative-feedback mechanism. Specifically, IDO1 
activates and promotes IL-6 production by inducing 

the GCN2-ISR pathway. In turn, IL-6 facilitates 
neointima formation by preventing IFN-γ from 
exerting its antiangiogenic effects. This is achieved by 
neutralizing the impact of IFN-γ on the 
downregulation of delta-like ligand 4 (DLL4) within 
the Notch signaling pathway in endothelial cells [129]. 

Collectively, the interaction of IDO with tumor 
immunity has raised the possibility of targeting 
tryptophan catabolism to treat cancers. Several IDO 
inhibitors with reported activity on tumor immunity, 
such as Indoximod and Epacadostat, are currently 
being evaluated in clinical trials. Indoximod is the first 
identified competitive inhibitor and is the most 
employed IDO inhibitor, with a Ki value of 34 μM. 
Indoximod has been granted as orphan-drug by FDA 
for the treatment of melanoma at stage IIb to stage IV 
[130]. However, in most clinical trials, Indoximod 
exhibited limited anti-tumor activity as a single agent, 
while combination of it with other therapies showed 
remarkable enhanced efficacy [131, 132]. It has been 
found that Indoximod together with paclitaxel 
exhibited synergistic effects on autochthonous breast 
cancer, which was associated with a reduction in the 
expression of enzyme IDO from 12.06% to 3.56% 
[133]. A randomized phase I/II trial (NCT01042535) 
involving patients with metastatic breast cancer 
indicated that the combination therapy of Indoximod 
and adenovirus-p53 transduced DC vaccine produced 
a chemosensitization effect. Furthermore, the 
maximum dose of Indoximod (1600 mg twice daily) 
was well tolerated [131]. Additionally, the 
combination of Indoximod and temozolomide is also 
open now treating refractory primary malignant brain 
tumors of adult patients. Furthermore, Epacadostat is 
an orally available reversible competitive IDO 
inhibitor designed by Andrew, containing several 
underutilized functional groups form Indoximod 
including a hydroxyamidine, bromide, furazan, and 
sulfamide. Epacadostat exhibited potent inhibiting 
activity on IDO with a IC50 of 73 nM [134]. Recently, 
the treatment of Epacadostat on a bilateral LLC tumor 
model of mice significantly reduced the number of 
MDSCs in the tumor [135]. Clinically, the 
combinations of Epacadostat with immune 
checkpoint blockade therapies realized a synergistic 
effect (NCT03414229, NCT02364076, NCT03291054, 
NCT01604889, NCT02327078). 

Polyamine Metabolism 
The polyamines putrescine, spermidine, and 

spermine are important metabolites of arginine and 
l-ornithine (Figure 4). In cancer, dysregulation of 
polyamine metabolism is frequently observed, and 
elevated levels of polyamines have been shown to be 
essential for tumor progression. However, the study 
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of the mechanism of action between polyamines and 
TME is emerging. Putrescine is the first polyamine in 
the polyamine synthesis pathway and a precursor for 
the synthesis of spermidine and spermine [136]. 
Ornithine can be further metabolized into putrescine, 
a polyamine that, in turn, can be transformed into 
spermidine and then spermine. Ornithine 
decarboxylase (ODC) is the rate-limiting enzyme of 
this process. In a model of glioblastoma, putrescine 
promotes immunosuppressive phenotypic 
differentiation of MDSCs through activation of STAT3 
and enhances the survival of MDSCs by inducing 
their autophagy [137]. Additionally, in DCs, 
spermidine produced by ODC substitute for TGF-β to 
activate Src kinase, which phosphorylates IDO and 
triggers immunosuppressive IDO signaling. IDO 
metabolizes tryptophan into immunosuppressive 
kynurenine, thereby contributing to the 
immunosuppressive phenotypic differentiation of 
MDSCs. MDSCs further export spermidine into the 
TME, thereby supplying DCs with additional 
polyamines to exacerbate IDO expression [138].  

α-Difluoromethylornithine (DFMO) is an 
FDA-approved drug that specifically inhibits ODC 
[137]. In melanoma-loaded mice, DFMO treatment 
significantly decreased the expression and activity of 
arginase in MDSCs and reduced arginine metabolism, 
resulting in decreased immunosuppression. DFMO 
also decreased the expression of CD39, CD73, and 
CD115 in MDSCs, inhibited CD39/CD73-mediated 
adenosine metabolism, and reduced the production of 
ATP, attenuating their immunosuppression [139]. A 
novel combination therapy (polyamine blocking 
therapy, PBT) that blocks both the production and 
transport of polyamine by co-treatment of DFMO 
with a trimeric polyamine transport inhibitor (Trimer 
PTI) has been proposed. By decreasing their 
protective autophagy, PBT reduced the number of 
MDSCs and thus reversing the immunosuppressive 
TME. Combining PBT with αPD-1 exerts synergistic 
antitumor effects, significantly inhibiting 4T1 tumor 
growth and improving survival [137]. 

There are several other inhibitors targeting 
polyamines. S-adenosylmethionine decarboxylase 
(SAMDC) is a key enzyme in the synthetic pathway of 
spermidine and spermine. SAM486A is a specific 
SAMDC inhibitor that reduces intracellular 
polyamine levels in tumor cells by blocking the 
conversion of putrescine to spermidine and spermine 
[140, 141]. Trimer44NMe is an inhibitor of polyamine 
transport, affecting cell proliferation and apoptosis by 
inhibiting the transmembrane transport of 
polyamines and reducing their intracellular uptake 
[142, 143]. However, the studies of the above 
polyamine inhibitors are still mainly focused on direct 

anti-tumor effects, and it is still unclear about their 
role in targeting and regulating MDSCs. Since the 
metabolic reprogramming mechanism of MDSCs is 
similar to that of tumor cells, targeting polyamine 
metabolism in MDSCs may be potential therapies for 
reversing the development of immunosuppressive 
TME, which warrants further studies. 

Adenosine Metabolism 
Adenosine is an evolutionary ancient regulator 

of metabolism that links energy states to physiological 
processes and plays a central role in a variety of 
physiological processes. Adenosine is generated 
mainly through the degradation of extracellular ATP 
and the release of intracellular metabolites. In TME, 
tumor cells and immune cells release ATP in large 
quantities into the extracellular space as a result of 
hypoxia, inflammation, or cellular damage. CD39 
progressively degrades ATP to AMP, which is 
subsequently converted to adenosine by CD73. CD39 
and CD73 are commonly upregulated in MDSCs and 
TME, leading to elevated adenosine levels, which 
enhances MDSC-mediated immunosuppression [144]. 
Besides, adenosine can also be generated via 
intracellular metabolic pathway and released 
extracellularly via nucleoside transporters. Both of 
these metabolic pathways work in coordination to 
maintain high levels of adenosine in TME. 
Extracellular adenosine then activates downstream 
signaling pathways by binding to A2A and A2B 
adenosine receptors on the surface of MDSCs, leading 
to elevated intracellular cAMP levels (Figure 5). This 
signaling process enhanced the immunosuppressive 
function of MDSCs and inhibited the activity of 
anti-tumor immune effector cells such as T cells and 
NK cells [145]. Furthermore, MDSCs express 
adenosine Deaminase, an enzyme that converts 
adenosine to hypoxanthine, reducing the local 
concentration of adenosine. However, the rate of 
adenosine production in MDSCs is usually higher 
than its clearance rate. This metabolic imbalance 
favoring adenosine signlaing ensures that MDSCs 
remain in a constant state of immunosuppression, 
thereby promoting tumor growth and progression 
[146]. 

CD39 and CD73 
CD39, an enzyme known as exonucleoside 

triphosphate diphosphate hydrolase-1 (ENTPD1), 
regulates adenosine metabolism in MDSC by 
hydrolyzing extracellular ATP and ADP to AMP, 
whereas CD73, an ecto-5'-nucleotidase, converts 
extracellular AMP to adenosine [147]. In ovarian 
cancer, MDSC with high expression of CD39 can 
promote tumor cell proliferation and cisplatin 
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resistance. In addition, CD39-upregulated MDSC 
could promote the hydrolysis of immunogenic ATP to 
immunosuppressive adenosine [148]. In pancreatic 
ductal adenocarcinoma (PDAC) models, reduced 
CD73 expression leads to decreased MDSC 
populations and lower adenosine levels, thereby 
enhancing anti-tumor immune responses by 
increasing IFN-γ production by CD4+ and CD8+ T 
cells [149]. Similarly, in head and neck squamous cell 
carcinoma and non-small cell lung cancer, CD73 
expression is associated with advanced clinical stages 
and immune suppression, further supporting its role 
in promoting tumor progression through adenosine 
generation [150, 151]. 

There are multiple therapeutic strategies that 
target CD39 and CD73 in MDSCs. One approach 
involves the use of anti-CD73 antibodies 
Ab001/Ab002 or Hu001/Hu002. This approach not 
only diminishes the immunosuppressive effects of 
MDSCs but also promotes the activation of effector T 
cells and DCs, improving the overall anti-tumor 
immune response [151]. Another strategy is the use of 
ectonucleotidase inhibitors, such as adenosine 5'-(α, 
β-methylene) diphosphate (APCP), which can reduce 
the suppressive function of CD73+ MDSCs [150]. 
Additionally, the expression of CD39 and CD73 on 
MDSCs is positively correlated with the activation of 
STAT3, which enhances the differentiation of 

monocytes into MDSCs. In oral squamous cell 
carcinoma (OSCC), blocking STAT3 with inhibitors 
such as S3I-201 has been shown to reduce the 
expression of CD39 and CD73, decrease adenosine 
synthesis, and inhibit the occurrence of MDSCs [152]. 
Furthermore, targeting other signaling pathways that 
regulate CD73 expression, such as the CREB pathway 
activated by tumor-derived factors like PGE2, 
provides another therapeutic avenue to inhibit the 
immunosuppressive functions of MDSCs [146]. 

A2BR 
A2BR is a G protein-coupled receptor which 

mediates the physiological effects of adenosine 
through second messenger cAMP [144]. 
Mechanistically, A2BR is significantly expressed in 
MDSCs, where the binding of adenosine to this 
receptor either inhibits or stimulates adenylate cyclase 
activity, leading to alterations in intracellular cyclic 
AMP (cAMP) levels. This, in turn, triggers 
downstream cAMP-dependent signaling pathways 
such as MAPK, CREB, and NF-κB [153]. Activation of 
A2BR by adenosine or its ligands (netrin-1) activates 
the cAMP/protein kinase A signaling pathway, 
resulting in an increase in immunosuppressive 
molecules such as ARG1, ROS, IL10, and TGFβ, 
thereby enhancing the suppressive function of 
MDSCs. This pathway also promotes the 

 

 
Figure 5. Therapeutic strategies targeting adenosine metabolism in MDSCs. A2BR adenosine A2B receptor, ADA adenosine deaminase, AMP adenosine 
monophosphate, APCP Adenosine 5′- (α, β-Methylene) diphosphate, ATP adenosine triphosphate, cAMP cyclic adenosine monophosphate, CREB cAMP response element 
binding protein. The black arrows show endogenous changes and the yellow arrows represent effects of potential therapies. 
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phosphorylation of CREB in MDSCs. Activated CREB, 
in conjunction with STAT3, regulates CD73 
expression in M-MDSCs, leading to elevated 
extracellular adenosine production, forming a 
positive feedback loop. This, in turn, inhibits the 
activation of CD8+ T-cells within tumors, fostering an 
immunosuppressive TME that supports tumor 
growth [146]. 

At present, receptor antagonists targeting A2BR 
are also being progressively used. PSB-1115 is a 
selective A2BR antagonist. Blockade of A2BR activity 
with PSB1115 or knockdown of A2BR with siRNA in 
MDSCs reversed the effects of netrin-1 on 
MDSC-mediated T cell suppression. In addition, 
ARG1 activity and ROS production were decreased 
by A2BR blockade [153]. There are many other 
selective antagonists of A2BR, like MRS1754, GS-6201, 
ATL-801, primarily target conditions like myocardial 
infarction and ischemia/reperfusion (IR) injury. 
However, their effects on MDSCs remain 
inadequately characterized [154-156]. A2BR is also 
highly expressed in many tumor cells and plays a 
direct role in regulating tumor growth, angiogenesis, 
and metastasis. By targeting A2BR, multiple 
components of TME can be simultaneously 
influenced, which renders A2BR antagonists 
particularly appealing for antitumor therapy, beyond 
their role in regulating MDSCs. 

Discussion 
TME is characterized by harsh conditions such as 

high lactate levels, unfavorable pH, hypoxia and high 
ROS levels, which ultimately lead to cancer 
progression and immune escape. Furthermore, 
nutrients are limited in TME and the accumulation of 
metabolic wastes due to abnormal tumor metabolism 
exacerbates the hostile environment. TME includes 
multiple types of immune cells that support or 
suppress tumorigenesis and progression. Nutritional 
depletion and overproduction of metabolic 
byproducts driven by tumor development affect the 
metabolism of immune cells, thus hindering 
antitumor immunity.  

The metabolic pattern of tumor-infiltrating 
immune cells in the TME is quite different from that of 
resting immune cells, and they undergo a "metabolic 
reprogramming" phenomenon to proliferate, 
differentiate, and perform effector functions. Briefly, 
intratumoral T cells can differentiate into various 
subtypes, such as effector T cells, memory T cells, and 
Treg, each with different metabolic characteristics. 
[157, 158]. Memory T cells, like naïve T cells, rely on 
OXPHOS for ATP production and have a low 
glycolysis rate [159, 160]. Activated T cells utilize 
OXPHOS to metabolize glucose for nucleotide and 

serine biosynthesis, enhancing L-arginine metabolism 
and inhibiting glycolysis [113, 161]. Tregs primarily 
depend on FAO and OXPHOS for energy [162]. NK 
cells in the TME are responsible for recognizing and 
killing tumor cells and primarily depend on glucose 
for energy. Studies have shown that excess fatty acids 
are harmful to NK cells [163], while activated NK cells 
maintain their function through glycolysis under 
hypoxic conditions [164]. DCs are key 
antigen-presenting cells that rely on OXPHOS in their 
resting state but shift to aerobic glycolysis upon 
activation, with an increased demand for amino acids, 
especially glutamine [165-168]. TAMs include M1 and 
M2 macrophages; M1 macrophages kill tumors 
through glycolysis and oxidative stress [169], while 
M2 macrophages rely on FAO and TCA to promote 
tumor growth [170, 171]. 

Metabolic reprograming is more complicated in 
MDSCs as multiple metabolic pathways crosstalk to 
each other under different circumstances. In the 
hypoxic TME, activation of HIF-1α induces a 
metabolic shift from OXPHOS to glycolysis in MDSCs 
[172]. While CD36 upregulation-mediated lipid 
uptake could promote a shift from glycolysis to FAO 
in MDSCs. An abundant supply of lipids can enhance 
the metabolism of PUFA-related arachidonic acid and 
promote the production of PGE2. Thus, a lipid-rich 
TME, coupled with a robust lipid metabolism profile, 
would significantly facilitates the infiltration, 
survival, and expansion of MDSCs. As summarized in 
previous sections, it is noteworthy that the highly 
activated glycolytic pathway can also induce the 
reprogramming of amino acid metabolism in MDSCs, 
leading to a preference for depleting arginine and 
tryptophan to promote the generation and 
maintenance of an immunosuppressive TME. 
Moreover, studies suggest that MDSCs may exhibit 
enhanced uptake of glutamine, although conflicting in 
vivo and in vitro evidence exists [173]. In essence, 
MDSCs tend to deplete critical metabolic substrates 
necessary for T cell activation and homeostasis, while 
releasing immunosuppressive metabolites, thereby 
participating in metabolic regulation of immune 
responses in the TME. This behavior closely resembles 
the metabolic dysregulation traits of tumor cells, 
which not only robs oxygen and nutrients but also 
limits nutrient supply and waste removal through 
abnormal angiogenesis.  

From this perspective, the metabolic 
reprogramming undertaken by tumor cells and 
various immune cells within TME to sustain their 
respective functions results in distinct preferences for 
different nutrient sources. However, limited studies 
have systematically evaluated the competitive 
abilities of different cells within the TME for relevant 
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nutrients or metabolites in vivo. Glucose uptake can be 
measured using [18F] fluorodeoxyglucose positron 
emission tomography imaging to detect cancers and 
monitor therapeutic responses. A previous study has 
shown that in a variety of mouse cancer models, it is 
not the tumor cells that consume the most glucose in 
the TME, but rather the myeloid-derived cells, 
followed by T cells [174]. In contrast, tumor cells had 
the highest uptake capability of glutamine, and 
blocking glutamine uptake increased glucose uptake 
in all cell types. Although competitive glucose uptake 
under tumor microenvironmental conditions is 
responsible for impaired immune cell function, 
competitive uptake of other metabolites such as fatty 
acids, or growth factors by tumor cells and immune 
cells is equally important in influencing immune cell 
function [175]. Studies have shown that MDSCs are 
primarily dependent on lipid and cholesterol 
metabolism, and the inhibition of lipid transport, 
lipolysis, and FAO has been shown to attenuate their 
immunosuppressive and pro-tumorigenic activities. 
However, which cell in the TME preferentially uptake 
lipids such as fatty acids has not been studied as 
intensively as glucose uptake studies. It may be 
possible to conduct in-depth studies with the help of 
isotope labeling and metabolomic analysis. 

This limitation hampers our understanding of 
the heterogeneity of metabolic behaviors within 
tumors, potentially leading to unexpected outcomes 
when targeting specific pathways. For instance, 
targeting glycolysis-related pathways can effectively 
inhibit the energy metabolism of MDSCs and reduce 
their immunosuppressive capacity. However, this 
approach also affects the functional activity of other 
immune cells in the TME, such as NK cells, activated 
DCs, and M1-type TAMs, which are 
energy-dependent on glycolytic metabolism. The 
inhibition of the glycolytic pathway blocked the 
antigen-presenting function of DC cells, which led to 
the inability of T cells and NK cells to play a normal 
tumor-killing role. Similarly, although targeted 
inhibition of amino acid metabolism can reduce the 
release of immunosuppressive molecules such as 
ARG1, NO, and IDO1 in MDSCs and improve the 
tumor immunosuppressive microenvironment. 
However, T cells cannot exert their antitumor effects 
without the uptake of L-arginine and glutamine, and 
once the amino acid metabolic pathway is inhibited, 
the immune checkpoint inhibitor-mediated antitumor 
response is hindered [176]. Hence, it is a complex 
challenge to precisely target metabolic pathways in 
MDSCs without damaging other immune cells or 
stromal cells. Therefore, leveraging advanced 
technological approaches, such as single-cell 
sequencing, single-cell metabolomics, and metabolic 

flux analysis, to investigate the utilization rates and 
forms of the same nutrient sources by different cells 
within the TME can aid in constructing a metabolic 
landscape that reflects cellular heterogeneity. Such 
endeavors will better facilitate the development of 
feasible intervention strategies aimed at 
simultaneously starving tumor cells, reversing the 
immunosuppressive phenotype of MDSCs, and 
enhancing the responses of tumor-killing cells. 

To address the challenges associated with 
targeting the metabolism of MDSCs, it is crucial to 
recognize that metabolic pathways do not function in 
isolation. These pathways interact and regulate each 
other through common upstream signaling 
transduction, sharing intermediates, regulatory 
factors, and enzyme activities, forming a complex 
metabolic network. For instance, The PI3K/AKT/ 
mTOR pathway is a frequently dysregulated pathway 
in various types of cancers that is critical for cell 
survival and growth under tumor pathological 
conditions and is one of the widely known crosstalk 
signals [177]. Mediating the PI3K/AKT/mTOR 
pathway regulates glycolytic flux and ROS 
production in MDSCs [31]. Activation of 
PI3K/AKT/mTOR enhances the activities of the key 
enzymes of glycolysis, HK2 and PKM2, and increases 
glycolytic flux in MDSCs [29]. The downstream 
signaling of PI3K/AKT/mTOR, HIF-1α, is an 
important driver in maintaining glycolysis under 
hypoxic conditions in MDSCs and by inducing the 
expression of PD-L1, and releasing chemokines and 
inflammatory factors to shape the 
immunosuppressive microenvironment [20, 22, 95]. In 
addition, PI3K/AKT/mTOR downstream signaling 
sterol regulatory element binding proteins (SREBPs) 
are key transcription factors that regulate lipid 
metabolism [178]. SREBP1 enhances lipid metabolism 
through activation of adipogenic gene transcription, 
include FASN and SAD [179]. Meanwhile, activated 
mTORC1 promotes SREBP2 maturation, which 
mediates cholesterol synthesis. And cholesterol 
accumulation can inhibit LXRβ-RXRα heterodimer by 
blocking LXRβ nuclear translocation, thus affecting 
arginine metabolism in MDSCs [90]. However, 
targeting the PI3K/AKT/mTOR pathway can result 
in adverse events leading to early treatment or study 
cancellation as the PI3K/AKT/mTOR pathway plays 
a critical role in multiple cellular processes [180]. By 
utilizing the multiple actions of a single target, we can 
more effectively coordinate the regulation of different 
metabolic pathways. Recognizing these 
interdependencies allows us to turn challenges into 
opportunities, ultimately improving the specificity of 
targeting MDSCs. 
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Conclusion 
Insights into metabolic reprogramming and 

immunosuppression in TME have highlighted the 
critical role of MDSCs in anti-tumor immunity. 
Current strategies for targeting MDSCs, either alone 
or in combination with immune checkpoint inhibitors 
and radiotherapy, show promise but also face 
significant challenges (Table 1). The need to 
selectively target MDSCs without adversely affecting 
other immune cells in the TME, such as memory 

CD8+T cells and DCs, is a major hurdle. In order to 
advance cell-targeted therapies, it is crucial to analyze 
the biological characteristics and metabolic profiles of 
MDSCs in different tumor types and stages using 
technologies such as single-cell sequencing and 
metabolomics. In summary, by addressing above 
challenges, targeting the rewired metabolic networks 
of MDSCs in the TME could provide a more precise 
approach to enhance tumor immunotherapy and to 
develope more effective and specific strategies for 
treating human malignancies. 

 

Table 1. Key experiments of interfering metabolism to regulate MDSC function and improve immune activity. 

Metabolic pathway Target Drug Impact 
Glucose metabolism mTOR Rapamycin The proportion of MDSCs (CD68+CD33+ and CD68+ARG1+) is reduced [30]. 

Metformin 
MENK MDSC levels are significantly reduced by inhibiting IL-6, MCP-1, and TNF-α. Factors promoting MDSC 

production (G-CSF, GM-CSF, M-CSF, IL-6, IL-1β) and migration (KC, MCP-1, S100A8, S100A9, VEGF) are 
downregulated in the TME. T cell immunosuppression is inhibited by reducing iNOS, ARG1, IDO, PD-L1, 
HO-1, NOX2, and TGF-β in MDSCs [31]. 

3PO MDSC mature phenotypic differentiation is inhibited by effectively suppressing the expression of MHCII, 
CD80, and CD86, and glycolytic function is significantly reduced [27]. 

STAT3 Napabucasin MDSC apoptosis is increased. Pathways related to the cell cycle, mismatch repair, and DNA replication are 
significantly downregulated in association with reduced survival and proliferation, and pathways related to 
lysosomes, phagosomes, and antigen processing and presentation are significantly upregulated. The expression 
of IL-6, CD80, and CD86 is significantly upregulated, IL-1b and COX2 expression is significantly 
downregulated, whereas the expression of Ptges2, NOX2, ARG1, and iNOS and ROS production show a 
downregulation [36]. 

JSI-124 The proportion of MDSCs (CD68+CD33+) is reduced [37]. 
Dichloroacetate The number of MDSCs (CD11b+Gr-1+) infiltrated is reduced [33]. 
S3I-201 The differentiation of CD14+ monocytes to M-MDSC (CD14+HLA-DR-/low) is inhibited. Proliferation inhibition 

of T cells from MDSC is reduced by decreasing adenosine synthesis [152]. 
Rg3-PTX-LPs IL-6 expression is significantly reduced, and the number of MDSC (CD11b+Gr-1+) is strongly reduced [43]. 

HK2 3-BrPA The MDSC population is significantly reduced, and the infiltration of CD8+ T cell population in TME is 
increased [46]. 

PKM2 MRIAN The frequency of MDSCs in the BM and spleen is reduced, and the frequency of macrophages, DCs, NK cells, 
CD4+ T cells, CD8+ cells, and CD3+CD8+IFN-γ+ CTLs is recovered. ROS levels in MDSC are reduced [50]. 

SHK@HA-MPDA The lactate level of TME is decreased, the number and migration ability of MDSC are decreased, the number of 
NK cells and CD8 T cells infiltration is increased, and the expression of granzyme B and INF-γ is increased [51]. 

LDH R-mPDV/PDV/DOX/siL G-CSF and GM-CSF cytokine production is significantly reduced, and MDSC (CD11b+Gr-1+) infiltration is 
significantly reduced in TME [57]. 

MCT AZD3965 Both MDSCs (CD14+HLA-DR-) and Tregs are significantly reduced [63]. 
Lipid metabolism PPAR-γ GW9662/ T0070907 The expression of ARG1 in MDSC is significantly inhibited, and the infiltration of CD8+ T cells is increased [76]. 

PMN-MDSC immunosuppression and T cell exhaustion are diminished [77]. 
9-HODE The transendothelial migration capability of Ly6G+ MDSCs is reduced, ROS production is decreased, and 

aberrant mitochondrial membrane potential is improved [78]. 
AZD1208 The abundance of CD11b+Gr-1+ MDSCs and M-MDSCs are significantly reduced, and PMN-MDSCs and 

CD11b+F4/80+ macrophages are mildly increased. IFN-γ+CD8+ T cells are significantly increased [79]. 
CPT1A Etomoxir G-MDSCs (CD14negCD33+HLA-DRnegCD66b+) are increased. Fatty acid uptake is increased [72]. 
FASN Ginger polysaccharide Promoting apoptosis of MDSCs by inhibiting fatty acid synthesis and lipid droplet accumulation, and reducing 

the energy supply of cells [83]. 
LXR PAH/RGX-104@PDM/PTX The abundance of MDSCs (CD11b+Gr-1+) are reduced [92]. 
PGE2 AH6809, AH23848 The number of CD11b+Ly6C+ MDSCs and NOS2 expression are decreased, and TNF-α expression is increased 

while the number of tumor-infiltrating IFN-γ+CD8+ T cells is increased [96]. 
MF-766 The inhibitory activity of MDSCs induced by GM-CSF/IL-4 is suppressed, and IFN release in response to TCR 

stimulation is increased, reversing the inhibition of T cell proliferation by MDSCs [97]. 
COX2 Celecoxib The expression of IDO, NOS2, IL10, IFN-γ and TNF-α are decreased [102]. 

SFN The expression of IL-10, ARG1, and TGF-β in MDSC is reduced, preventing the accumulation of CD11b+Gr-1+ 
MDSC, CD11b+Ly6C+ MDSCs, and CD11b+F4/80+ MDSCs [103]. 

SFI The infiltration of M-MDSCs and PMN-MDSCs in TME is significantly inhibited, and the ratio of CD8/CD4 T 
cells is significantly increased [104]. 

FATP2 lipofermata MitoSOX in MDSC is reduced, and the number of MDSC is significantly lower [108, 109]. 
Amino acid 
metabolism 

ARG1 SNG The expression of IL-6, IL-1β, IL-17A, S100A9, ROS, ARG1, and iNOS in MDSC is downregulated, reducing the 
abundance of MDSCs (CD11b+Gr-1+, CD11b+Ly6G+), inducing late apoptosis of MDSC. The percentage of Th1, 
Th2, and CTL is significantly increased [117]. 

RSV The number of MDSCs (CD11b+Ly-6G+Ly-6Clow) is reduced, and the proliferation inhibition of T cells is blocked 
[118]. 
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Metabolic pathway Target Drug Impact 
Sildenafil The accumulation of PMN-MDSCs (CD11b+ Ly-6G+ Ly-6Clow) and ARG1 expression is reduced [120]. 

iNOS L-NIL The total number of Ly6G+ myeloid cells infiltrated in the TME is reduced, and the expression of Icam1, MMP2, 
MMP3, and MMP9 is decreased [123]. 

ATRA Significantly lower levels of MDSCs (CD11b+ Ly6C- Ly6G+) are observed, with significantly lower protein levels 
of Arg1, iNOS, IDO, S100A8 and S100A9, and significantly higher numbers of Granzyme B-positive immune 
cell in TME [124]. 

EGCG The percentages of MDSCs (CD45+ CD11b+ Gr-1+) are reduced, MDSC viability is inhibited, and MDSC 
apoptosis is increased [125]. 

iNOS CBG The expansion of Ly6Chigh MO-MDSCs is specifically affected. MDSCs express lower levels of iNOS, leading to 
the restoration of CD8+ T cell activation [126]. 

IDO Epacadostat IDO expression is inhibited, and fewer tumor-infiltrating MDSCs are observed [135]. 
ODC DFMO MDSCs (Gr-1+ CD11b+) has elevated ODC activity and significantly lower expression of CD39, CD73, CD115, 

and ARG1 [139]. 
Adenosine 
metabolism 

CD73 APCP The inhibition of T cells by CD73+ PMN-MDSCs is attenuated, restoring IFN-γ expression [150]. 

MENK, Methionine enkephalin, 3PO, 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one, JSI-124, Cucurbitacin I, S3I-201, 2-Hydroxy-4-(((4-methylphenyl) sulfonyloxy) acetyl) 
amino)-benzoic acid, PTX, Paclitaxel, 3-BrPA, 3-Bromopyruvic acid, MRIAN, metabolically reprogrammed immunosurveillance-activated nanomedicine, 
GW9662/T0070907, 2-chloro-5-nitro-N-4-(3-trifluoromethylbenzyl) benzene sulfonamide, 9-HODE, 9-Hydroxy-10,12-octadecadienoic acid, MF-766, 
4-[1-[(1-[4-(Trifluoromethyl) benzyl]-1H-indol-7-yl) carbonyl] amino] cyclobutanecarboxylic acid, SFN, Sulforaphane, SFI, Shenqi Fuzheng Injection, SNG, Sanguinarine, 
RSV, Resveratrol, L-NIL, L-N6-(1-iminoethyl)-L-lysine, ATRA, All-Trans Retinoic Acid, EGCG, Epigallocatechin-3-gallate, CBG, Cannabigerol, DFMO, 
α-Difluoromethylornithine, APCP, Adenosine 5'-(α, β-methylene) diphosphate. 

 
 

Abbreviations 
ARG1: arginase 1; CAMKK2: calcium/ 

calmodulin-dependent protein kinase kinase 2; CREB: 
cAMP response element binding protein; CPT1A: 
carnitine palmitoyltransferase 1A; CTLs: cytotoxic T 
lymphocytes; DCs: dendritic cells; ECM: extracellular 
matrix; FAO: fatty acid oxidation; FATP2: fatty acid 
transport protein 2; GLUT1: glucose transporter type 
1; HK2: hexokinase 2; IDO: indoleamine 
2,3-dioxygenase 1; iNOS: inducible nitric oxide 
synthase; LDHA: lactate dehydrogenase A; LXR: liver 
X receptor; LDL: low-density lipoproteins; MCT: 
monocarboxylate transporters; MDSCs: 
myeloid-derived suppressor cells; NK: natural killer; 
OXPHOS: oxidative phosphorylation; PPARγ: 
peroxisome proliferator-activated receptor γ; PUFA: 
polyunsaturated fatty acids; PGE2: prostaglandin E2; 
PKM2: pyruvate kinase M2; ROS: reactive oxygen 
species; TAMs: tumor-associated macrophage; TME: 
tumor microenvironment. 

Acknowledgments 
This work was supported by the National 

Natural Science Foundation of China (No. 82322075 to 
RL); National Key Research and Development 
Program on Modernization of Traditional Chinese 
Medicine (NO. 2022YFC3502100 to XL and RL); 
National High-Level Talents Special Support Program 
to XL. 

Author contributions 
Hong Wang: Investigation, Writing-Original 

draft, Formal analysis, Fei Zhou: Investigation, 
Writing-Original draft, Wenqing Qin: Formal 
analysis, Validation, Yun Yang: Validation, 
Xiaojiaoyang Li: Conceptualization, Funding 

acquisition, Writing-review & editing, Runping Liu: 
Conceptualization, Funding acquisition, 
Writing-review & editing. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Qi J, Li M, Wang L, Hu Y, Liu W, Long Z, et al. National and subnational 

trends in cancer burden in China, 2005-20: an analysis of national mortality 
surveillance data. Lancet Public Health. 2023; 8: e943-e55. 

2. Li Y, Zhang H, Merkher Y, Chen L, Liu N, Leonov S, et al. Recent advances in 
therapeutic strategies for triple-negative breast cancer. J Hematol Oncol. 2022; 
15: 121. 

3. Andre F, Ismaila N, Allison KH, Barlow WE, Collyar DE, Damodaran S, et al. 
Biomarkers for Adjuvant Endocrine and Chemotherapy in Early-Stage Breast 
Cancer: ASCO Guideline Update. J Clin Oncol. 2022; 40: 1816-37. 

4. Kraehenbuehl L, Weng CH, Eghbali S, Wolchok JD, Merghoub T. Enhancing 
immunotherapy in cancer by targeting emerging immunomodulatory 
pathways. Nat Rev Clin Oncol. 2022; 19: 37-50. 

5. Zhang L, Lu J. Combination strategies for first-line treatment of patients with 
unresectable hepatocellular carcinoma: prospect of natural products. Chin J 
Nat Med. 2024; 22: 1-3. 

6. de Visser KE, Joyce JA. The evolving tumor microenvironment: From cancer 
initiation to metastatic outgrowth. Cancer Cell. 2023; 41: 374-403. 

7. Sykulev Y. Factors contributing to the potency of CD8(+) T cells. Trends 
Immunol. 2023; 44: 693-700. 

8. Tang Y, Cui G, Liu H, Han Y, Cai C, Feng Z, et al. Converting "cold" to "hot": 
epigenetics strategies to improve immune therapy effect by regulating 
tumor-associated immune suppressive cells. Cancer Commun (Lond). 2024; 
44: 601-36. 

9. Wu Y, Yi M, Niu M, Mei Q, Wu K. Myeloid-derived suppressor cells: an 
emerging target for anticancer immunotherapy. Mol Cancer. 2022; 21: 184. 

10. Dong S, Guo X, Han F, He Z, Wang Y. Emerging role of natural products in 
cancer immunotherapy. Acta Pharm Sin B. 2022; 12: 1163-85. 

11. Yi M, Li T, Niu M, Mei Q, Zhao B, Chu Q, et al. Exploiting innate immunity for 
cancer immunotherapy. Mol Cancer. 2023; 22: 187. 

12. Barry ST, Gabrilovich DI, Sansom OJ, Campbell AD, Morton JP. Therapeutic 
targeting of tumour myeloid cells. Nat Rev Cancer. 2023; 23: 216-37. 

13. Condamine T, Mastio J, Gabrilovich DI. Transcriptional regulation of 
myeloid-derived suppressor cells. J Leukoc Biol. 2015; 98: 913-22. 

14. Li BH, Garstka MA, Li ZF. Chemokines and their receptors promoting the 
recruitment of myeloid-derived suppressor cells into the tumor. Mol 
Immunol. 2020; 117: 201-15. 

15. Hawila E, Razon H, Wildbaum G, Blattner C, Sapir Y, Shaked Y, et al. CCR5 
Directs the Mobilization of CD11b(+)Gr1(+)Ly6C(low) Polymorphonuclear 
Myeloid Cells from the Bone Marrow to the Blood to Support Tumor 
Development. Cell Rep. 2017; 21: 2212-22. 

16. Chiu DK, Xu IM, Lai RK, Tse AP, Wei LL, Koh HY, et al. Hypoxia induces 
myeloid-derived suppressor cell recruitment to hepatocellular carcinoma 
through chemokine (C-C motif) ligand 26. Hepatology. 2016; 64: 797-813. 



Theranostics 2025, Vol. 15, Issue 6 
 

 
https://www.thno.org 

2181 

17. Nagaraj S, Gupta K, Pisarev V, Kinarsky L, Sherman S, Kang L, et al. Altered 
recognition of antigen is a mechanism of CD8+ T cell tolerance in cancer. Nat 
Med. 2007; 13: 828-35. 

18. Lu T, Ramakrishnan R, Altiok S, Youn JI, Cheng P, Celis E, et al. 
Tumor-infiltrating myeloid cells induce tumor cell resistance to cytotoxic T 
cells in mice. J Clin Invest. 2011; 121: 4015-29. 

19. Majumder PK, Febbo PG, Bikoff R, Berger R, Xue Q, McMahon LM, et al. 
mTOR inhibition reverses Akt-dependent prostate intraepithelial neoplasia 
through regulation of apoptotic and HIF-1-dependent pathways. Nat Med. 
2004; 10: 594-601. 

20. Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, et al. PD-L1 is 
a novel direct target of HIF-1alpha, and its blockade under hypoxia enhanced 
MDSC-mediated T cell activation. J Exp Med. 2014; 211: 781-90. 

21. Deng Y, Yang J, Luo F, Qian J, Liu R, Zhang D, et al. mTOR-mediated 
glycolysis contributes to the enhanced suppressive function of murine 
tumor-infiltrating monocytic myeloid-derived suppressor cells. Cancer 
Immunol Immunother. 2018; 67: 1355-64. 

22. Wang J, Yu F, Jia X, Iwanowycz S, Wang Y, Huang S, et al. MicroRNA-155 
deficiency enhances the recruitment and functions of myeloid-derived 
suppressor cells in tumor microenvironment and promotes solid tumor 
growth. Int J Cancer. 2015; 136: E602-13. 

23. Kostlin-Gille N, Dietz S, Schwarz J, Spring B, Pauluschke-Frohlich J, Poets CF, 
et al. HIF-1alpha-Deficiency in Myeloid Cells Leads to a Disturbed 
Accumulation of Myeloid Derived Suppressor Cells (MDSC) During 
Pregnancy and to an Increased Abortion Rate in Mice. Front Immunol. 2019; 
10: 161. 

24. Jeong W, Rapisarda A, Park SR, Kinders RJ, Chen A, Melillo G, et al. Pilot trial 
of EZN-2968, an antisense oligonucleotide inhibitor of hypoxia-inducible 
factor-1 alpha (HIF-1alpha), in patients with refractory solid tumors. Cancer 
Chemother Pharmacol. 2014; 73: 343-8. 

25. Doi T, Onozawa Y, Fuse N, Yoshino T, Yamazaki K, Watanabe J, et al. Phase I 
dose-escalation study of the HSP90 inhibitor AUY922 in Japanese patients 
with advanced solid tumors. Cancer Chemother Pharmacol. 2014; 74: 629-36. 

26. Zhou X, Fang D, Liu H, Ou X, Zhang C, Zhao Z, et al. PMN-MDSCs 
accumulation induced by CXCL1 promotes CD8(+) T cells exhaustion in 
gastric cancer. Cancer Lett. 2022; 532: 215598. 

27. Yan J, Li A, Chen X, Cao K, Song M, Guo S, et al. Glycolysis inhibition 
ameliorates brain injury after ischemic stroke by promoting the function of 
myeloid-derived suppressor cells. Pharmacol Res. 2022; 179: 106208. 

28. Hu X, Xu Q, Wan H, Hu Y, Xing S, Yang H, et al. PI3K-Akt-mTOR/PFKFB3 
pathway mediated lung fibroblast aerobic glycolysis and collagen synthesis in 
lipopolysaccharide-induced pulmonary fibrosis. Lab Invest. 2020; 100: 801-11. 

29. Dong P, Chen L, Wu H, Huo J, Jiang Z, Shao Y, et al. Impaired 
immunosuppressive role of myeloid-derived suppressor cells in acquired 
aplastic anemia. Haematologica. 2022; 107: 2834-45. 

30. Kang J, Lee D, Lee KJ, Yoon JE, Kwon JH, Seo Y, et al. Tumor-Suppressive 
Effect of Metformin via the Regulation of M2 Macrophages and 
Myeloid-Derived Suppressor Cells in the Tumor Microenvironment of 
Colorectal Cancer. Cancers (Basel). 2022; 14: 2881. 

31. Tuo Y, Zhang Z, Tian C, Hu Q, Xie R, Yang J, et al. Anti-inflammatory and 
metabolic reprogramming effects of MENK produce antitumor response in 
CT26 tumor-bearing mice. J Leukoc Biol. 2020; 108: 215-28. 

32. He X, Fu J, Lyu W, Huang M, Mo J, Cheng Y, et al. Identification of Bulbocodin 
D and C as novel STAT3 inhibitors and their anticancer activities in lung 
cancer cells. Chin J Nat Med. 2023; 21: 842-51. 

33. Meng G, Li B, Chen A, Zheng M, Xu T, Zhang H, et al. Targeting aerobic 
glycolysis by dichloroacetate improves Newcastle disease virus-mediated 
viro-immunotherapy in hepatocellular carcinoma. Br J Cancer. 2020; 122: 
111-20. 

34. Daneshmandi S, Choi JE, Yan Q, MacDonald CR, Pandey M, Goruganthu M, 
et al. Myeloid-derived suppressor cell mitochondrial fitness governs 
chemotherapeutic efficacy in hematologic malignancies. Nat Commun. 2024; 
15: 2803. 

35. Yang X, Lu Y, Hang J, Zhang J, Zhang T, Huo Y, et al. Lactate-Modulated 
Immunosuppression of Myeloid-Derived Suppressor Cells Contributes to the 
Radioresistance of Pancreatic Cancer. Cancer Immunol Res. 2020; 8: 1440-51. 

36. Bitsch R, Kurzay A, Ozbay Kurt F, De La Torre C, Lasser S, Lepper A, et al. 
STAT3 inhibitor Napabucasin abrogates MDSC immunosuppressive capacity 
and prolongs survival of melanoma-bearing mice. J Immunother Cancer. 2022; 
10: e004384. 

37. Wang Y, Liu H, Zhang Z, Bian D, Shao K, Wang S, et al. G-MDSC-derived 
exosomes mediate the differentiation of M-MDSC into M2 macrophages 
promoting colitis-to-cancer transition. J Immunother Cancer. 2023; 11: e006166. 

38. Zhang Z, Li X, Yang F, Chen C, Liu P, Ren Y, et al. DHHC9-mediated GLUT1 
S-palmitoylation promotes glioblastoma glycolysis and tumorigenesis. Nat 
Commun. 2021; 12: 5872. 

39. Hochrein SM, Wu H, Eckstein M, Arrigoni L, Herman JS, Schumacher F, et al. 
The glucose transporter GLUT3 controls T helper 17 cell responses through 
glycolytic-epigenetic reprogramming. Cell Metab. 2022; 34: 516-32 e11. 

40. Kim J, Lee H, Choi HK, Min H. Discovery of Myeloid-Derived Suppressor 
Cell-Specific Metabolism by Metabolomic and Lipidomic Profiling. 
Metabolites. 2023; 13: 477. 

41. Cai TT, Ye SB, Liu YN, He J, Chen QY, Mai HQ, et al. LMP1-mediated 
glycolysis induces myeloid-derived suppressor cell expansion in 
nasopharyngeal carcinoma. PLoS Pathog. 2017; 13: e1006503. 

42. Fu C, Fu Z, Jiang C, Xia C, Zhang Y, Gu X, et al. CD205(+) polymorphonuclear 
myeloid-derived suppressor cells suppress antitumor immunity by 
overexpressing GLUT3. Cancer Sci. 2021; 112: 1011-25. 

43. Zhu Y, Wang A, Zhang S, Kim J, Xia J, Zhang F, et al. Paclitaxel-loaded 
ginsenoside Rg3 liposomes for drug-resistant cancer therapy by dual targeting 
of the tumor microenvironment and cancer cells. J Adv Res. 2023; 49: 159-73. 

44. Fang J, Luo S, Lu Z. HK2: Gatekeeping microglial activity by tuning glucose 
metabolism and mitochondrial functions. Mol Cell. 2023; 83: 829-31. 

45. Zhang Z, Zheng Y, Chen Y, Yin Y, Chen Y, Chen Q, et al. Gut fungi enhances 
immunosuppressive function of myeloid-derived suppressor cells by 
activating PKM2-dependent glycolysis to promote colorectal tumorigenesis. 
Exp Hematol Oncol. 2022; 11: 88. 

46. Roy S, Dukic T, Bhandary B, Tu KJ, Molitoris J, Ko YH, et al. 3-Bromopyruvate 
inhibits pancreatic tumor growth by stalling glycolysis, and dismantling 
mitochondria in a syngeneic mouse model. Am J Cancer Res. 2022; 12: 4977-87. 

47. Shi ZY, Yang C, Lu LY, Lin CX, Liang S, Li G, et al. Inhibition of hexokinase 2 
with 3-BrPA promotes MDSCs differentiation and immunosuppressive 
function. Cell Immunol. 2023; 385: 104688. 

48. Zhang Z, Deng X, Liu Y, Liu Y, Sun L, Chen F. PKM2, function and expression 
and regulation. Cell Biosci. 2019; 9: 52. 

49. Liu WR, Tian MX, Yang LX, Lin YL, Jin L, Ding ZB, et al. PKM2 promotes 
metastasis by recruiting myeloid-derived suppressor cells and indicates poor 
prognosis for hepatocellular carcinoma. Oncotarget. 2015; 6: 846-61. 

50. Li C, You X, Xu X, Wu B, Liu Y, Tong T, et al. A Metabolic Reprogramming 
Amino Acid Polymer as an Immunosurveillance Activator and Leukemia 
Targeting Drug Carrier for T-Cell Acute Lymphoblastic Leukemia. Adv Sci 
(Weinh). 2022; 9: e2104134. 

51. Long L, Xiong W, Lin F, Hou J, Chen G, Peng T, et al. Regulating 
lactate-related immunometabolism and EMT reversal for colorectal cancer 
liver metastases using shikonin targeted delivery. J Exp Clin Cancer Res. 2023; 
42: 117. 

52. Claps G, Faouzi S, Quidville V, Chehade F, Shen S, Vagner S, et al. The 
multiple roles of LDH in cancer. Nat Rev Clin Oncol. 2022; 19: 749-62. 

53. Heuser C, Renner K, Kreutz M, Gattinoni L. Targeting lactate metabolism for 
cancer immunotherapy - a matter of precision. Semin Cancer Biol. 2023; 88: 
32-45. 

54. Sharma D, Singh M, Rani R. Role of LDH in tumor glycolysis: Regulation of 
LDHA by small molecules for cancer therapeutics. Semin Cancer Biol. 2022; 87: 
184-95. 

55. Tomela K, Pietrzak B, Galus L, Mackiewicz J, Schmidt M, Mackiewicz AA, et 
al. Myeloid-Derived Suppressor Cells (MDSC) in Melanoma Patients Treated 
with Anti-PD-1 Immunotherapy. Cells. 2023; 12: 789.. 

56. Shen H, Chang Y, Lu W, Xu H, Wang S, Ma J. [Lewis tumor cell conditioned 
medium enhances immunosuppressive function of mouse myeloid-derived 
suppressor cells by regulating glycolytic pathway]. Xi Bao Yu Fen Zi Mian Yi 
Xue Za Zhi. 2019; 35: 491-7. 

57. Xia C, Li M, Ran G, Wang X, Lu Z, Li T, et al. Redox-responsive nanoassembly 
restrained myeloid-derived suppressor cells recruitment through 
autophagy-involved lactate dehydrogenase A silencing for enhanced cancer 
immunochemotherapy. J Control Release. 2021; 335: 557-74. 

58. Payen VL, Mina E, Van Hee VF, Porporato PE, Sonveaux P. Monocarboxylate 
transporters in cancer. Mol Metab. 2020; 33: 48-66. 

59. 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: 645-51. 

60. Singh M, Afonso J, Sharma D, Gupta R, Kumar V, Rani R, et al. Targeting 
monocarboxylate transporters (MCTs) in cancer: How close are we to the 
clinics? Semin Cancer Biol. 2023; 90: 1-14. 

61. Zhao JL, Ye YC, Gao CC, Wang L, Ren KX, Jiang R, et al. Notch-mediated 
lactate metabolism regulates MDSC development through the 
Hes1/MCT2/c-Jun axis. Cell Rep. 2022; 38: 110451. 

62. Li N, Kang Y, Wang L, Huff S, Tang R, Hui H, et al. ALKBH5 regulates 
anti-PD-1 therapy response by modulating lactate and suppressive immune 
cell accumulation in tumor microenvironment. Proc Natl Acad Sci U S A. 2020; 
117: 20159-70. 

63. Barbato A, Giallongo C, Giallongo S, Romano A, Scandura G, Concetta S, et al. 
Lactate trafficking inhibition restores sensitivity to proteasome inhibitors and 
orchestrates immuno-microenvironment in multiple myeloma. Cell Prolif. 
2023; 56: e13388. 

64. Yu T, Liu Z, Tao Q, Xu X, Li X, Li Y, et al. Targeting tumor-intrinsic SLC16A3 
to enhance anti-PD-1 efficacy via tumor immune microenvironment 
reprogramming. Cancer Lett. 2024; 589: 216824. 

65. Negoita F, Addinsall AB, Hellberg K, Bringas CF, Hafen PS, Sermersheim TJ, 
et al. CaMKK2 is not involved in contraction-stimulated AMPK activation and 
glucose uptake in skeletal muscle. Mol Metab. 2023; 75: 101761. 

66. Juras PK, Racioppi L, Mukherjee D, Artham S, Gao X, Akullian D'Agostino L, 
et al. Increased CaMKK2 Expression Is an Adaptive Response That Maintains 
the Fitness of Tumor-Infiltrating Natural Killer Cells. Cancer Immunol Res. 
2023; 11: 109-22. 

67. Hu LP, Huang W, Wang X, Xu C, Qin WT, Li D, et al. Terbinafine prevents 
colorectal cancer growth by inducing dNTP starvation and reducing immune 
suppression. Mol Ther. 2022; 30: 3284-99. 

68. Wang Y, Cao Y, Han L, Wang L, Huang Y, Zhao L, et al. Deacetylase sirtuin 2 
negatively regulates myeloid-derived suppressor cell functions in allograft 
rejection. Am J Transplant. 2023; 23: 1845-57. 



Theranostics 2025, Vol. 15, Issue 6 
 

 
https://www.thno.org 

2182 

69. Cheng G, Hardy M, Topchyan P, Zander R, Volberding P, Cui W, et al. 
Mitochondria-targeted hydroxyurea inhibits OXPHOS and induces 
antiproliferative and immunomodulatory effects. iScience. 2021; 24: 102673. 

70. Dyall SC, Balas L, Bazan NG, Brenna JT, Chiang N, da Costa Souza F, et al. 
Polyunsaturated fatty acids and fatty acid-derived lipid mediators: Recent 
advances in the understanding of their biosynthesis, structures, and functions. 
Prog Lipid Res. 2022; 86: 101165. 

71. Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim D, et al. The 
ketone metabolite beta-hydroxybutyrate blocks NLRP3 
inflammasome-mediated inflammatory disease. Nat Med. 2015; 21: 263-9. 

72. Hossain F, Al-Khami AA, Wyczechowska D, Hernandez C, Zheng L, Reiss K, 
et al. Inhibition of Fatty Acid Oxidation Modulates Immunosuppressive 
Functions of Myeloid-Derived Suppressor Cells and Enhances Cancer 
Therapies. Cancer Immunol Res. 2015; 3: 1236-47. 

73. Chen H, Tan H, Wan J, Zeng Y, Wang J, Wang H, et al. PPAR-gamma 
signaling in nonalcoholic fatty liver disease: Pathogenesis and therapeutic 
targets. Pharmacol Ther. 2023; 245: 108391. 

74. Morant-Ferrando B, Jimenez-Blasco D, Alonso-Batan P, Agulla J, Lapresa R, 
Garcia-Rodriguez D, et al. Fatty acid oxidation organizes mitochondrial 
supercomplexes to sustain astrocytic ROS and cognition. Nat Metab. 2023; 5: 
1290-302. 

75. Hegde VL, Singh UP, Nagarkatti PS, Nagarkatti M. Critical Role of Mast Cells 
and Peroxisome Proliferator-Activated Receptor gamma in the Induction of 
Myeloid-Derived Suppressor Cells by Marijuana Cannabidiol In Vivo. J 
Immunol. 2015; 194: 5211-22. 

76. Zhao Z, Qin J, Qian Y, Huang C, Liu X, Wang N, et al. FFAR2 expressing 
myeloid-derived suppressor cells drive cancer immunoevasion. J Hematol 
Oncol. 2024; 17: 9. 

77. Xiong Z, Chan SL, Zhou J, Vong JSL, Kwong TT, Zeng X, et al. Targeting 
PPAR-gamma counteracts tumour adaptation to immune-checkpoint 
blockade in hepatocellular carcinoma. Gut. 2023; 72: 1758-73. 

78. Zhao T, Du H, Blum JS, Yan C. Critical role of PPARgamma in 
myeloid-derived suppressor cell-stimulated cancer cell proliferation and 
metastasis. Oncotarget. 2016; 7: 1529-43. 

79. Xin G, Chen Y, Topchyan P, Kasmani MY, Burns R, Volberding PJ, et al. 
Targeting PIM1-Mediated Metabolism in Myeloid Suppressor Cells to Treat 
Cancer. Cancer Immunol Res. 2021; 9: 454-69. 

80. Liu Z, Liu W, Wang W, Ma Y, Wang Y, Drum DL, et al. CPT1A-mediated fatty 
acid oxidation confers cancer cell resistance to immune-mediated cytolytic 
killing. Proc Natl Acad Sci U S A. 2023; 120: e2302878120. 

81. Mohammadpour H, MacDonald CR, McCarthy PL, Abrams SI, Repasky EA. 
beta2-adrenergic receptor signaling regulates metabolic pathways critical to 
myeloid-derived suppressor cell function within the TME. Cell Rep. 2021; 37: 
109883. 

82. Wang R, Li B, Huang B, Li Y, Liu Q, Lyu Z, et al. Gut Microbiota-Derived 
Butyrate Induces Epigenetic and Metabolic Reprogramming in 
Myeloid-Derived Suppressor Cells to Alleviate Primary Biliary Cholangitis. 
Gastroenterology. 2024; 167: 733-49 e3. 

83. Song C, Ji Y, Wang W, Tao N. Ginger polysaccharide promotes 
myeloid-derived suppressor cell apoptosis by regulating lipid metabolism. 
Phytother Res. 2023; 37: 2894-901. 

84. Kelly W, Diaz Duque AE, Michalek J, Konkel B, Caflisch L, Chen Y, et al. Phase 
II Investigation of TVB-2640 (Denifanstat) with Bevacizumab in Patients with 
First Relapse High-Grade Astrocytoma. Clin Cancer Res. 2023; 29: 2419-25. 

85. Falchook G, Infante J, Arkenau HT, Patel MR, Dean E, Borazanci E, et al. 
First-in-human study of the safety, pharmacokinetics, and pharmacodynamics 
of first-in-class fatty acid synthase inhibitor TVB-2640 alone and with a taxane 
in advanced tumors. EClinicalMedicine. 2021; 34: 100797. 

86. Huang B, Song BL, Xu C. Cholesterol metabolism in cancer: mechanisms and 
therapeutic opportunities. Nat Metab. 2020; 2: 132-41. 

87. Jiang W, Jin WL, Xu AM. Cholesterol metabolism in tumor microenvironment: 
cancer hallmarks and therapeutic opportunities. Int J Biol Sci. 2024; 20: 
2044-71. 

88. Codini M, Garcia-Gil M, Albi E. Cholesterol and Sphingolipid Enriched Lipid 
Rafts as Therapeutic Targets in Cancer. Int J Mol Sci. 2021; 22: 726. 

89. King RJ, Singh PK, Mehla K. The cholesterol pathway: impact on immunity 
and cancer. Trends Immunol. 2022; 43: 78-92. 

90. Chen Y, Xu Y, Zhao H, Zhou Y, Zhang J, Lei J, et al. Myeloid-derived 
suppressor cells deficient in cholesterol biosynthesis promote tumor immune 
evasion. Cancer Lett. 2023; 564: 216208. 

91. Xie Y, Sun R, Gao L, Guan J, Wang J, Bell A, et al. Chronic Activation of 
LXRalpha Sensitizes Mice to Hepatocellular Carcinoma. Hepatol Commun. 
2022; 6: 1123-39. 

92. Wan D, Yang Y, Liu Y, Cun X, Li M, Xu S, et al. Sequential depletion of 
myeloid-derived suppressor cells and tumor cells with a dual-pH-sensitive 
conjugated micelle system for cancer chemoimmunotherapy. J Control 
Release. 2020; 317: 43-56. 

93. Shi X, Pang S, Zhou J, Yan G, Sun J, Tan W. Feedback loop between fatty acid 
transport protein 2 and receptor interacting protein 3 pathways promotes 
polymorphonuclear neutrophil myeloid-derived suppressor cells-potentiated 
suppressive immunity in bladder cancer. Mol Biol Rep. 2022; 49: 11643-52. 

94. Veglia F, Tyurin VA, Blasi M, De Leo A, Kossenkov AV, Donthireddy L, et al. 
Fatty acid transport protein 2 reprograms neutrophils in cancer. Nature. 2019; 
569: 73-8. 

95. Komura N, Mabuchi S, Shimura K, Yokoi E, Kozasa K, Kuroda H, et al. The 
role of myeloid-derived suppressor cells in increasing cancer stem-like cells 
and promoting PD-L1 expression in epithelial ovarian cancer. Cancer 
Immunol Immunother. 2020; 69: 2477-99. 

96. Porta C, Consonni FM, Morlacchi S, Sangaletti S, Bleve A, Totaro MG, et al. 
Tumor-Derived Prostaglandin E2 Promotes p50 NF-kappaB-Dependent 
Differentiation of Monocytic MDSCs. Cancer Res. 2020; 80: 2874-88. 

97. Wang Y, Cui L, Georgiev P, Singh L, Zheng Y, Yu Y, et al. Combination of 
EP(4) antagonist MF-766 and anti-PD-1 promotes anti-tumor efficacy by 
modulating both lymphocytes and myeloid cells. Oncoimmunology. 2021; 10: 
1896643. 

98. Tokumasu M, Nishida M, Kawaguchi T, Kudo I, Kotani T, Takeda K, et al. 
Blocking EP4 down-regulates tumor metabolism and synergizes with 
anti-PD-1 therapy to activate natural killer cells in a lung adenocarcinoma 
model. Int Immunol. 2022; 34: 293-302. 

99. Liu J, Yang Q, Chen Z, Lv S, Tang J, Xing Z, et al. TFF3 mediates the 
NF-kappaB/COX2 pathway to regulate PMN-MDSCs activation and protect 
against necrotizing enterocolitis. Eur J Immunol. 2021; 51: 1110-25. 

100. Wang Y, Gao Y, Zhang C, Yue J, Wang R, Liu H, et al. Tumor Environment 
Promotes Lnc57Rik-Mediated Suppressive Function of Myeloid-Derived 
Suppressor Cells. J Immunol. 2022; 209: 1401-13. 

101. Wen J, Xuan B, Gao Y, Liu Y, Wang L, He L, et al. Lnc-17Rik promotes the 
immunosuppressive function of Myeloid-Derived suppressive cells in 
esophageal cancer. Cell Immunol. 2023; 385: 104676. 

102. Wong JL, Obermajer N, Odunsi K, Edwards RP, Kalinski P. Synergistic COX2 
Induction by IFNgamma and TNFalpha Self-Limits Type-1 Immunity in the 
Human Tumor Microenvironment. Cancer Immunol Res. 2016; 4: 303-11. 

103. Rong Y, Huang L, Yi K, Chen H, Liu S, Zhang W, et al. Co-administration of 
sulforaphane and doxorubicin attenuates breast cancer growth by preventing 
the accumulation of myeloid-derived suppressor cells. Cancer Lett. 2020; 493: 
189-96. 

104. Ma Y, Qi Y, Zhou Z, Yan Y, Chang J, Zhu X, et al. Shenqi Fuzheng injection 
modulates tumor fatty acid metabolism to downregulate MDSCs infiltration, 
enhancing PD-L1 antibody inhibition of intracranial growth in Melanoma. 
Phytomedicine. 2024; 122: 155171. 

105. Tang C, Sun H, Kadoki M, Han W, Ye X, Makusheva Y, et al. Blocking Dectin-1 
prevents colorectal tumorigenesis by suppressing prostaglandin E2 
production in myeloid-derived suppressor cells and enhancing IL-22 binding 
protein expression. Nat Commun. 2023; 14: 1493. 

106. Yan G, Zhao H, Zhang Q, Zhou Y, Wu L, Lei J, et al. A RIPK3-PGE(2) Circuit 
Mediates Myeloid-Derived Suppressor Cell-Potentiated Colorectal 
Carcinogenesis. Cancer Res. 2018; 78: 5586-99. 

107. Shi X, Pang S, Zhou J, Yan G, Gao R, Wu H, et al. Bladder-cancer-derived 
exosomal circRNA_0013936 promotes suppressive immunity by up-regulating 
fatty acid transporter protein 2 and down-regulating receptor-interacting 
protein kinase 3 in PMN-MDSCs. Mol Cancer. 2024; 23: 52. 

108. Liu H, Yeung WHO, Pang L, Liu J, Liu XB, Pan Ng KT, et al. Arachidonic acid 
activates NLRP3 inflammasome in MDSCs via FATP2 to promote 
post-transplant tumour recurrence in steatotic liver grafts. JHEP Rep. 2023; 5: 
100895. 

109. Adeshakin AO, Adeshakin FO, Liu W, Li H, Yan D, Wan X. Lipidomics data 
showing the effect of lipofermata on myeloid-derived suppressor cells in the 
spleens of tumor-bearing mice. Data Brief. 2021; 35: 106882. 

110. Adeshakin AO, Liu W, Adeshakin FO, Afolabi LO, Zhang M, Zhang G, et al. 
Regulation of ROS in myeloid-derived suppressor cells through targeting fatty 
acid transport protein 2 enhanced anti-PD-L1 tumor immunotherapy. Cell 
Immunol. 2021; 362: 104286. 

111. Arlauckas SP, Garren SB, Garris CS, Kohler RH, Oh J, Pittet MJ, et al. Arg1 
expression defines immunosuppressive subsets of tumor-associated 
macrophages. Theranostics. 2018; 8: 5842-54. 

112. Rodriguez PC, Quiceno DG, Ochoa AC. L-arginine availability regulates 
T-lymphocyte cell-cycle progression. Blood. 2007; 109: 1568-73. 

113. Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y, Fuhrer T, et al. L-Arginine 
Modulates T Cell Metabolism and Enhances Survival and Anti-tumor 
Activity. Cell. 2016; 167: 829-42 e13. 

114. Doedens AL, Stockmann C, Rubinstein MP, Liao D, Zhang N, DeNardo DG, et 
al. Macrophage expression of hypoxia-inducible factor-1 alpha suppresses 
T-cell function and promotes tumor progression. Cancer Res. 2010; 70: 7465-75. 

115. Wang W, Chen Y, Du R, Xia X, Zhang Y, Guo H, et al. C/EBPbeta enhances 
immunosuppression activity of myeloid-derived suppressor cells by a 
P300-mediated acetylation modification. Inflamm Res. 2022; 71: 1547-57. 

116. Niu F, Yu Y, Li Z, Ren Y, Li Z, Ye Q, et al. Arginase: An emerging and 
promising therapeutic target for cancer treatment. Biomed Pharmacother. 
2022; 149: 112840. 

117. Li B, Luo Y, Zhou Y, Wu J, Fang Z, Li Y. Role of sanguinarine in regulating 
immunosuppression in a Lewis lung cancer mouse model. Int 
Immunopharmacol. 2022; 110: 108964. 

118. Neamah WH, Rutkovsky A, Abdullah O, Wilson K, Bloomquist R, Nagarkatti 
P, et al. Resveratrol Attenuates 2,3,7,8-Tetrachlorodibenzo-p-dioxin-Mediated 
Induction of Myeloid-Derived Suppressor Cells (MDSC) and Their Functions. 
Nutrients. 2023; 15: 4667. 

119. Satoh Y, Kotani H, Iida Y, Taniura T, Notsu Y, Harada M. Supplementation of 
l-arginine boosts the therapeutic efficacy of anticancer chemoimmunotherapy. 
Cancer Sci. 2020; 111: 2248-58. 



Theranostics 2025, Vol. 15, Issue 6 
 

 
https://www.thno.org 

2183 

120. Zhang Md J, Zhang Md L, Yang Md Y, Liu Md Q, Ma Md H, Huang Md A, et 
al. Polymorphonuclear-MDSCs Facilitate Tumor Regrowth After Radiation by 
Suppressing CD8(+) T Cells. Int J Radiat Oncol Biol Phys. 2021; 109: 1533-46. 

121. Dios-Barbeito S, Gonzalez R, Cadenas M, Garcia LF, Victor VM, Padillo FJ, et 
al. Impact of nitric oxide in liver cancer microenvironment. Nitric Oxide. 2022; 
128: 1-11. 

122. Yuzhalin AE. Citrullination in Cancer. Cancer Res. 2019; 79: 1274-84. 
123. Li X, Ke Y, Hernandez AL, Yu J, Bian L, Hall SC, et al. Inducible nitric oxide 

synthase (iNOS)-activated Cxcr2 signaling in myeloid cells promotes 
TGFβ-dependent squamous cell carcinoma lung metastasis. Cancer Lett. 2023; 
570: 216330. 

124. Li X, Luo X, Chen S, Chen J, Deng X, Zhong J, et al. All-trans-retinoic acid 
inhibits hepatocellular carcinoma progression by targeting myeloid-derived 
suppressor cells and inhibiting angiogenesis. Int Immunopharmacol. 2023; 
121: 110413. 

125. Xu P, Yan F, Zhao Y, Chen X, Sun S, Wang Y, et al. Green Tea Polyphenol 
EGCG Attenuates MDSCs-mediated Immunosuppression through Canonical 
and Non-Canonical Pathways in a 4T1 Murine Breast Cancer Model. 
Nutrients. 2020; 12: 1042. 

126. Wyrobnik I, Steinberg M, Gelfand A, Rosenblum R, Eid Mutlak Y, Sulimani L, 
et al. Decreased melanoma CSF-1 secretion by Cannabigerol treatment 
reprograms regulatory myeloid cells and reduces tumor progression. 
Oncoimmunology. 2023; 12: 2219164. 

127. Holmgaard RB, Zamarin D, Li Y, Gasmi B, Munn DH, Allison JP, et al. 
Tumor-Expressed IDO Recruits and Activates MDSCs in a Treg-Dependent 
Manner. Cell Rep. 2015; 13: 412-24. 

128. Ozturk S, Kalter V, Roessner PM, Sunbul M, Seiffert M. IDO1-Targeted 
Therapy Does Not Control Disease Development in the Emicro-TCL1 Mouse 
Model of Chronic Lymphocytic Leukemia. Cancers (Basel). 2021; 13: 1899. 

129. Dey S, Mondal A, DuHadaway JB, Sutanto-Ward E, Laury-Kleintop LD, 
Thomas S, et al. IDO1 Signaling through GCN2 in a Subpopulation of Gr-1(+) 
Cells Shifts the IFNgamma/IL6 Balance to Promote Neovascularization. 
Cancer Immunol Res. 2021; 9: 514-28. 

130. Tang K, Wu YH, Song Y, Yu B. Indoleamine 2,3-dioxygenase 1 (IDO1) 
inhibitors in clinical trials for cancer immunotherapy. J Hematol Oncol. 2021; 
14: 68. 

131. Soliman H, Khambati F, Han HS, Ismail-Khan R, Bui MM, Sullivan DM, et al. 
A phase-1/2 study of adenovirus-p53 transduced dendritic cell vaccine in 
combination with indoximod in metastatic solid tumors and invasive breast 
cancer. Oncotarget. 2018; 9: 10110-7. 

132. Kumar S, Jaipuri FA, Waldo JP, Potturi H, Marcinowicz A, Adams J, et al. 
Discovery of indoximod prodrugs and characterization of clinical candidate 
NLG802. Eur J Med Chem. 2020; 198: 112373. 

133. Salvadori ML, da Cunha Bianchi PK, Gebrim LH, Silva RS, Kfoury JR, Jr. Effect 
of the association of 1-methyl-DL-tryptophan with paclitaxel on the 
expression of indoleamine 2,3-dioxygenase in cultured cancer cells from 
patients with breast cancer. Med Oncol. 2015; 32: 248. 

134. Yue EW, Sparks R, Polam P, Modi D, Douty B, Wayland B, et al. INCB24360 
(Epacadostat), a Highly Potent and Selective Indoleamine-2,3-dioxygenase 1 
(IDO1) Inhibitor for Immuno-oncology. ACS Med Chem Lett. 2017; 8: 486-91. 

135. Li A, Barsoumian HB, Schoenhals JE, Caetano MS, Wang X, Menon H, et al. 
IDO1 Inhibition Overcomes Radiation-Induced "Rebound Immune 
Suppression" by Reducing Numbers of IDO1-Expressing Myeloid-Derived 
Suppressor Cells in the Tumor Microenvironment. Int J Radiat Oncol Biol 
Phys. 2019; 104: 903-12. 

136. Holbert CE, Cullen MT, Casero RA, Jr., Stewart TM. Polyamines in cancer: 
integrating organismal metabolism and antitumour immunity. Nat Rev 
Cancer. 2022; 22: 467-80. 

137. Alexander ET, Mariner K, Donnelly J, Phanstiel Ot, Gilmour SK. Polyamine 
Blocking Therapy Decreases Survival of Tumor-Infiltrating 
Immunosuppressive Myeloid Cells and Enhances the Antitumor Efficacy of 
PD-1 Blockade. Mol Cancer Ther. 2020; 19: 2012-22. 

138. Mondanelli G, Bianchi R, Pallotta MT, Orabona C, Albini E, Iacono A, et al. A 
Relay Pathway between Arginine and Tryptophan Metabolism Confers 
Immunosuppressive Properties on Dendritic Cells. Immunity. 2017; 46: 233-44. 

139. Ye C, Geng Z, Dominguez D, Chen S, Fan J, Qin L, et al. Targeting Ornithine 
Decarboxylase by alpha-Difluoromethylornithine Inhibits Tumor Growth by 
Impairing Myeloid-Derived Suppressor Cells. J Immunol. 2016; 196: 915-23. 

140. Xu L, You X, Cao Q, Huang M, Hong LL, Chen XL, et al. Polyamine synthesis 
enzyme AMD1 is closely associated with tumorigenesis and prognosis of 
human gastric cancers. Carcinogenesis. 2020; 41: 214-22. 

141. Nishi R, Fujita K, Matsuda Y, Kamatani N, Yamauchi T. Polyamine Inhibitor 
SAM486A Augments Cytarabine Cytotoxicity in Methylthioadenosine 
Phosphorylase-deficient Leukemia Cells. Anticancer Res. 2024; 44: 981-91. 

142. Holbert CE, Foley JR, Yu A, Murray Stewart T, Phanstiel Ot, Oupicky D, et al. 
Polyamine-Based Nanostructures Share Polyamine Transport Mechanisms 
with Native Polyamines and Their Analogues: Significance for 
Polyamine-Targeted Therapy. Med Sci (Basel). 2022; 10: 44. 

143. Gitto SB, Pandey V, Oyer JL, Copik AJ, Hogan FC, Phanstiel Ot, et al. 
Difluoromethylornithine Combined with a Polyamine Transport Inhibitor Is 
Effective against Gemcitabine Resistant Pancreatic Cancer. Mol Pharm. 2018; 
15: 369-76. 

144. Xia C, Yin S, To KKW, Fu L. CD39/CD73/A2AR pathway and cancer 
immunotherapy. Mol Cancer. 2023; 22: 44. 

145. Hajizadeh F, Masjedi A, Heydarzedeh Asl S, Karoon Kiani F, Peydaveisi M, 
Ghalamfarsa G, et al. Adenosine and adenosine receptors in colorectal cancer. 
Int Immunopharmacol. 2020; 87: 106853. 

146. Sarkar OS, Donninger H, Al Rayyan N, Chew LC, Stamp B, Zhang X, et al. 
Monocytic MDSCs exhibit superior immune suppression via adenosine and 
depletion of adenosine improves efficacy of immunotherapy. Sci Adv. 2023; 9: 
eadg3736. 

147. Moesta AK, Li XY, Smyth MJ. Targeting CD39 in cancer. Nat Rev Immunol. 
2020; 20: 739-55. 

148. Ma J, Zhou C, Zheng X, Chen X. CD39+MDSC Facilitates Cisplatin Resistance 
of Ovarian Cancer Cells by Affecting Adenosine Synthesis. Curr Pharm Des. 
2023; 29: 2258-63. 

149. King RJ, Shukla SK, He C, Vernucci E, Thakur R, Attri KS, et al. CD73 induces 
GM-CSF/MDSC-mediated suppression of T cells to accelerate pancreatic 
cancer pathogenesis. Oncogene. 2022; 41: 971-82. 

150. Zheng W, Zhu Y, Chen X, Zhao J. CD73 expression in myeloid-derived 
suppressor cells is correlated with clinical stages in head and neck squamous 
cell carcinomas. Ann Transl Med. 2021; 9: 1148. 

151. Jin R, Liu L, Xing Y, Meng T, Ma L, Pei J, et al. Dual Mechanisms of Novel 
CD73-Targeted Antibody and Antibody-Drug Conjugate in Inhibiting Lung 
Tumor Growth and Promoting Antitumor Immune-Effector Function. Mol 
Cancer Ther. 2020; 19: 2340-52. 

152. Cui H, Lan Z, Zou KL, Zhao YY, Yu GT. STAT3 promotes differentiation of 
monocytes to MDSCs via CD39/CD73-adenosine signal pathway in oral 
squamous cell carcinoma. Cancer Immunol Immunother. 2023; 72: 1315-26. 

153. Zhou D, Yao M, Zhang L, Chen Y, He J, Zhang Y, et al. Adenosine Alleviates 
Necrotizing Enterocolitis by Enhancing the Immunosuppressive Function of 
Myeloid-Derived Suppressor Cells in Newborns. J Immunol. 2022; 209: 401-11. 

154. Zhang H, Zhong H, Everett THt, Wilson E, Chang R, Zeng D, et al. Blockade of 
A2B adenosine receptor reduces left ventricular dysfunction and ventricular 
arrhythmias 1 week after myocardial infarction in the rat model. Heart 
Rhythm. 2014; 11: 101-9. 

155. Tian Y, Piras BA, Kron IL, French BA, Yang Z. Adenosine 2B Receptor 
Activation Reduces Myocardial Reperfusion Injury by Promoting 
Anti-Inflammatory Macrophages Differentiation via PI3K/Akt Pathway. Oxid 
Med Cell Longev. 2015; 2015: 585297. 

156. Garcia-Rocha R, Monroy-Garcia A, Vazquez-Cruz AL, Marin-Aquino LA, 
Weiss-Steider B, Hernandez-Montes J, et al. Adenosine Increases the 
Immunosuppressive Capacity of Cervical Cancer Cells by Increasing PD-L1 
Expression and TGF-beta Production through Its Interaction with 
A(2A)R/A(2B)R. Pharmaceuticals (Basel). 2024; 17: 397. 

157. Zhang J, Li AM, Kansler ER, Li MO. Cancer immunity by tissue-resident type 
1 innate lymphoid cells and killer innate-like T cells. Immunol Rev. 2024; 323: 
150-63. 

158. Yenyuwadee S, Sanchez-Trincado Lopez JL, Shah R, Rosato PC, Boussiotis 
VA. The evolving role of tissue-resident memory T cells in infections and 
cancer. Sci Adv. 2022; 8: eabo5871. 

159. Tan S, Li S, Min Y, Gistera A, Moruzzi N, Zhang J, et al. Platelet factor 4 
enhances CD4(+) T effector memory cell responses via Akt-PGC1alpha-TFAM 
signaling-mediated mitochondrial biogenesis. J Thromb Haemost. 2020; 18: 
2685-700. 

160. Pearce EL, Poffenberger MC, Chang CH, Jones RG. Fueling immunity: insights 
into metabolism and lymphocyte function. Science. 2013; 342: 1242454. 

161. Reina-Campos M, Scharping NE, Goldrath AW. CD8(+) T cell metabolism in 
infection and cancer. Nat Rev Immunol. 2021; 21: 718-38. 

162. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and 
quiescence. Immunity. 2013; 38: 633-43. 

163. Michelet X, Dyck L, Hogan A, Loftus RM, Duquette D, Wei K, et al. Metabolic 
reprogramming of natural killer cells in obesity limits antitumor responses. 
Nat Immunol. 2018; 19: 1330-40. 

164. Pelletier A, Nelius E, Fan Z, Khatchatourova E, Alvarado-Diaz A, He J, et al. 
Resting natural killer cell homeostasis relies on tryptophan/NAD(+) 
metabolism and HIF-1alpha. EMBO Rep. 2023; 24: e56156. 

165. Williford JM, Ishihara J, Ishihara A, Mansurov A, Hosseinchi P, Marchell TM, 
et al. Recruitment of CD103(+) dendritic cells via tumor-targeted chemokine 
delivery enhances efficacy of checkpoint inhibitor immunotherapy. Sci Adv. 
2019; 5: eaay1357. 

166. Lu H, Liu F, Li Y, Wang J, Ma M, Gao J, et al. Chromatin accessibility of CD8 T 
cell differentiation and metabolic regulation. Cell Biol Toxicol. 2021; 37: 367-78. 

167. Hu Z, Yu X, Ding R, Liu B, Gu C, Pan XW, et al. Glycolysis drives STING 
signaling to facilitate dendritic cell antitumor function. J Clin Invest. 2023; 133: 
e166031. 

168. Guo C, You Z, Shi H, Sun Y, Du X, Palacios G, et al. SLC38A2 and glutamine 
signalling in cDC1s dictate anti-tumour immunity. Nature. 2023; 620: 200-8. 

169. Mehla K, Singh PK. Metabolic Regulation of Macrophage Polarization in 
Cancer. Trends Cancer. 2019; 5: 822-34. 

170. Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova Y, Loginicheva 
E, et al. Network integration of parallel metabolic and transcriptional data 
reveals metabolic modules that regulate macrophage polarization. Immunity. 
2015; 42: 419-30. 

171. Huang SC, Everts B, Ivanova Y, O'Sullivan D, Nascimento M, Smith AM, et al. 
Cell-intrinsic lysosomal lipolysis is essential for alternative activation of 
macrophages. Nat Immunol. 2014; 15: 846-55. 

172. Yang K, Wang X, Song C, He Z, Wang R, Xu Y, et al. The role of lipid metabolic 
reprogramming in tumor microenvironment. Theranostics. 2023; 13: 1774-808. 



Theranostics 2025, Vol. 15, Issue 6 
 

 
https://www.thno.org 

2184 

173. Yang L, Chu Z, Liu M, Zou Q, Li J, Liu Q, et al. Amino acid metabolism in 
immune cells: essential regulators of the effector functions, and promising 
opportunities to enhance cancer immunotherapy. J Hematol Oncol. 2023; 16: 
59. 

174. Reinfeld BI, Madden MZ, Wolf MM, Chytil A, Bader JE, Patterson AR, et al. 
Cell-programmed nutrient partitioning in the tumour microenvironment. 
Nature. 2021; 593: 282-8. 

175. Arner EN, Rathmell JC. Metabolic programming and immune suppression in 
the tumor microenvironment. Cancer Cell. 2023; 41: 421-33. 

176. Canale FP, Basso C, Antonini G, Perotti M, Li N, Sokolovska A, et al. Metabolic 
modulation of tumours with engineered bacteria for immunotherapy. Nature. 
2021; 598: 662-6. 

177. Ahmad I, Hoque M, Alam SSM, Zughaibi TA, Tabrez S. Curcumin and 
Plumbagin Synergistically Target the PI3K/Akt/mTOR Pathway: A 
Prospective Role in Cancer Treatment. Int J Mol Sci. 2023; 24: 6651. 

178. Wu X, Yan R, Cao P, Qian H, Yan N. Structural advances in sterol-sensing 
domain-containing proteins. Trends Biochem Sci. 2022; 47: 289-300. 

179. Yin F, Sharen G, Yuan F, Peng Y, Chen R, Zhou X, et al. TIP30 regulates lipid 
metabolism in hepatocellular carcinoma by regulating SREBP1 through the 
Akt/mTOR signaling pathway. Oncogenesis. 2017; 6: e347. 

180. Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, et al. 
PI3K/AKT/mTOR signaling transduction pathway and targeted therapies in 
cancer. Mol Cancer. 2023; 22: 138. 

 


