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Roles of macrophages in tumor immunotherapy: metabolism,
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Abstract: Macrophages influence anti-tumor immunity through tractable metabolic and checkpoint programs. Within hypoxic,
nutrient-competitive tumor beds, tumor-associated macrophages (TAMs) adopt oxidative and lipid-based metabolisms, dampening
antigen presentation and T-cell support. Converging evidence shows that lactate flux, fatty acid oxidation (FAO), and glutamine
handling steer TAMs toward immunosuppressive states that blunt checkpoint efficacy. Here, we synthesize the mechanism by
which discrete pathways—glycolysis/pentose phosphate pathway (PPP) switching, FAO-lysosomal lipolysis, and glutamine—
a-ketoglutarate signaling—mechanistically reprogram TAMs. We then map these circuits onto combination strategies involving
programmed cell death (ligand) protein 1/cytotoxic T-lymphocyte antigen-4 (PD-(L)1/CTLA-4) blockade, chemotherapy/radiotherapy,
and chimeric antigen receptor T-cell (CAR-T). Rather than providing a catalogue, we emphasize when metabolic rewiring
dominates, which TAM subsets are affected, and how these levers can be timed or co-inhibited to restore cytotoxic T-cell function.
This approach provides operational guidance for pairing macrophage-directed agents with immune checkpoint inhibitors in
solid tumors.
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1 Introduction favor tumor expansion (Cassetta and Pollard, 2020).

Classically activated macrophages secrete interleukin-

The tumor microenvironment (TME) is a spatially
and temporally dynamic network comprising malig-
nant cells, stromal elements, vascular structures, extra-
cellular matrix components, and diverse immune popu-
lations, among which tumor-associated macrophages
(TAMs) are particularly abundant and influential
(Anderson and Simon, 2020). Responding to a variety
of local cytokines and metabolic cues, TAMs display
marked functional heterogeneity, adopting phenotypes
that range from classically activated, pro-inflammatory
macrophages with tumor-restrictive activity to alterna-
tively activated, immunoregulatory macrophages that
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12 (IL-12) and tumor necrosis factor-alpha (TNF-a), up-
regulate antigen presentation, and can suppress tumor
cell proliferation. In contrast, alternatively activated
populations release IL-10 and transforming growth
factor-beta (TGF-f), stimulate angiogenesis, facilitate
extracellular matrix remodeling, and enhance tumor
cell motility, invasion, and metastatic spread (Petty
et al., 2019; Liu Q et al., 2020; Wei F et al., 2021; Gao
J et al., 2022; Shao et al., 2025). Most advanced can-
cers have M2-like characteristics in the predominant
TAM TME phenotype, which is closely associated
with immuno-evasion and disease progression.

TAMs inhibit T-cell activation and secrete growth
factors, such as vascular endothelial growth factor
(VEGF) and epidermal growth factor (EGF), that pro-
mote tumor cell proliferation. They also secrete matrix-
degrading enzymes, e.g., matrix metalloproteinase-9
(MMP-9), and recruit regulatory T cells (Tregs), which
hinder anti-tumor immunity while enhancing metastatic
spread (Chen et al., 2017; Deng et al., 2017; Stoth et al.,
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2019; Zhang et al., 2020; Bourhis et al., 2021; Petty
et al., 2021; Song et al., 2024). According to Shao
et al. (2025), the link between TAMs’ immune func-
tions and metabolism causes metabolic activities in
the TME to drive an M2-like phenotype that promotes
tumorigenesis. In addition, TAM-regulated immune
checkpoints such as programmed cell death protein 1/
programmed cell death-ligand 1 (PD-1/PD-L1) and
cytotoxic T-lymphocyte antigen-4 (CTLA-4) contrib-
ute to immune escape (Wei F et al., 2021). Therefore,
tumor immunity may be enhanced by effectively mani-
pulating TAMs using metabolic reprogramming, im-
mune checkpoint blockade, or a combination of both.

Recent research suggests that the metabolic envir-
onment within the TME can also be reprogrammed.
This could influence the functions of immune cells,
especially TAMs. M2-like TAMs, for example, fre-
quently depend on fatty acid oxidation (FAO) and oxi-
dative phosphorylation (OXPHOS) to maintain their
immunosuppressive phenotype (Jia et al., 2024). It has
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also been reported that the metabolic crosstalk be-
tween tumors and macrophages—such as the tumor’s
lactate or fatty acid transfer—promotes immune eva-
sion and tumor progression in a variety of cancers
(Chen et al., 2022). These findings suggest that target-
ing TAM metabolism may be an exciting new thera-
peutic approach to cancer treatment. Fig. 1 summa-
rizes the polarization, roles, and therapeutic relevance
of TAMs in the TME.

2 Macrophage function and metabolic repro-
gramming

Abnormal metabolic pathways in the TME sig-
nificantly impact TAM function and polarization, par-
ticularly in terms of glucose, amino acid, and lipid
metabolism. This metabolic reprogramming plays
a crucial role in promoting an immunosuppressive
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Fig. 1 Roles of tumor-associated macrophages (TAMs) in the tumor microenvironment (TME). TAMs polarize into M1
or M2 phenotype in response to TME signals. M1 macrophages express cluster of differentiation 86 (CD86) and CD80,
secrete pro-inflammatory cytokines such as interleukin-12 (IL-12) and tumor necrosis factor-alpha (TNF-0), and inhibit
tumor growth by enhancing T-cell activation and inflammation. In contrast, M2 macrophages, which dominate in the
TME, express CD206 and CD163, secrete anti-inflammatory cytokines such as IL-10 and transforming growth factor-
beta (TGF-$), and promote tumor growth through immunosuppression, angiogenesis, and immune evasion. TAMs also
express immune checkpoint molecules, e.g., programmed cell death-ligand 1 (PD-L1) and PD-L2, and secrete angiogenic
factors, e.g., vascular endothelial growth factor (VEGF) and stromal cell-derived factor-1 (SDF-1), recruiting regulatory
T cells (Tregs) and facilitating tumor progression through multiple pathways, including immune regulation and metastasis
promotion. TCR: T cell receptor; MHC: major histocompatibility complex; PD-1: programmed cell death protein-1.
Created with Figdraw (https://www.figdraw.com).
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phenotype in TAMs, ultimately contributing to tumor
growth, inhibiting anti-tumor immunity, and facilitat-
ing tumor angiogenesis, metastasis, and recurrence
(Yang et al., 2024; Wang et al., 2025).

2.1 Glucose metabolism

The TME generates lactate as a result of the high
glucose consumption by tumor cells, leading to a hy-
poxic local environment characterized by low glucose
and high lactate levels. These conditions prompt a
metabolic shift in TAMs, transitioning their glycolytic
processes to OXPHOS and lipid metabolism. The ac-
cumulation of lactate within tumors influences the
metabolic programming of certain myeloid cells, caus-
ing them to lose their immune functions and adopt an
anti-inflammatory or immunosuppressive M2 pheno-
type. This TAM subtype produces IL-10 cytokines,
which suppress T-cell activity and facilitate immune
evasion (Liao et al., 2021; Zeng et al., 2023; Jin et al.,
2025). Recent studies have emphasized the import-
ance of changes in TME glucose metabolism for regu-
lating TAM function, proposing the targeting of meta-
bolic pathways to enhance anti-tumor therapies. Fur-
thermore, during the M2 polarization of TAMs, the
long non-coding RNA small nucleolar RNA host gene
17 (SNHG17) enhances lactate accumulation by acti-
vating phosphoglycerate kinase 1 (PGK1) (Lin JY
et al., 2023), which in turn inhibits the anti-tumor
function of T cells. Additionally, TAMs compete with
cluster of differentiation 8-positive (CD8") T cells
for glucose. This competitive metabolic burnout of-
fers an alternative explanation for TAM-mediated
immunity suppression and supports TAM metabolic
reprogramming.

The regulation of glycolysis and the pentose—
phosphate pathway is crucial for various types of macro-
phages. M1 phenotypic macrophages predominantly
utilize glycolysis, which leads to reduced nicotinamide
adenine dinucleotide phosphate (NADPH) production
through the oxidative pentose phosphate pathway
(PPP) and promotes reactive oxygen species (ROS) pro-
duction (Kennel and Greten, 2021; Erlich et al., 2022;
Tsai et al., 2022). These processes are essential for the
anti-tumor effects of M1 macrophages. Inhibition of
glycolysis and PPP has been demonstrated to suppress
the inflammatory polarization of M1 macrophages,
highlighting the importance of these metabolic path-
ways in macrophage polarization (Tan et al., 2015;
Baardman et al., 2018). Conversely, the main metabolic

feature of M2 macrophages is FAO, where glycolysis
plays a crucial role in M2 polarization. By inhibiting
glycolysis, 2-deoxy-D-glucose (2-DG) effectively blocks
M2-like polarization (Covarrubias et al., 2016; Huang
et al., 2016; Chiba et al., 2017). However, if mito-
chondrial OXPHOS remains functional, the impact of
glycolysis inhibition on M2 polarization is less pro-
nounced (de-Brito et al., 2020). In conclusion, despite
the importance of glycolysis as a metabolic pathway
in many cells, its role as an auxiliary pathway in the
function of TAMs warrants further elucidation.
Glucose metabolism and glycolysis play a cru-
cial role in the polarization of TAMs. Modifying these
metabolic pathways that mediate tumor progression
using immunotherapy—specifically by interfering
with glucose metabolism or lactate accumulation—
represents a promising approach to enhancing the ef-
fectiveness of anti-tumor therapies (Fig. 2).

2.2 Lipid metabolism

Lipid metabolism plays a crucial role in regulat-
ing TAMs. TAMs primarily rely on FAO and fatty
acid synthesis (FAS) to generate energy and sustain
their immunosuppressive phenotype, thereby promoting
tumor growth and metastasis (Su et al., 2020). TAM
polarization is influenced by excessive lipid accumula-
tion, leading to the M2 immunosuppressive pheno-
type and supporting tumor-mediated immune evasion.

Inhibiting key lipid metabolic drivers, such as
fatty acid synthase (FASN) or FAO, suppresses M2
polarization and helps restore innate anti-tumor im-
munity (Zhao et al., 2021). Endogenous and exoge-
nous fatty acids undergo mitochondrial B-oxidation to
produce reduced nicotinamide adenine dinucleotide
(NADH), acetyl-coenzyme A (acetyl-CoA), and re-
duced flavin adenine dinucleotide (FADH,). Acetyl-
CoA then joins the tricarboxylic acid (TCA) cycle,
producing the reducing equivalents for OXPHOS and
adenosine triphosphate (ATP) production. The M2-
type TAMs’ immunosuppressive phenotype is strength-
ened by this metabolic program, which promotes
tumor progression (Huang et al., 2014). According to
Niu et al. (2017), caspase-1-mediated cleavage of
peroxisome proliferator-activated receptor gamma
(PPARY) can impair FAO and thereby potentiate the
pro-tumor functions of TAMs; thus, modulating this axis
may reverse the pro-tumor role of TAMs. Xiao et al.
(2024) showed that choline-metabolism reprogram-
ming, particularly through methylenetetrahydrofolate
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Fig. 2 Metabolic reprogramming of macrophages and immune regulation. In glucose metabolism, tumor-associated
macrophages (TAMs) undergo reprogramming toward an M2 phenotype under hypoxic, low-glucose, and high-lactate
conditions, favoring oxidative phosphorylation (OXPHOS) and interleukin-10 (IL-10) secretion. M1 macrophages, in
contrast, rely on glycolysis, producing nicotinamide adenine dinucleotide phosphate, reduced (NADPH) via the pentose
phosphate pathway (PPP) to drive reactive oxygen species (ROS) production for anti-tumor effects. Small nucleolar
RNA host gene 17 (SNHG17) promotes lactate accumulation, while 2-deoxy-D-glucose (2-DG) inhibits M2 polarization.
In lipid metabolism, elevated lipid levels in the tumor microenvironment (TME) promote M2 polarization via fatty acid
oxidation (FAO) and fatty acid synthesis (FAS). Inhibiting fatty acid synthase (FASN) or FAO blocks M2 polarization
and restores anti-tumor functions. Fatty acids (FAs) undergo B-oxidation to produce acetyl-coenzyme A (acetyl-CoA), which
enters the tricarboxylic acid (TCA) cycle to support OXPHOS. IL-4-induced TAMs require protein kinase R-like
endoplasmic reticulum kinase (PERK) for maintaining FAO and mitochondrial function, while blocking PERK reduces
their immunosuppressive traits. In amino acid metabolism, M2 TAMs express high levels of arginase 1 (Argl), degrading
arginine to suppress T-cell proliferation. IL-4 increases glutamine uptake, promoting M2 polarization, while the glutamine
antagonist JHUO83 reprograms TAMs to the M1 phenotype. The glutamine metabolism byproduct alpha-ketoglutarate
(0-KG) enhances FAO and OXPHOS, maintaining M2’s immunosuppressive role and reducing inflammation. Sirtuin-3,
activated by IL-4, enhances glutamate dehydrogenase 1 (GLUD1) activity, promoting glutamine breakdown. Tumor
cells induce glutamine synthetase (GS) to enhance M2 TAM function. TGF-B: transforming growth factor-beta; PGK1:
phosphoglycerate kinase 1; ATP: adenosine triphosphate; TNF-a: tumor necrosis factor-alpha. Created with Figdraw
(https://www.figdraw.com).

dehydrogenase 1 (MTHFD1) in TAMs, promotes M2-
like polarization and an immunosuppressive micro-
environment in non-small cell lung cancer. 1L-4-
activated TAMs exhibit elevated protein kinase R-like
endoplasmic reticulum kinase (PERK) activity, which
is vital for sustaining FAO and mitochondrial function-
ality, as explained by Raines et al. (2022). Blocking
PERK results in a decrease in FAO, FAS, and the im-
munosuppressive activity of TAMs, reprogramming
them into an anti-tumor phenotype (Reinfeld et al.,
2021; Raines et al., 2022).

Toll-like receptor 9 (TLR9) agonists activate the
FAO and lipid synthesis pathways to boost TAM met-
abolic reprogramming, which may contribute to their
anti-tumor effects. Liu et al. (2019) showed that CpG-
activated macrophages coordinate carnitine palmi-
toyltransferase 1A (CPT1A)-dependent FAO with
ATP citrate lyase (ACLY)-dependent de novo lipid
biosynthesis rather than adopting a classical M1 or M2
program, and that this hybrid metabolic state supports
antitumor phagocytic activity. While cholesterol has
been implicated in boosting the anti-tumor effects of
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TAMs, the role of other lipid species in regulating
macrophage function remains largely unknown (Zhao
et al., 2024).

2.3 Amino acid metabolism

The immunosuppressive function of TAMs de-
pends on the metabolism of amino acids, specifically
arginine and glutamine. M2-type TAMs are marked
by high levels of arginase 1 (Argl), an enzyme that
depletes arginine, ultimately inhibiting T-cell prolifer-
ation and leading to immune suppression (Biswas and
Mantovani, 2012). Tharp et al. (2024) further showed
that TAMs initiate a collagen-biosynthesis program,
consume environmental arginine, and secrete ornithine,
thereby restricting CD8" T-cell function in the TME.
Glutamine, the blood’s most abundant amino acid,
supports the metabolic needs of TAMs by delivering
TCA cycle intermediates and participating in the pro-
duction of the antioxidant glutathione (Yang et al.,
2017). Under IL-4 stimulation, glutamine influx in-
creases within macrophages due to the increased ex-
pression of glutamine transporters, which favors M2
polarization. M1 macrophages show no effect on po-
larization under conditions of glutamine deprivation
(Jha et al., 2015; Tavakoli et al., 2017).

Recent research has revealed that the glutamine
antagonist JHUOS3 is capable of inhibiting glutamine
metabolism, driving TAMs from the immunosuppres-
sive M2 type to the anti-tumor M1 type and enhanc-
ing antigen presentation for T-cell activation (Oh et al.,
2020; Praharaj et al., 2024). The breakdown product
of glutamine metabolism, alpha-ketoglutarate (a-KG),
is a key factor in M2 polarization, sustaining the M2
immunosuppressive phenotype by enhancing FAO
and OXPHOS (Jha et al., 2015; Liu et al., 2017). Fur-
thermore, a high a-KG/succinate ratio dampens the
activity of the nuclear factor-kappa B (NF-«kB) signal-
ing pathway, thereby inhibiting the expression of in-
flammatory genes (Liu et al., 2017).

Research demonstrates that actions targeting glu-
tamine metabolism alter the metabolic state of TAMs
and enhance anti-tumor immune activity within the
TME (Zhou et al., 2022). The mitochondrial protein
Sirtuin-3, which is dependent on IL-4, stimulates the
function of glutamate dehydrogenase 1 (GLUDI) to
accelerate glutamine degradation, thereby promoting
M2 macrophage activation (Zhou et al., 2022). N-
Acetylaspartate, secreted by tumor cells, can enhance

glutamine synthetase (GS), which improves the M2
functionality of TAMs (Menga et al., 2021). Deleting
GS in macrophages in mouse models reprograms
TAMs to an anti-tumor M1-like state (Palmieri et al.,
2017; Menga et al., 2020), further supporting the com-
petition between TAMs and tumor cells for glutamine
(Lyu et al., 2025).

Many amino acids, beyond arginine or glutamine,
affect the phenotype of TAM and its function. These
include tryptophan and branched-chain amino acids
(BCAAs). BCAAs are involved in protein synthesis,
energy production, and the regulation of cell growth
(Hilt and Morrell, 2020; Plotkin et al., 2021). High
BCAA levels can increase the risk of heart disease
and cause overly agitated platelets (Hilt and Morrell,
2020). In some lung cancer models, TAMs further
support a TME populated by Tregs, which may limit
the efficacy of immunotherapies. Combining TAM tar-
geting with anti-angiogenic therapies and immune
checkpoint blockade shows the potential to improve
outcomes (Martinez-Usatorre et al., 2021). Recent
advancements in imaging techniques, such as fluorine-
19 magnetic resonance imaging ("F MRI), allow for
noninvasive, longitudinal monitoring of TAMs in glio-
mas, providing insights into their spatial and temporal
dynamics during disease progression and treatment
(Croci et al., 2022).

2.4 Purine metabolism

TAMs undergo metabolic reprogramming in the
TME, switching from lipid metabolism to purine me-
tabolism. TAMs exhibit enhanced purine metabolism,
which advances the tumor phenotype and makes them
less responsive to immune checkpoint inhibitors (ICIs).
TAMs exhibit activation of purine metabolism, re-
duced expression of genes involved in phagocytosis
and antigen presentation, and increased expression
of immunosuppressive and angiogenic genes (Zhao
et al., 2024). Macrophages induced by granulocyte-
macrophage colony-stimulating factor (GM-CSF) ex-
hibit M1-like activity, whereas those differentiated in
the presence of macrophage colony-stimulating factor
(M-CSF) are skewed toward the M2 phenotype. The
purinergic pathway can drive TAMs toward the M2
phenotype, as ectonucleotidases such as CD39 and
CD73 convert extracellular ATP into immunosuppres-
sive adenosine. This can cause macrophages to adopt
the immunosuppressive M2 phenotype. As a result, the



secretion of epithelial-mesenchymal transition (EMT)-
related cytokines, including IL-1f, IL-6, IL-10, and
VEGF, further enhances immune suppression in the
TME (Ohradanova-Repic et al., 2018).

The generation of adenosine via purine metabo-
lism is an important mechanism by which macro-
phages suppress immunity. As adenosine builds up in
the TME, it binds to A,, receptors, blocking their ac-
tivation and promoting TAM differentiation into an
immunosuppressive M2-like cell phenotype. Together,
these activities inhibit anti-tumor responses and facili-
tate malignant growth. Research suggests that the glu-
tamine antagonist JHUO83 reduces purine metabolites
within TAMs, resulting in a decrease in adenosine
production. These findings show that decreased IL-10
expression contributes to reprogramming TAMs to-
ward an anti-tumor M1 phenotype, with enhanced
antigen presentation and T-cell activation (Praharaj
et al., 2024; Lyu et al., 2025). Blocking the purine
metabolism pathway (primarily adenosine produc-
tion) could be a potential strategy for reprogramming
TAMs to inhibit their immunosuppressive properties
or to counteract tumor immunity (Praharaj et al., 2024;
Lyu et al., 2025).

Purine metabolism plays a role in TAM polariza-
tion. Research has shown that isocitrate dehydroge-
nase 3 alpha (IDH3a) regulates xanthine oxidoreduc-
tase (XOR), which modifies polarization to a sup-
pressive TAM phenotype. XOR is responsible for pu-
rine catabolism, which produces ROS and uric acids
that accumulate in the TME. Increased ROS produc-
tion activates IDH30, and macrophage polarization
occurs through M2 state macrophages (activated macro-
phages). M2 TAMs produce a microenvironment fa-
vorable to tumors, thereby inhibiting anti-tumor im-
munity and promoting hepatocellular carcinoma (HCC).
As a result, the purine metabolism pathway of XOR—
IDH3a interferes with TAMs, thus serving as an im-
munodynamic target, offering a new immunothera-
peutic technique for treating HCC (Lu et al., 2023).

3 TAMs in immune checkpoint regulation and
checkpoint blockade therapy

3.1 Interaction between macrophages and immune
checkpoints

Immune checkpoints help to maintain self-
tolerance and avoid excessive immune activation,
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which can damage normal tissues. The immune system
includes checkpoint receptors, which inhibit immune
activity. Cancer immunotherapy has been revolution-
ized by ICIs such as PD-1, PD-L1, and CTLA-4 in re-
cent years. However, it is not only tumor cells that are
involved in the regulation of immune checkpoints;
macrophages, particularly TAMs within the TME, are
also involved in this process (Xu SM et al., 2023).

TAMs are one of the most critical types of immuno-
suppressive cells in the TME. They have the ability
to generate immune checkpoint molecules (such as
PD-L1) that bind to T cells and suppress their activity.
PD-L1 binds to the PD-1 receptor on the surface of T
cells, sending an inhibitory signal that hinders T-cell
activation. This interaction between PD-L1 and PD-1
diminishes the anti-tumor functions of T cells, facili-
tating immune evasion (Chen and Mellman, 2013).
Liu YT et al. (2020) showed that, among immune
cells, PD-L1 is predominantly expressed on macro-
phages and macrophage PD-L1 is associated with
outcome after PD-1 pathway blockade. TAMs also
release immunosuppressive cytokines, such as IL-10
or TGF-B, which hamper T-cell function and promote
the expansion of Tregs. This immunosuppressive micro-
environment not only suppresses the anti-tumor re-
sponse of T cells but also impedes the effectiveness
of ICIs (Binnewies et al., 2018).

Other studies have produced more data on nu-
merous methods for controlling TAMs. Xu C et al.
(2023) found that TAMs release IL-1P, causing the
expression of PD-L1 in tumor cells and diminishing
the efficacy of immune checkpoint blockade treatment.
Other research has produced similar results. Therapies
aiming to bolster the IL-1B pathway may be instru-
mental in augmenting the impact of checkpoint block-
ades. Tsuruta et al. (2022) confirmed that TAMs modu-
late anti-tumor activity through the circadian rhythm
of PD-1 and differentiated embryo-chondrocyte ex-
pressed gene 2 (DEC2). In addition, PD-L1 expression
is regulated in TAMs through the myeloid differentia-
tion primary response gene 88 (MyD88)/interleukin-1
receptor (IL-1R) axis via the NF-xB pathway, and tar-
geting this pathway in combination with anti-PD-1
monoclonal antibodies significantly reduces tumor
burden (Tartey et al., 2021).

Beyond the PD-1/PD-L1 pathway, recent research
has identified other immune checkpoints involved in
the TAM regulation. Tang et al. (2024) found that dif-
ferent TAM subtypes play diverse roles in various
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immune responses, confirming the importance of TAM
heterogeneity for the efficacy of immune therapy for
colorectal cancer patients. Liu et al. (2024) identified
a link between apolipoprotein E-positive (ApoE")
macrophages and clinical resistance to immune check-
point blockade therapy, a finding also supported by
single-cell analyses, with implications for targeting
specific macrophage subgroups in future therapies.

3.2 Combined use of macrophages and immune
checkpoint blockade therapy

TAMs are critical for controlling immune check-
points. They can also regulate the effectiveness of im-
mune checkpoint blockade therapy based on both their
presence and functional status. However, high levels
of TAMs in the TME correlate with checkpoint inhib-
itor ineffectiveness due to an immunosuppressive en-
vironment upheld by TAMs (Binnewies et al., 2018).
Studies on breast cancer have reported that depleting
TAMs markedly enhances the effect of PD-1/PD-L1
blockade, promoting T-cell infiltration into the tumor
and decreasing metastasis (Lin et al., 2018). Recent
studies have also identified specific immunomole-
cules within TAMs that can resist immune checkpoint
blockade therapy. Xu et al. (2022) suggested that
blocking CD89 on TAMs may be an effective method
for reversing resistance to immunotherapy, providing
a theoretical basis for developing anti-tumor strategies.
Homicsko et al. (2023) also demonstrated a strong
correlation between macrophage PD-L1 expression
and lack of response to checkpoint blockade therapy.
Peckert-Maier et al. (2023) noted that CD83 is a criti-
cal immune checkpoint molecule that regulates the
resolution of inflammation. Targeting CD83 on macro-
phages may represent a novel approach to utilizing
immunotherapy against cancer. Therapeutic strategies
such as blocking PD-L1 on TAMs and other immune
checkpoint molecules may therefore be promising
approaches to cancer treatment (Jelinic et al., 2018;
Jing et al., 2020; Park et al., 2021).

In recent years, various clinical trials have evalu-
ated the effects of combining ICIs (e.g., PD-1/PD-L1
blockers) and TAM-targeting therapies, revealing both
the potential and the limitations of these approaches
for treating different cancers. Relevant clinical studies
have investigated a new combination of PD-1 inhib-
itors with colony-stimulating factor 1 receptor (CSF1R)
inhibitors—CSF1R is principally implicated in macro-
phage survival and polarization. TAMs exhibit high

expression of CSFIR, which plays a central role in
promoting immune suppression within the TME. In-
hibition of CSF1R reduces the accumulation of immuno-
suppressive TAMs, enhancing anti-tumor immune re-
sponses (Cannarile et al., 2017; Fujiwara et al., 2021).
Wainberg et al. (2016) reported a phase I/Ila dose-
finding protocol of pexidartinib plus pembrolizumab
in advanced solid tumors (NCT02452424); safety and
recommended-phase-2-dose exploration were the stated
aims, and efficacy endpoints were not presented in that
citation.

A preclinical investigation assessed the use of a
CSFIR inhibitor (BLZ945) in combination with an
anti-PD-L1 agent in an animal model of malignant
mesothelioma. The authors demonstrated that the
blockade of CSFIR M2 polarization of TAMs en-
hanced the anti-tumor effect of the PD-L1 inhibitor.
This combined therapy effectively stimulated the acti-
vation of tumor-infiltrating CD8" T cells and boosted
the anti-tumor immune response (Magkouta et al.,
2021). A study involving hepatocellular cancer mouse
models revealed significant anti-tumor activity of a
combination of a CSF1R inhibitor and a PD-L1 inhib-
itor. The formulation inhibited TAM polarization and
migration, promoted T-cell invasion into the tumor,
and substantially increased animal survival. Together,
both experimental CSF1R and PD-L1 blockade ap-
pear to be promising approaches to targeting immuno-
suppressive tumors (Zhu et al., 2019). However,
CSF1R-targeted therapies have limitations. CSF1R in-
hibition, particularly with pexidartinib, has been shown
to impact dendritic cell (DC) differentiation through
FMS-like tyrosine kinase 3 (FLT3) signaling block-
ade. Since DCs play an essential role in T-cell activa-
tion and the optimal anti-tumoral response, this unin-
tentional modulation may compromise the therapeutic
impact of ICIs, such as durvalumab, in advanced ma-
lignancies. Therefore, although CSFI1R inhibitors are
potent in modulating TAMs, it is important to consider
their potential effects on other immune cell subtypes,
including DCs, when using them in combination ap-
proaches to avoid unintended immune suppression
(Voissiére et al., 2024).

3.3 Targeting TAMs to enhance the efficacy of
immune checkpoint blockade

Reprogramming and depleting TAMs can increase
the effectiveness of immune checkpoint blockade ther-
apies. For example, Owaki et al. (2024) demonstrated



that preconditioning cancer-associated fibroblasts (CAFs)
and macrophages with synthetic retinoids enhanced
cancer responses to checkpoint blockade. Shimizu
et al. (2024) demonstrated that concomitant targeting
of CSF1R with the inhibitor pexidartinib, in combina-
tion with checkpoint inhibitors, resulted in the dele-
tion of CAF-induced M2 macrophages, leading to
tumor immunity in a colorectal cancer model. Addi-
tionally, previous studies have demonstrated that the
depletion of TAMs, through the treatment with CSFIR
inhibitors such as PLX3397 or BLZ945, either reduces
tumoral infiltration of TAMs or improves the effects
of anti-PD-1 monoclonal antibodies in anti-tumor ther-
apy (Peranzoni et al., 2018; Magkouta et al., 2021;
Sato et al., 2025). In previous studies on animals,
PLX3397 has been shown to reduce TAMs and en-
hance the power of PD-1/PD-L1 blockade. BLZ945
not only decreased CD163" macrophages but also pro-
moted the polarization of M1 macrophages, thereby
enhancing the immune response (Cui et al., 2020;
Chen et al., 2025). Further studies have shown that the
combination of hydroxychloroquine with anti-PD-1
antibody increases the M1 macrophage proportion in
certain models, thus improving anti-tumor immunity
(Sharma et al., 2020; Wang et al., 2021). Metformin-
loaded mannose-modified macrophage-derived micro-
particles similarly reprogram M2-like TAMs toward
an M1-like state and enhance the efficacy of anti-
PD-1 therapy (Wei ZH et al., 2021).

Recent research has indicated that combining
treatments aimed at TAMSs with anti-PD-1, anti-PD-L1,
and anti-CTLA-4 ICIs may have a synergistic impact
on tumors. TAMs that express the immune check-
point molecule PD-L1 directly hinder T-cell activ-
ities. In addition, TAMs secrete immunosuppressive
cytokines, thus facilitating immune evasion in the
TME. Consequently, an increasing trend in research is
the development of an integrated therapeutic strategy
that targets TAMs and ICIs. Modulation of the TME
can further augment the efficacy of immune check-
point inhibition, driving a synergistic anti-tumor effect
(Ostuni et al., 2015).

Co-administration of DB071 and BLZ945 results
in a lower proportion of type 2 TAMs present in the
TME and improved immune therapy efficiency. This
combination treatment can block the growth of a
tumor and restore CD8" T-cell activity (Cui et al.,
2020). Additionally, preclinical studies have yielded

Journal of Zhejiang University-SCIENCE B 2026 27(10):1096-1116 | 1103

promising results for antimetastatic strategies that aim
to prevent TAM recruitment or reprogram TAM polar-
ization toward M1 macrophages (Wei F et al., 2021).
Research by Lin WW et al. (2023) indicated that
ADARI (one major adenosine deaminase acting on
RNA) downregulation and interferon-gamma (IFN-y)
treatment of macrophages alter the TME and increase
the efficacy of immune checkpoint blockade. Further-
more, Zuo et al. (2023) showed that dipeptidyl pepti-
dase 4 (DPP4) inhibitors may reduce TAM numbers
and improve the anti-tumor efficacy of anti-PD-L1
therapy in non-small cell lung cancer.

3.4 TAMs, tumor burden, and immune evasion

The number and diversity of TAMs within the
TME are closely associated with tumor immune eva-
sion and therapy response. Wen et al. (2023) suggest
that TAMs promote an immunosuppressive envir-
onment via the insulin-like growth factor-binding
protein 2 (IGFBP2)-signal transducer and activator
of transcription 3 (STAT3)-PD-L1 pathways, which
dampens ICI efficacy. Targeting this signaling path-
way may offer new ways to overcome immunotherapy
resistance.

3.4.1 TAMs in combination with chemotherapy and
radiotherapy

Chemotherapy and radiotherapy are traditional
cancer treatment strategies, but their efficacy is often
influenced by immunosuppressive cells within the
TME, particularly TAMs. Studies have shown that ra-
diotherapy and chemotherapy not only kill tumor
cells directly, but also induce “immunogenic death,”
enhancing the immune system. These treatments can
create a microenvironment that is immunosuppressive
and polarizes TAMs to the immunosuppressive M2
type, thereby weakening anti-tumor immunity. At the
same time, strategies targeting TAMs to enhance re-
sponses to chemotherapy and radiotherapy, includ-
ing the inhibition of their recruitment or reprogram-
ming of their function, are emerging. These strategies
can mitigate the suppressive role of TAMs, thereby
potentiating the effects of chemotherapy and radio-
therapy (Mantovani et al., 2013; Galluzzi et al., 2017).

Research has shown that chemotherapy agents,
such as paclitaxel, induce PD-L1 expression on macro-
phages by activating the NF-xB signaling pathway,
thereby promoting immune evasion via the suppression
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of naive T cells. This phenomenon elucidates the mech-
anism of TAM-mediated chemo-immunosuppression
(Roux et al., 2019). Radiotherapy has a similar impact
on the immunosuppressive activity of TAMs, causing
the immunogenic death of tumor cells and initiating
the expression of PD-L1 on macrophages (Wan et al.,
2020). As a result, employing therapeutic strategies to
reprogramme their activity or inhibit their activation
may diminish these pro-tumorigenic effects, which
strengthens the rationale for integrating chemotherapy,
radiotherapy, and immunotherapy.

Recent studies have shown that a newly devel-
oped liposomal topotecan (FF-10850) optimizes the
properties of TAMs for drug delivery within the TME.
According to Shimoyama et al. (2023), this drug is
safe for use in humans and can be delivered directly
into the tumor site, increasing T-cell anti-tumor activity
by reducing TAMs that suppress immunity. Addition-
ally, Choi et al. (2024) discovered that paclitaxel en-
hances PD-1 inhibitor efficacy by regulating the polar-
ization of TAMs in breast cancer. This suggests the
potential for improving the synergy between chemo-
therapy and immunotherapy by modulating TAMs. In
a model of head and neck cancer, researchers found
that an increase in C-C motif chemokine ligand 2
(CCL2) following radiotherapy was associated with
the recruitment of monocytes, which subsequently dif-
ferentiated into TAMs. These TAMs then secreted fac-
tors that conferred resistance to radiotherapy. Block-
ing monocyte recruitment using a C-C motif chemo-
kine receptor 2 (CCR2) inhibitor improved radiotherapy
outcomes by limiting TAMs and increasing the tumor
control rate and survival (Mondini et al., 2019). The
regulation of TAMs’ function and quantity can signifi-
cantly enhance the anti-tumor effects of chemotherapy
and radiotherapy when combined with immune check-
point blockade therapy. This opens up new avenues
and possibilities for treating cancer in the future.

3.4.2 TAMs and CAR-T therapy

While chimeric antigen receptor T-cell (CAR-T)
therapy is highly successful in treating hematologic
cancers, it is less effective in solid tumors due to the
immunosuppressive TME. TAMs in the TME can
inhibit CAR-T cell activity by secreting cytokines or
co-opting the checkpoint receptors. Attacking and
inhibiting TAMs, or reprogramming them to M1, can
enhance the efficacy of CAR-T cells in solid tumors.

Humanized mouse models have been widely used to
study macrophage—T cell interactions and provide a
valuable system for investigating such mechanisms
(Rongvaux et al., 2014). Zhu et al. (2024) suggest that
re-educating TAMs and microglia enhances CAR-T
cell glioblastoma treatment. According to Anami et al.
(2024), loss of sinusoidal macrophage function in the
tumor host promotes resistance to immunotherapy.
Adjusting macrophages (for example through inhibi-
tion or reprogramming) may help overcome resistance
to CAR-T therapy in solid tumors, as supported by
studies showing enhanced T-cell infiltration and anti-
tumor responses upon macrophage modulation (Singh
etal., 2022; Zhu et al., 2024).

TAMs are a key component of combination ther-
apies. Combining TAM-targeting approaches with
other existing treatments, such as chemotherapy, ra-
diotherapy, ICIs, and CAR-T cells, may help improve
therapeutic efficacy and induce anti-tumor immune re-
sponses in patients. Recent research indicates that
combination therapies can be optimized through TAM
metabolic pathways, immune regulatory functions, and
interactions with competitor cells. Thus, future studies
should investigate how to more effectively use TAM
heterogeneity, set up combinatorial strategies, and le-
verage the potential of TAMs in the context of cancer
immunotherapy.

4 Methodological analysis

Recent studies have used various approaches to
explore the role of TAMs in cancer immunotherapy.
With the rapid development of these research methods,
researchers are using new strategies to reveal the func-
tions of TAMs within the TME. This paper presents a
review of the literature to illustrate how such tech-
niques are studied.

4.1 In vivo and in vitro experimental models

Historically, humanized immune mouse models
have been critical for studying the role of TAMs within
the TME. Some studies have attempted to improve
the understanding of the human TME by transplanting
human immune cells into immunodeficient mice. This
approach has also been used to evaluate combinations
and T cell receptor (TCR) responses to immune check-
point blockade therapy. One example is the research



by Zhu et al. (2024), who built humanized immune
mouse models to study the efficacy of a combination
of CAR-T and TAM reprogramming therapy in treat-
ing glioblastoma. Other preclinical models have shown
promising results for combinations of TAM-targeting
therapies with conventional therapies such as chemo-
therapy and radiotherapy. In a mouse model of triple-
negative cancer, cyclophosphamide inhibitors and
CSFI1R, together with low-dose chemotherapy, sig-
nificantly increased T-cell and B-cell infiltration into
tumors and reduced the immunosuppressive effect in
TAMs. To study TAM heterogeneity post-treatment,
high-dimensional imaging techniques were deployed,
revealing that breast cancer subtypes activate TAMs
via different mechanisms. TAM regulation has the po-
tential to enhance the effectiveness of chemotherapy, as
demonstrated by in vivo proof-of-concept data (Singh
etal., 2022).

In head and neck cancer models, TAM recruit-
ment was systematically inhibited following radiother-
apy. A CCR2 inhibitor was used to reduce TAMs and
improve the therapeutic efficacy of radiotherapy. The
experimental results showed improvements in both
the tumor control rate and survival with the decrease
in TAMs (Mondini et al., 2019). The in vivo experi-
mental data confirm the essential role of TAMs and
provide critical support for testing therapeutic strat-
egies targeting TAMs in future clinical trials.

Three-dimensional co-culture systems are com-
monly used in vitro to facilitate the mimicry of in vivo
niches and to more accurately study the interactions
between TAMs, tumor cells, and T cells. These sys-
tems usually include tumor cells, immune cells, and
stromal cell types, which are then grouped into mul-
tiple cell types to investigate TAM polarization and met-
abolic changes. Three-dimensional co-culture systems
are widely used in vitro to more accurately recapitu-
late the TME and to investigate interactions between
TAMs, tumor cells, and T cells (Ravi et al., 2015).

4.2 Emerging technologies for TAM typing and
their principles

Extensive research has been conducted on the
heterogeneity of TAMs within the TME. Modern tech-
niques, such as spatial transcriptomics and single-cell
RNA sequencing (scRNA-seq), have been used exten-
sively to unravel the TAM puzzle. scRNA-seq can be
used to identify immune checkpoint-related molecule
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expression and further distinguish TAM subtypes.
This method is also helpful in determining the con-
tribution of TAM subtypes to the effectiveness of
immune-checkpoint blockade therapy. Spatial tran-
scriptomics helps identify where TAMs are found in
the TME and where they interact, revealing the com-
plex interaction networks between TAMs, tumor cells,
and T cells (Wang et al., 2025).

4.2.1 How do emerging technologies precisely type
TAMs?

Recognizing inflammation within the TME is
crucial to the accurate classification of TAMs. Recent
technologies, including scRNA-seq or spatial transcrip-
tomics, enable novel investigations into the functional
states of different TAM subgroups and their roles in
tumor immunity.

4.2.2 Principles of scRNA-seq

scRNA-seq reveals the transcriptomes of single
cells, thus revealing each cell’s gene expression pro-
file. With this technology, we can detect TAM hetero-
geneity inside tumor tissues and create a gene expres-
sion map at multiple time points for each cell. sScRNA-
seq may reveal the functional differences of TAM sub-
groups and determine their immune suppression or ac-
tivation potential by analyzing immune checkpoint-
related molecules. Using this strategy, macrophages
can be grouped into functional categories such as the
anti-tumor-associated (M1-like) and tumor-associated
(M2-like) TAMs (Yan et al., 2022). A more detailed
classification of the different TAM subtypes will
be beneficial for designing therapies targeted at spe-
cific subtypes. Further studies will help improve the
classification.

4.2.3 Principles of spatial transcriptomics

Spatial transcriptomics aims to capture tissue
section-unique information in gene expression form.
By examining RNA expression levels in specific areas
of tumor tissue, the spatial distribution of TAMs in
the TME can also be analyzed. This technology ad-
dresses a major limitation of individual cell RNA se-
quencing by providing insight into the spatial interplay
between neighboring cells. Spatial transcriptomics
can illustrate how TAMs interact with other immune
cells (for instance, T cells) and tumor cells through-
out various tumor regions. TAMs, for example, may
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exhibit anti-tumor activity in the tumor margin but
may have immunosuppressive functions within the
tumor core (Li QY et al., 2022). Thus, the utilization
of this technology further elucidates TAM function
within the TME and suggests innovative approaches
to target them in niche sites.

4.2.4 Multi-omics data integration and computational
biology tools

Images of the TME can be integrated using vari-
ous techniques, including several forms of scRNA-
seq with spatial transcriptomics. The rationale for such
integration is to connect different sources of omics
data (transcriptomics, epigenomics, etc.) through com-
putational biology paradigms to model the dynamic
behavior of TAMs. These data are also analyzed using
machine learning algorithms to identify novel TAM
subpopulations and therapeutic targets. An example of
this is the XYZeq platform, which merges scRNA-seq
data with spatial metadata to accurately pinpoint both
the TME localization of cells and their gene-expression
features, and to correlate these features with infiltra-
tion of specific TAM subsets (Lee et al., 2021).

Integrating the results of scRNA-seq with spatial
transcriptomic analysis will generate a whole-scale
distribution map of TAMs and their functional differ-
ences in the corresponding microenvironments. This
model offers the potential to use computational biology
alongside the prediction of TAM subgroups’ dynamic
behavior to achieve more gram-scale data to improve
personalized therapies using immune checkpoint block-
ade. As Saqib et al. (2023) suggest, integrating these
multi-dimensional data can lead to a more precise char-
acterization of the spatial and functional heterogeneity
of TAMs, providing explicit directions for therapeutic
strategies targeting specific TAM subpopulations.

Additionally, advanced research methods such as
multiplex immunofluorescence and flow cytometry
are used to evaluate immune infiltration in the TME
and the characteristics of different TME populations
to explore the response to checkpoint blockade immuno-
therapy (CBI). de Ledn-Rodriguez et al. (2024) used
multiplex immunofluorescence and spectral cytome-
try to compare the dynamic changes in tissue-resident
memory (TRM) CD8 T cells and classical dendritic
cells type 1 (¢cDC1) between two groups of patients
with melanoma: those who received immunotherapy
and those who did not. They concluded that TRM T

cells were heterogeneous and could be divided into
T cell factor 1-positive (TCF1") or TCF1™ subgroup.
These subgroups correlate with protective immune re-
sponses to melanoma. TCF1™ TRM cells expressed
more Ki-67 and IFN-y, whereas TCF1" TRM cells ex-
pressed cytotoxic molecules. The relationships
among TRM cells, ¢cDC1 distribution and function, and
immunotherapy response were demonstrated in the
study by de Leon-Rodriguez et al. (2024), which il-
lustrated the complex interactions between the local
TME and resident immune cells, highlighting the im-
portant roles these cells play in CBI. To evaluate tissue,
multiplex immunofluorescence is used to stain tumor
tissue sections, facilitating the analysis of the expres-
sion of immune checkpoint molecules and helping to
identify therapeutic anti-tumor bioactive agents. Sev-
eral diseases have benefited from this technique
(Stack et al., 2014).

In addition to general functional states, various
TAM subpopulations with tumor specificity have been
documented, each with a particular phenotype, loca-
tion, and function. They are found in a range of neo-
plasms, for example, HCC and breast cancer. The dif-
ferences between malignancies are likely due to the
different TME terrains and evolutionary pressures that
each cancer type faces. The hypoxic and fibrotic micro-
environment in HCC may promote the expansion of
proangiogenic and immunosuppressive TAMs. In con-
trast, certain breast cancer subtypes, such as triple-
negative breast cancer, can sustain a TAM phenotype
that is more inflammatory with enhanced antigen-
presenting capacity. This variability underscores the
importance of interpreting TAM function within a
tumor-type-specific context rather than applying a
uniform model across malignancies.

4.3 Exploration of combination therapy strategies

Understanding tumor-type-specific TAM hetero-
geneity is essential for tailoring therapeutic strategies,
given that different TAM subsets exhibit distinct re-
sponsiveness to interventions. In addition to techno-
logical advances in TAM typing, accumulating studies
have delineated tumor-specific TAM subpopulations
that vary in phenotype, localization, function, and thera-
peutic responsiveness. To summarize these differences,
we compared representative TAM subtypes in HCC
and breast cancer, as shown in Table 1. From a thera-
peutic standpoint, these distinctions suggest that immu-
nomodulatory agents—such as checkpoint inhibitors,
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Table 1 Comparison of tumor-associated macrophage (TAM) subpopulations, functions, and therapeutic targets in

hepatocellular carcinoma and breast cancer

Tumor TAM Marker/ . . . Therapeutic
. Function Spatial localization Reference
type subpopulation phenotype target
HCC SPP1* SPP1, CD44 Angiogenesis promotion, Hypoxic, perivascular SPP1-CD44 Fanetal.,
immune evasion regions axis 2024
HCC ApoE* ApoE"" Lipid metabolism, Fibrotic tumor regions ApoE Huang et al.,
immunosuppression signaling 2025
Breast PD-L1* PD-L1, CD206 Immunosuppression Tumor stroma PD-L1 Wu et al.,
cancer 2021

HCC: hepatocellular carcinoma; SPP1: secreted phosphoprotein 1; CD44: cluster of differentiation 44; ApoE: apolipoprotein E; PD-L1:

programmed cell death-ligand 1.

metabolic reprogramming drugs, or macrophage-
depleting therapies—may require tumor-specific ad-
aptation to maximize efficacy. Conversely, a “one-size-
fits-all” approach risks suboptimal modulation of the
TAM compartment and reduced clinical benefit.

Recent studies have highlighted the role of me-
tabolomics and multi-omics analysis in combination
therapy strategies. The metabolic regulation of TAMs
is well understood, and metabolomics technologies,
including liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) and gas chromatography-mass
spectrometry (GC-MS), can be employed to detect
metabolites generated by TAMs and elucidate the met-
abolic effects on infiltrating macrophages caused under
various treatment conditions.

Integrating such multi-dimensional datasets with
tumor-specific TAM profiles could enable the devel-
opment of a precision immunotherapy framework, in
which metabolic vulnerabilities unique to a given can-
cer type are exploited in combination with immune
checkpoint inhibition or other macrophage-targeted in-
terventions. This information enables more specific
immune checkpoint inhibition strategies due to its multi-
dimensional nature.

Nanomedicine is being used to examine drug
combinations and for dose optimization in order to
improve the targeting of drugs to tumor sites. Several
nanoparticle platforms have successfully manipulated
TAMs within the TME to enhance anti-tumor activity.
For example, hybrid nanovesicles of exosomes from
M1 macrophages with AS1411 aptamer-conjugated
liposomes (M1E/AALSs) enhanced anti-tumor effects
in mouse models by relieving tumor hypoxia and
facilitating TAM polarization (Zhen et al., 2024). Small
lipid nanoparticles encapsulating the immunostimula-
tory CpG oligodeoxynucleotide (SLNP@CpG) repro-
grammed TAMs and significantly extended the survival

of mice, even eliminating tumors in some models (Kim
et al., 2024). Furthermore, doxorubicin hydrochloride
(DOX-HCIl)-loaded matrix metalloproteinase-2 (MMP-
2) peptide liposomes (D@MLL), which target mono-
cytes via surface-modified lipoteichoic acid, combined
with circulating monocytes enhanced TAM M1 polar-
ization under low-dose radiotherapy, thereby improv-
ing the treatment of glioblastoma (Kuang et al., 2023).
Bio-inspired liposomal bacterial platforms (DOX-
containing bionic bacterium, namely DOX@Bio-Bac)
re-educated TAMs and significantly inhibited tumor
growth and metastasis (Meng et al., 2023), while sialic
acid (SA)-derivatized liposomes (SA-cholesterol conju-
gate, namely SA-CH) reduced immunosuppressive
cells and improved anti-tumor immune responses (Sui
et al., 2022). Polyethylene glycol (PEG)-modified lipo-
somes regulated the immunosuppressive TMEs through
metabolic control, significantly enhancing anti-tumor
effects in combination with radiotherapy (Shen et al.,
2022). LPR@CHG, an in situ injectable thermosensitive
chitosan hydrogel loaded with lipid—/RF5 messenger
RNA (mRNA)/CCLS5 small interfering RNA (siRNA)
nanoparticle complexes, reprogrammed the immune
microenvironment in pancreatic cancer and promoted
M1 macrophage polarization (Gao C et al., 2022). IL-13-
functionalized liposomes and PEG-coated extracellular
vesicles co-delivering chemotherapeutic drugs effec-
tively inhibited melanoma growth by targeting both
TAMSs and tumor cells (Negrea et al., 2022). A tumor
microcalcification-based nanoparticle delivery system
enhanced breast cancer treatment through photody-
namic therapy and TAM polarization (Jian et al., 2022).

In recent years, big data analysis and machine
learning models have been applied to elucidate the
roles of TAMs within the TME. Integrated multi-omics
analysis, which combines single-cell transcriptomics,
metabolomics, and immune cell infiltration analysis,
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can reveal the functional characteristics and regulatory
networks of TAMs. Researchers can use these data to
construct predictive models for evaluating patient re-
sponses to combination therapy strategies (Li Z et al.,
2022). The combination of spatial transcriptomics data
and scRNA-seq offers an opportunity to re-evaluate the
spatial heterogeneity of the TME. Using these highly
innovative modalities, researchers will be able to per-
form quantitative and functional analyses of macro-
phages within the TME and provide data to advocate
for personalized therapeutic strategies.

To provide a comprehensive overview of clinical
and preclinical strategies targeting TAMs across cancer
types, Table 2 summarizes representative approaches,
their mechanisms, clinical phases, and development
outcomes.

4.4 Clinical translation and challenges of TAM-
targeted therapies

Given the high plasticity of TAMs and the re-
quirement for tailored therapies, along with the atten-
dant issues of side effects/safety, strategies targeting
TAMs must overcome several hurdles for successful
translation into clinical practice. TAMs can reprogram
themselves within the TME and transition dynamically
between M1 and M2 when responding to environmen-
tal cues, which limits the long-term efficacy of single-
targeted strategies (Hou et al., 2024). Thus, personal-
ized treatment is crucial in clinical practice, where a
treatment plan should be tailored to the TME and TAM
status for each patient.

TAMs are important for both tumor immunity
and preserving normal immune functions. Because
TAMs are a key cell group in the tumor environment,
targeting them could destroy the immune balance of
the body, thereby significantly impairing the function
of normal macrophages. Ensuring the specificity of
TAM-targeted therapies without interfering with nor-
mal immune system functions remains a key research
challenge (Li et al., 2024). Additionally, while com-
bining TAM-targeted therapies with other treatments
(such as ICIs) shows potential, optimizing combina-
tion treatment strategies to balance efficacy and side
effects requires further in-depth clinical research. A
schematic overview of macrophage-targeted therapeu-
tic strategies and their combination approaches is de-
picted in Fig. 3.

5 Conclusions

TAMs critically shape the TME through metabolic
reprogramming, immune regulation, and interactions
with stromal and immune cells. Their plasticity in glu-
cose, lipid, amino acid, and purine pathways pro-
motes immunosuppression and limits immunotherapy
efficacy. Reprogramming TAMs or combining TAM-
targeted therapies with checkpoint inhibitors, chemo-
therapy, radiotherapy, or CAR-T therapy enhances anti-
tumor responses. Advances in single-cell profiling,
spatial transcriptomics, and nanomedicine enable pre-
cise TAM characterization and tumor-type-specific
strategies. Future efforts should focus on personalized
approaches that account for TAM heterogeneity and
minimize off-target effects, paving the way for more ef-
fective and durable cancer immunotherapies.
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Table 2 Overview of clinical strategies targeting tumor-associated macrophages (TAMs) across cancer types

Cancer type  Therapeutic strategy Mechanism/effect Stage Key outcome Reference
Advanced CSF1R inhibitor Decreases immunosuppressive Phase I/lla Efficacy endpoints Wainberg
melanoma (pexidartinib)+ TAM infiltration, enhances  (NCT02452424) not reported in etal.,
and other PD-1 inhibitor PD-1-mediated anti-tumor this citation 2016

solid tumors  (pembrolizumab) immune response
Melanoma IL-13-functionalized =~ Targets TAMs and tumor cells Preclinical ~ Effective inhibition of Negrea
liposomes+ to inhibit tumor growth melanoma growth etal.,
chemotherapeutics and angiogenesis 2022
Malignant CSFI1R inhibitor Suppresses M2 polarization of Preclinical Increased anti-tumor Magkouta
mesothelioma  (BLZ945)+ TAMs, enhances anti-tumor immune response, etal.,
anti-PD-L1 agent effect of PD-L1 inhibitor enhanced efficacy of 2021
PD-L1 inhibitor
Hepatocellular CSF1R inhibitor+ Inhibits TAM migration and Preclinical ~ Significant anti-tumor ~ Zhu et al.,
carcinoma PD-L1 inhibitor polarization, promotes activity, extended 2019
T-cell infiltration survival in mouse
models
Colorectal CSFI1R inhibitor Depletes M2 macrophages Preclinical Enhanced tumor Shimizu
cancer (pexidartinib)+ differentiated by cancer- immunity, reduced etal.,
checkpoint inhibitors  associated fibroblasts M2 macrophage 2024
population
Triple- Low-dose Mitigates immunosuppressive Preclinical ~ Durable tumor Singh
negative chemotherapy effects of TAMs, promotes regression, increased  etal.,
breast cancer  (cyclophosphamide)+ T and B cell infiltration immune cell 2022
CSFI1R inhibitor infiltration
Breast cancer Paclitaxel+PD-1 Modulates TAM polarization Preclinical Improved efficacy of ~ Choi
inhibitor to enhance PD-1 inhibitor PD-1 blockade etal.,
efficacy 2024
Breast cancer Tumor Enhances TAM polarization, Preclinical Enhanced treatment Jian et al.,
microcalcification- improves anti-tumor outcomes through 2022
based nanoparticles+ immune response photodynamic
photodynamic therapy immunotherapy
Head and neck CCR?2 inhibitor Blocks monocyte recruitment Preclinical ~ Reduced TAM Mondini
cancer post-radiotherapy to reduce TAMs, improves numbers, increased etal.,
radiotherapy outcomes tumor control rates 2019
Pancreatic Injectable Reprograms TAMs, enhances Preclinical Extended survival, Gao C
cancer immunotherapeutic anti-tumor immunity tumor elimination in etal.,
hydrogel some models 2022
(LPR@CHG)
Glioblastoma D@MLL nanoparticles+ Enhances TAM M1 Preclinical Improved treatment Kuang
low-dose polarization, improves anti- outcomes in etal.,
radiotherapy tumor immune response glioblastoma models 2023
Glioblastoma CAR-T cell therapy+  Re-educates TAMs and Preclinical ~ Improved anti-tumor  Zhu et al.,
TAM reprogramming  microglia to enhance response in 2024

CAR-T cell efficacy

glioblastoma models

CSF1R: colony-stimulating factor 1 receptor; PD-1: programmed cell death protein 1; PD-L1: programmed cell death-ligand 1; IL-13: interleukin-13;
CAR-T: chimeric antigen receptor T-cell; CCR2: C-C motif chemokine receptor 2; LPR@CHG: an in situ injectable thermosensitive chitosan
hydrogel loaded with lipid—/RF5 messenger RNA (mRNA)/CCL5 small interfering RNA (siRNA) nanoparticle complexes; D@MLL: doxorubicin
hydrochloride (DOX-HCl)-loaded matrix metalloproteinase-2 (MMP-2) peptide liposomes targeting monocytes via surface-modified lipoteichoic

acid.
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Fig. 3 Overview of macrophage-targeted therapeutic strategies. The metabolic reprogramming and immunoregulatory
functions of tumor-associated macrophages (TAMs) can be targeted to enhance anti-tumor immune responses. Combining
immune checkpoint inhibitors (ICIs) with macrophage-targeted strategies, such as colony-stimulating factor 1 receptor
(CSF1R) inhibitors (e.g., PLX3397 and BLZ945), can enhance anti-tumor efficacy and promote M1 polarization. Dipeptidyl
peptidase-4 (DPP4) inhibitors and hydroxychloroquine also help reverse immunosuppression, improving ICI effectiveness.
In chemotherapy and radiotherapy, TAMs can be driven toward the M2 phenotype, compromising the anti-tumor response.
Liposomal topotecan (FF-10850) enhances drug concentration and reduces TAMs, while paclitaxel modulates TAM
polarization to improve programmed cell death protein 1 (PD-1) inhibitor efficacy. Targeting TAM metabolism, Toll-like
receptor 9 (TLRY) agonists activate fatty acid oxidation (FAO), and 2-deoxy-D-glucose (2-DG) blocks M2 polarization,
restoring anti-tumor responses. The glutamine antagonist JHUO083 reprograms TAMs to an M1 phenotype, enhancing antigen
presentation and T-cell activation. Combining TAM-targeted therapy with chimeric antigen receptor T-cell (CAR-T) therapy
improves CAR-T efficacy by reprogramming TAMs to an M1 phenotype, reducing immunosuppression in the tumor
microenvironment (TME). CDS8: cluster of differentiation 8; PD-L1: programmed cell death-ligand 1; FASN: fatty acid
synthase; TGF-B: transforming growth factor-beta; IL-10: interleukin-10; PERK: protein kinase R-like endoplasmic
reticulum kinase. Created with Figdraw (https://www.figdraw.com).

References

Anami T, Pan C, Fujiwara Y, et al., 2024. Dysfunction of sinus
macrophages in tumor-bearing host induces resistance to
immunotherapy. Cancer Sci, 115(1):59-69.
https://doi.org/10.1111/cas.16003

Anderson N, Simon MC, 2020. The tumor microenviron-
ment. Curr Biol, 30(16):R921-R925.
https://doi.org/10.1016/j.cub.2020.06.081

Baardman J, Verberk SGS, Prange KHM, et al., 2018. A de-
fective pentose phosphate pathway reduces inflammatory
macrophage responses during hypercholesterolemia. Cell
Rep, 25(8):2044-2052.¢5.
https://doi.org/10.1016/j.celrep.2018.10.092

Binnewies M, Roberts EW, Kersten K, et al., 2018. Under-
standing the tumor immune microenvironment (TIME)

for effective therapy. Nat Med, 24(5):541-550.
https://doi.org/10.1038/s41591-018-0014-x

Biswas SK, Mantovani A, 2012. Orchestration of metabolism
by macrophages. Cell Metab, 15(4):432-437.
https://doi.org/10.1016/j.cmet.2011.11.013

Bourhis M, Palle J, Galy-Fauroux I, et al., 2021. Direct and
indirect modulation of T cells by VEGF-A counteracted
by anti-angiogenic treatment. Front Immunol, 12:616837.
https://doi.org/10.3389/fimmu.2021.616837

Cannarile MA, Weisser M, Jacob W, et al., 2017. Colony-
stimulating factor 1 receptor (CSF1R) inhibitors in can-
cer therapy. J Immunother Cancer, 5(1):53.
https://doi.org/10.1186/s40425-017-0257-y

Cassetta L, Pollard JW, 2020. Tumor-associated macrophages.
Curr Biol, 30(6):R246-R248.



https://doi.org/10.1016/j.cub.2020.01.031

Chen DS, Mellman I, 2013. Oncology meets immunology: the
cancer-immunity cycle. Immunity, 39(1):1-10.
https://doi.org/10.1016/j.immuni.2013.07.012

Chen JW, Zhu HD, Yin YH, et al., 2022. Colorectal cancer:
metabolic interactions reshape the tumor microenviron-
ment. Biochim Biophys Acta Rev Cancer, 1877(5):188797.
https://doi.org/10.1016/j.bbcan.2022.188797

Chen KT, Li XC, Dong SY, et al., 2025. Modulating tumor-
associated macrophages through CSF1R inhibition: a po-
tential therapeutic strategy for HNSCC. J Transl Med,
23:27.
https://doi.org/10.1186/s12967-024-06036-3

Chen XW, Yu TJ, Zhang J, et al., 2017. CYP4A in tumor-
associated macrophages promotes pre-metastatic niche for-
mation and metastasis. Oncogene, 36(35):5045-5057.
https://doi.org/10.1038/onc.2017.118

Chiba S, Hisamatsu T, Suzuki H, et al., 2017. Glycolysis regu-
lates LPS-induced cytokine production in M2 polarized
human macrophages. Immunol Lett, 183:17-23.
https://doi.org/10.1016/j.imlet.2017.01.012

Choi Y, Kim SA, Jung H, et al., 2024. Novel insights into
paclitaxel’s role on tumor-associated macrophages in en-
hancing PD-1 blockade in breast cancer treatment. J /m-
munother Cancer, 12(7):¢008864.
https://doi.org/10.1136/jitc-2024-008864

Covarrubias AJ, Aksoylar HI, Yu JJ, et al., 2016. Akt-mTORC1
signaling regulates Acly to integrate metabolic input to
control of macrophage activation. eLife, 5:e11612.
https://doi.org/10.7554/eLife. 11612

Croci D, Santalla Méndez R, Temme S, et al., 2022. Multi-
spectral fluorine-19 MRI enables longitudinal and nonin-
vasive monitoring of tumor-associated macrophages. Sci
Transl Med, 14(667):eab02952.
https://doi.org/10.1126/scitranslmed.abo2952

Cui X, Ma C, Vasudevaraja V, et al., 2020. Dissecting the immuno-
suppressive tumor microenvironments in Glioblastoma-
on-a-Chip for optimized PD-1 immunotherapy. eLife, 9:
e52253.
https://doi.org/10.7554/eLife.52253

de Ledn-Rodriguez SG, Aguilar-Flores C, Gajon JA, et al.,
2024. TCF1-positive and TCF1-negative TRM CD8 T
cell subsets and cDC1s orchestrate melanoma protection
and immunotherapy response. J Immunother Cancer, 12(7):
€0087309.
https://doi.org/10.1136/jitc-2023-008739

de-Brito NM, Duncan-Moretti J, da-Costa HC, et al., 2020.
Acrobic glycolysis is a metabolic requirement to maintain
the M2-like polarization of tumor-associated macrophages.
Biochim Biophys Acta Mol Cell Res, 1867(2):118604.
https://doi.org/10.1016/j.bbamcr.2019.118604

Deng L, Stafford JH, Liu SC, et al., 2017. SDF-1 blockade en-
hances anti-VEGF therapy of glioblastoma and can be
monitored by MRI. Neoplasia, 19(1):1-7.
https://doi.org/10.1016/j.ne0.2016.11.010

Journal of Zhejiang University-SCIENCE B 2026 27(10):1096-1116 | 1111

Erlich JR, To EE, Luong R, et al., 2022. Glycolysis and the
pentose phosphate pathway promote LPS-induced NOX2
oxidase- and IFN-B-dependent inflammation in macro-
phages. Antioxidants, 11(8):1488.
https://doi.org/10.3390/antiox 11081488

Fan GY, Xie TJ, Li L, et al., 2024. Single-cell and spatial anal-
yses revealed the co-location of cancer stem cells and
SPP1+ macrophage in hypoxic region that determines the
poor prognosis in hepatocellular carcinoma. npj Precis
Oncol, 8:75.
https://doi.org/10.1038/s41698-024-00564-3

Fujiwara T, Yakoub MA, Chandler A, et al., 2021. CSF1/CSF1R
signaling inhibitor pexidartinib (PLX3397) reprograms
tumor-associated macrophages and stimulates T-cell in-
filtration in the sarcoma microenvironment. Mol Cancer
Ther, 20(8):1388-1399.
https://doi.org/10.1158/1535-7163.MCT-20-0591

Galluzzi L, Buqué A, Kepp O, et al., 2017. Immunogenic cell
death in cancer and infectious disease. Nat Rev Immunol,
17(2):97-111.
https://doi.org/10.1038/nri.2016.107

Gao C, Cheng KM, Li Y, et al., 2022. Injectable immunother-
apeutic hydrogel containing RNA-loaded lipid nanoparti-
cles reshapes tumor microenvironment for pancreatic can-
cer therapy. Nano Lett, 22(22):8801-88009.
https://doi.org/10.1021/acs.nanolett.2c01994

Gao J, Liang YZ, Wang L, 2022. Shaping polarization of
tumor-associated macrophages in cancer immunotherapy.
Front Immunol, 13:888713.
https://doi.org/10.3389/fimmu.2022.888713

Hilt ZT, Morrell CN, 2020. Essential amino acids—essential
in arterial thrombosis. Circulation, 142(1):65-67.
https://doi.org/10.1161/CIRCULATIONAHA.120.046817

Homicsko K, Zygoura P, Norkin M, et al., 2023. PD-1-
expressing macrophages and CD8 T cells are indepen-
dent predictors of clinical benefit from PD-1 inhibition
in advanced mesothelioma. J Immunother Cancer, 11(10):
¢007585.
https://doi.org/10.1136/jitc-2023-007585

Hou SY, Zhao YC, Chen JJ, et al., 2024. Tumor-associated
macrophages in colorectal cancer metastasis: molecular
insights and translational perspectives. J Transl Med, 22:
62.
https://doi.org/10.1186/s12967-024-04856-x

Huang SCC, Everts B, Ivanova Y, et al., 2014. Cell-intrinsic
lysosomal lipolysis is essential for alternative activation
of macrophages. Nat Immunol, 15(9):846-855.
https://doi.org/10.1038/ni.2956

Huang SCC, Smith AM, Everts B, et al., 2016. Metabolic re-
programming mediated by the mTORC2-IRF4 signaling
axis is essential for macrophage alternative activation.
Immunity, 45(4):817-830.
https://doi.org/10.1016/j.immuni.2016.09.016

Huang Y, Xie Y, Zhang YQ, et al., 2025. Single-cell transcriptome
reveals the reprogramming of immune microenvironment



1112 | Journal of Zhejiang University-SCIENCE B 2026 27(10):1096-1116

during the transition from MASH to HCC. Mol Cancer,
24:1717.
https://doi.org/10.1186/s12943-025-02370-2

Jelinic P, Ricca J, van Oudenhove E, et al., 2018. Immune-
active microenvironment in small cell carcinoma of the
ovary, hypercalcemic type: rationale for immune check-
point blockade. J Natl Cancer Inst, 110(7):787-790.
https://doi.org/10.1093/jnci/djx277

Jha AK, Huang SCC, Sergushichev A, et al., 2015. Network
integration of parallel metabolic and transcriptional data
reveals metabolic modules that regulate macrophage po-
larization. Immunity, 42(3):419-430.
https://doi.org/10.1016/j.immuni.2015.02.005

Jia SY, Bode AM, Chen X, et al., 2024. Unlocking the poten-
tial: targeting metabolic pathways in the tumor microen-
vironment for cancer therapy. Biochim Biophys Acta
Rev Cancer, 1879(5):189166.
https://doi.org/10.1016/j.bbcan.2024.189166

Jian H, Wang XB, Song PP, et al., 2022. Tumor microcalcification-
mediated relay drug delivery for photodynamic immuno-
therapy of breast cancer. Acta Biomater, 140:518-529.
https://doi.org/10.1016/j.actbio.2021.12.014

Jin XH, Zhang N, Yan TH, et al., 2025. Lactate-mediated met-
abolic reprogramming of tumor-associated macrophages:
implications for tumor progression and therapeutic po-
tential. Front Immunol, 16:1573039.
https://doi.org/10.3389/fimmu.2025.1573039

Jing WQ, Guo X, Wang GY, et al., 2020. Breast cancer cells
promote CD169" macrophage-associated immunosuppres-
sion through JAK2-mediated PD-L1 upregulation on macro-
phages. Int Immunopharmacol, 78:106012.
https://doi.org/10.1016/j.intimp.2019.106012

Kennel KB, Greten FR, 2021. Immune cell-produced ROS
and their impact on tumor growth and metastasis. Redox
Biol, 42:101891.
https://doi.org/10.1016/j.redox.2021.101891

KimY, Lee S, Jon S, 2024. Liposomal delivery of an immuno-
stimulatory CpG induces robust antitumor immunity and
long-term immune memory by reprogramming tumor-
associated macrophages. Adv Healthc Mater, 13(6):2300549.
https://doi.org/10.1002/adhm.202300549

Kuang J, Rao ZY, Zheng DW, et al., 2023. Nanoparticles
hitchhike on monocytes for glioblastoma treatment after
low-dose radiotherapy. ACS Nano, 17(14):13333-13347.
https://doi.org/10.1021/acsnano.3c01428

Lee Y, Bogdanoff D, Wang YT, et al., 2021. XYZeq: spatially
resolved single-cell RNA sequencing reveals expression
heterogeneity in the tumor microenvironment. Sci Adv,
7(17):eabgd755.
https://doi.org/10.1126/sciadv.abg4d 755

Li QY, Zhang XY, Ke RQ, 2022. Spatial transcriptomics for
tumor heterogeneity analysis. Front Genet, 13:906158.
https://doi.org/10.3389/fgene.2022.906158

Li WQ, Yuan Q, Li M, et al., 2024. Research advances on signal-
ing pathways regulating the polarization of tumor-associated

macrophages in lung cancer microenvironment. Front
Immunol, 15:1452078.
https://doi.org/10.3389/fimmu.2024.1452078

Li Z, Yu QJ, Zhu QY, et al., 2022. Applications of machine
learning in tumor-associated macrophages. Front Immu-
nol, 13:985863.
https://doi.org/10.3389/fimmu.2022.985863

Liao ZX, Ou DL, Hsieh MJ, et al., 2021. Synergistic effect of
repolarization of M2 to M1 macrophages induced by iron
oxide nanoparticles combined with lactate oxidase. Int J
Mol Sci, 22(24):13346.
https://doi.org/10.3390/ijms222413346

Lin H, Wei S, Hurt EM, et al., 2018. Host expression of PD-L1
determines efficacy of PD-L1 pathway blockade—mediated
tumor regression. J Clin Invest, 128(2):805-815.
https://doi.org/10.1172/IC196113

Lin JY, Liu YH, Liu PY, et al., 2023. SNHG17 alters anaero-
bic glycolysis by resetting phosphorylation modification
of PGKI1 to foster pro-tumor macrophage formation in
pancreatic ductal adenocarcinoma. J Exp Clin Cancer
Res, 42:339.
https://doi.org/10.1186/s13046-023-02890-z

Lin WW, Luo YK, Wu J, et al., 2023. Loss of ADAR1 in macro-
phages in combination with interferon gamma suppresses
tumor growth by remodeling the tumor microenvironment.
J Immunother Cancer, 11(11):¢007402.
https://doi.org/10.1136/jitc-2023-007402

Liu C, Xie JD, Lin B, et al., 2024. Pan-cancer single-cell and
spatial-resolved profiling reveals the immunosuppres-
sive role of APOE+ macrophages in immune checkpoint
inhibitor therapy. Adv Sci, 11(23):2401061.
https://doi.org/10.1002/advs.202401061

Liu MG, O’Connor RS, Trefely S, et al., 2019. Metabolic rewir-
ing of macrophages by CpG potentiates clearance of can-
cer cells and overcomes tumor-expressed CD47—mediated
‘don’t-eat-me’ signal. Nat Immunol, 20(3):265-275.
https://doi.org/10.1038/s41590-018-0292-y

Liu PS, Wang HP, Li XY, et al., 2017. a-Ketoglutarate orches-
trates macrophage activation through metabolic and epi-
genetic reprogramming. Nat Immunol, 18(9):985-994.
https://doi.org/10.1038/ni.3796

Liu Q, Yang CG, Wang SY, et al., 2020. Wnt5a-induced M2
polarization of tumor-associated macrophages via IL-10
promotes colorectal cancer progression. Cell Commun
Signal, 18:51.
https://doi.org/10.1186/s12964-020-00557-2

Liu YT, Zugazagoitia J, Ahmed FS, et al., 2020. Immune cell
PD-L1 colocalizes with macrophages and is associated
with outcome in PD-1 pathway blockade therapy. Clin
Cancer Res, 26(4):970-977.
https://doi.org/10.1158/1078-0432.CCR-19-1040

Lu YJ, Sun QK, Guan QF, et al., 2023. The XOR-IDH3a axis
controls macrophage polarization in hepatocellular carci-
noma. J Hepatol, 79(5):1172-1184.
https://doi.org/10.1016/j.jhep.2023.06.022



Lyu A, Fan ZH, Clark M, et al., 2025. Evolution of myeloid-
mediated immunotherapy resistance in prostate cancer.
Nature, 637(8048):1207-1217.
https://doi.org/10.1038/s41586-024-08290-3

Magkouta SF, Vaitsi PC, Pappas AG, et al., 2021. CSF1/
CSF1R axis blockade limits mesothelioma and enhances
efficiency of anti-PDL1 immunotherapy. Cancers, 13(11):
2546.
https://doi.org/10.3390/cancers13112546

Mantovani A, Biswas SK, Galdiero MR, et al., 2013. Macro-
phage plasticity and polarization in tissue repair and re-
modelling. J Pathol, 229(2):176-185.
https://doi.org/10.1002/path.4133

Martinez-Usatorre A, Kadioglu E, Boivin G, et al., 2021.
Overcoming microenvironmental resistance to PD-1 block-
ade in genetically engineered lung cancer models. Sci
Transl Med, 13(606):eabd1616.
https://doi.org/10.1126/scitranslmed.abd 1616

Meng J, Li L, Xu Y, et al., 2023. A simple liposome-based
bionic bacterium for tumor treatment by re-education of
tumor-associated microphages in combination with che-
motherapy. Colloids Surf B Biointerfaces, 222:113069.
https://doi.org/10.1016/j.colsurfb.2022.113069

Menga A, Serra M, Todisco S, et al., 2020. Glufosinate con-
strains synchronous and metachronous metastasis by pro-
moting anti-tumor macrophages. EMBO Mol Med, 12(10):
el1210.
https://doi.org/10.15252/emmm.201911210

Menga A, Favia M, Spera I, et al., 2021. N-Acetylaspartate re-
lease by glutaminolytic ovarian cancer cells sustains pro-
tumoral macrophages. EMBO Rep, 22(9):e51981.
https://doi.org/10.15252/embr.202051981

Mondini M, Loyher PL, Hamon P, et al., 2019. CCR2-dependent
recruitment of Tregs and monocytes following radiother-
apy is associated with TNFo-mediated resistance. Cancer
Immunol Res, 7(3):376-387.
https://doi.org/10.1158/2326-6066.CIR-18-0633

Negrea G, Rauca VF, Meszaros MS, et al., 2022. Active tumor-
targeting nano-formulations containing simvastatin and
doxorubicin inhibit melanoma growth and angiogenesis.
Front Pharmacol, 13:870347.
https://doi.org/10.3389/fphar.2022.870347

Niu ZY, Shi Q, Zhang WL, et al., 2017. Caspase-1 cleaves
PPARy for potentiating the pro-tumor action of TAM:s.
Nat Commun, 8:766.
https://doi.org/10.1038/s41467-017-00523-6

Oh MH, Sun IH, Zhao L, et al., 2020. Targeting glutamine
metabolism enhances tumor-specific immunity by modu-
lating suppressive myeloid cells. J Clin Invest, 130(7):
3865-3884.
https://doi.org/10.1172/JCI131859

Ohradanova-Repic A, Machacek C, Charvet C, et al., 2018.
Extracellular purine metabolism is the switchboard of im-
munosuppressive macrophages and a novel target to treat
diseases with macrophage imbalances. Front Immunol, 9:

Journal of Zhejiang University-SCIENCE B 2026 27(10):1096-1116 | 1113

852.
https://doi.org/10.3389/fimmu.2018.00852

Ostuni R, Kratochvill F, Murray PJ, et al., 2015. Macro-
phages and cancer: from mechanisms to therapeutic im-
plications. Trends Immunol, 36(4):229-239.
https://doi.org/10.1016/].1t.2015.02.004

Owaki T, lida T, Miyai Y, et al., 2024. Synthetic retinoid-
mediated preconditioning of cancer-associated fibroblasts
and macrophages improves cancer response to immune
checkpoint blockade. Br J Cancer, 131(2):372-386.
https://doi.org/10.1038/s41416-024-02734-3

Palmieri EM, Menga A, Martin-Pérez R, et al., 2017. Pharma-
cologic or genetic targeting of glutamine synthetase skews
macrophages toward an M1-like phenotype and inhibits
tumor metastasis. Cell Rep, 20(7):1654-1666.
https://doi.org/10.1016/j.celrep.2017.07.054

Park DJ, Sung PS, Lee GW, et al., 2021. Preferential expres-
sion of programmed death ligand 1 protein in tumor-
associated macrophages and its potential role in immuno-
therapy for hepatocellular carcinoma. Int J Mol Sci, 22(9):
4710.
https://doi.org/10.3390/ijms22094710

Peckert-Maier K, Langguth P, Strack A, et al., 2023. CD83
expressed by macrophages is an important immune check-
point molecule for the resolution of inflammation. Front
Immunol, 14:1085742.
https://doi.org/10.3389/fimmu.2023.1085742

Peranzoni E, Lemoine J, Vimeux L, et al., 2018. Macrophages
impede CD8 T cells from reaching tumor cells and limit
the efficacy of anti—PD-1 treatment. Proc Natl Acad Sci
USA, 115(17):E4041-E4050.
https://doi.org/10.1073/pnas.1720948115

Petty AJ, Li A, Wang XY, et al., 2019. Hedgehog signaling
promotes tumor-associated macrophage polarization to
suppress intratumoral CD8" T cell recruitment. J Clin In-
vest, 129(12):5151-5162.
https://doi.org/10.1172/IC1128644

Petty AJ, Dai R, Lapalombella R, et al., 2021. Hedgehog-
induced PD-L1 on tumor-associated macrophages is crit-
ical for suppression of tumor-infiltrating CD8" T cell
function. JCI Insight, 6(6):¢146707.
https://doi.org/10.1172/jci.insight. 146707

Plotkin DL, Delcastillo K, van Every DW, et al., 2021. Isolated
leucine and branched-chain amino acid supplementation
for enhancing muscular strength and hypertrophy: a nar-
rative review. Int J Sport Nutr Exerc Metab, 31(3):292-301.
https://doi.org/10.1123/ijsnem.2020-0356

Praharaj M, Shen F, Lee AJ, et al., 2024. Metabolic repro-
gramming of tumor-associated macrophages using gluta-
mine antagonist JHUO83 drives tumor immunity in myeloid-
rich prostate and bladder cancers. Cancer Immunol Res,
12(7):854-875.
https://doi.org/10.1158/2326-6066.CIR-23-1105

Raines LN, Zhao HX, Wang YZ, et al., 2022. PERK is a crit-
ical metabolic hub for immunosuppressive function in



1114 | Journal of Zhejiang University-SCIENCE B 2026 27(10):1096-1116

macrophages. Nat Immunol, 23(3):431-445.
https://doi.org/10.1038/s41590-022-01145-x

Ravi M, Paramesh V, Kaviya SR, et al., 2015. 3D cell culture
systems: advantages and applications. J Cell Physiol,
230(1):16-26.
https://doi.org/10.1002/jcp.24683

Reinfeld BI, Madden MZ, Wolf MM, et al., 2021. Cell-
programmed nutrient partitioning in the tumour micro-
environment. Nature, 593(7858):282-288.
https://doi.org/10.1038/541586-021-03442-1

Rongvaux A, Willinger T, Martinek J, et al., 2014. Develop-
ment and function of human innate immune cells in a hu-
manized mouse model. Nat Biotechnol, 32(4):364-372.
https://doi.org/10.1038/nbt.2858

Roux C, Jafari SM, Shinde R, et al., 2019. Reactive oxygen
species modulate macrophage immunosuppressive phe-
notype through the up-regulation of PD-L1. Proc Natl
Acad Sci USA, 116(10):4326-4335.
https://doi.org/10.1073/pnas. 1819473116

Saqib J, Park B, Jin Y, et al., 2023. Identification of niche-
specific gene signatures between malignant tumor micro-
environments by integrating single cell and spatial tran-
scriptomics data. Genes, 14(11):2033.
https://doi.org/10.3390/genes14112033

Sato T, Sugiyama D, Koseki J, et al., 2025. Sustained inhibi-
tion of CSFI1R signaling augments antitumor immunity
through inhibiting tumor-associated macrophages. JCI
Insight, 10(1):e178146.
https://doi.org/10.1172/jci.insight. 178146

Shao N, Qiu H, Liu J, et al., 2025. Targeting lipid metabolism
of macrophages: a new strategy for tumor therapy. J Adv
Res, 68:99-114.
https://doi.org/10.1016/j.jare.2024.02.009

Sharma G, Ojha R, Noguera-Ortega E, et al., 2020. PPT1 in-
hibition enhances the antitumor activity of anti—PD-1 anti-
body in melanoma. JCI Insight, 5(17):e133225.
https://doi.org/10.1172/jci.insight.133225

Shen WH, Liu T, Pei P, et al., 2022. Metabolic homeostasis-
regulated nanoparticles for antibody-independent cancer
radio-immunotherapy. Adv Mater, 34(51):2207343.
https://doi.org/10.1002/adma.202207343

Shimizu D, Yuge R, Kitadai Y, et al., 2024. Pexidartinib and
immune checkpoint inhibitors combine to activate tumor
immunity in a murine colorectal cancer model by deplet-
ing M2 macrophages differentiated by cancer-associated
fibroblasts. Int J Mol Sci, 25(13):7001.
https://doi.org/10.3390/ijms25137001

Shimoyama S, Okada K, Kimura T, et al., 2023. FF-10850, a
novel liposomal topotecan achieves superior antitumor
activity via macrophage- and ammonia-mediated payload
release in the tumor microenvironment. Mol Cancer Ther,
22(12):1454-1464.
https://doi.org/10.1158/1535-7163.MCT-23-0099

Singh S, Lee N, Pedroza DA, et al., 2022. Chemotherapy cou-
pled to macrophage inhibition induces T-cell and B-cell

infiltration and durable regression in triple-negative breast
cancer. Cancer Res, 82(12):2281-2297.
https://doi.org/10.1158/0008-5472.CAN-21-3714

Song N, Cui K, Zeng LQ, et al., 2024. Advance in the role of
chemokines/chemokine receptors in carcinogenesis: focus
on pancreatic cancer. Eur J Pharmacol, 967:176357.
https://doi.org/10.1016/j.ejphar.2024.176357

Stack EC, Wang CC, Roman KA, et al., 2014. Multiplexed
immunohistochemistry, imaging, and quantitation: a re-
view, with an assessment of tyramide signal amplification,
multispectral imaging and multiplex analysis. Methods,
70(1):46-58.
https://doi.org/10.1016/j.ymeth.2014.08.016

Stoth M, Freire Valls A, Chen MY, et al., 2019. Splenectomy
reduces lung metastases and tumoral and metastatic niche
inflammation. /nt J Cancer, 145(9):2509-2520.
https://doi.org/10.1002/ijc.32378

Su P, Wang Q, Bi EG, et al., 2020. Enhanced lipid accumula-
tion and metabolism are required for the differentiation
and activation of tumor-associated macrophages. Cancer
Res, 80(7):1438-1450.
https://doi.org/10.1158/0008-5472.CAN-19-2994

Sui DZ, Liang KF, Gui YX, et al., 2022. Optimization design
of sialic acid derivatives enhances the performance of li-
posomes for modulating immunosuppressive tumor micro-
environments. Life Sci, 310:121081.
https://doi.org/10.1016/j.1£5.2022.121081

Tan Z, Xie N, Cui HC, et al., 2015. Pyruvate dehydrogenase
kinase 1 participates in macrophage polarization via regu-
lating glucose metabolism. J Immunol, 194(12):6082-6089.
https://doi.org/10.4049/jimmunol.1402469

Tang JH, Ming L, Qin FY, et al., 2024. The heterogeneity of
tumour-associated macrophages contributes to the clin-
ical outcomes and indications for immune checkpoint
blockade in colorectal cancer patients. Immunobiology,
229(3):152805.
https://doi.org/10.1016/j.imbio.2024.152805

Tartey S, Neale G, Vogel P, et al., 2021. A MyD88/IL1R axis
regulates PD-1 expression on tumor-associated macro-
phages and sustains their immunosuppressive function in
melanoma. Cancer Res, 81(9):2358-2372.
https://doi.org/10.1158/0008-5472.CAN-20-3510

Tavakoli S, Downs K, Short JD, et al., 2017. Characterization
of macrophage polarization states using combined mea-
surement of 2-deoxyglucose and glutamine accumulation:
implications for imaging of atherosclerosis. Arterioscler
Thromb Vasc Biol, 37(10):1840-1848.
https://doi.org/10.1161/ATVBAHA.117.308848

Tharp KM, Kersten K, Maller O, et al., 2024. Tumor-associated
macrophages restrict CD8" T cell function through colla-
gen deposition and metabolic reprogramming of the breast
cancer microenvironment. Nat Cancer, 5(7):1045-1062.
https://doi.org/10.1038/s43018-024-00775-4

Tsai TL, Zhou TA, Hsieh YT, et al., 2022. Multiomics reveal
the central role of pentose phosphate pathway in resident



thymic macrophages to cope with efferocytosis-associated
stress. Cell Rep, 40(2):111065.
https://doi.org/10.1016/j.celrep.2022.111065

Tsuruta A, Shiiba Y, Matsunaga N, et al., 2022. Diurnal ex-
pression of PD-1 on tumor-associated macrophages un-
derlies the dosing time-dependent antitumor effects of the
PD-1/PD-L1 inhibitor BMS-1 in B16/BL6 melanoma-
bearing mice. Mol Cancer Res, 20(6):972-982.
https://doi.org/10.1158/1541-7786.MCR-21-0786

Voissiére A, Gomez-Roca C, Chabaud S, et al., 2024. The
CSF-1R inhibitor pexidartinib affects FLT3-dependent DC
differentiation and may antagonize durvalumab effect in
patients with advanced cancers. Sci Trans! Med, 16(731):
eadd1834.
https://doi.org/10.1126/scitranslmed.add1834

Wainberg ZA, Eisenberg PD, Sachdev JC, et al., 2016. Phase
1/2a study of double immune suppression blockade by
combining a CSFIR inhibitor (pexidartinib/PLX3397)
with an anti PD-1 antibody (pembrolizumab) to treat ad-
vanced melanoma and other solid tumors. J Clin Oncol,
34(S4):TPS465.
https://doi.org/10.1200/JC0O.2016.34.4 SUPPL.TPS465

Wan C, Sun YJ, Tian Y, et al., 2020. Irradiated tumor cell—-
derived microparticles mediate tumor eradication via cell
killing and immune reprogramming. Sci Adv, 6(13):
eaay9789.
https://doi.org/10.1126/sciadv.aay9789

Wang HG, Yung MMH, Ngan HYS, et al., 2021. The impact
of the tumor microenvironment on macrophage polariza-
tion in cancer metastatic progression. Int J Mol Sci, 22(12):
6560.
https://doi.org/10.3390/ijms22126560

Wang XD, Zhang SL, Xue DX, et al., 2025. Metabolic repro-
gramming of macrophages in cancer therapy. Trends En-
docrinol Metab, 36(7):660-676.
https://doi.org/10.1016/j.tem.2024.08.009

Wei F, Wang D, Wei JY, et al., 2021. Metabolic crosstalk in
the tumor microenvironment regulates antitumor immuno-
suppression and immunotherapy resisitance. Cell Mol
Life Sci, 78(1):173-193.
https://doi.org/10.1007/s00018-020-03581-0

Wei ZH, Zhang XQ, Yong TY, et al., 2021. Boosting anti-PD-1
therapy with metformin-loaded macrophage-derived micro-
particles. Nat Commun, 12:440.
https://doi.org/10.1038/s41467-020-20723-x

Wen ZW, Sun HY, Zhang ZH, et al., 2023. High baseline
tumor burden-associated macrophages promote an immuno-
suppressive microenvironment and reduce the efficacy
of immune checkpoint inhibitors through the IGFBP2-
STAT3-PD-L1 pathway. Cancer Commun, 43(5):562-581.
https://doi.org/10.1002/cac2.12420

Wu SZ, Al-Eryani G, Roden DL, et al., 2021. A single-cell
and spatially resolved atlas of human breast cancers. Nat
Genet, 53(9):1334-1347.
https://doi.org/10.1038/541588-021-00911-1

Journal of Zhejiang University-SCIENCE B 2026 27(10):1096-1116 | 1115

Xiao BJ, Li GJ, Gulizeba H, et al., 2024. Choline metabolism
reprogramming mediates an immunosuppressive micro-
environment in non-small cell lung cancer (NSCLC) by
promoting tumor-associated macrophage functional polar-
ization and endothelial cell proliferation. J Trans! Med,
22:442.
https://doi.org/10.1186/s12967-024-05242-3

Xu C, Xia Y, Zhang BW, et al., 2023. Macrophages facilitate
tumor cell PD-L1 expression via an IL-1B-centered loop
to attenuate immune checkpoint blockade. MedComm,
4(2):e242.
https://doi.org/10.1002/mco02.242

Xu LJ, Li BY, Pi CY, et al., 2022. Targeting CD89 on tumor-
associated macrophages overcomes resistance to immune
checkpoint blockade. J Immunother Cancer, 10(12):
€005447.
https://doi.org/10.1136/jitc-2022-005447

Xu SM, Wang CY, Yang LG, et al., 2023. Targeting immune
checkpoints on tumor-associated macrophages in tumor
immunotherapy. Front Immunol, 14:1199631.
https://doi.org/10.3389/fimmu.2023.1199631

Yan HL, Shi JH, Dai Y, et al., 2022. Technique integration of
single-cell RNA sequencing with spatially resolved tran-
scriptomics in the tumor microenvironment. Cancer Cell
Int, 22:155.
https://doi.org/10.1186/s12935-022-02580-4

Yang H, Kim C, Zou WP, 2024. Metabolism and macro-
phages in the tumor microenvironment. Curr Opin Im-
munol, 91:102491.
https://doi.org/10.1016/j.c01.2024.102491

Yang LF, Venneti S, Nagrath D, 2017. Glutaminolysis: a hall-
mark of cancer metabolism. Annu Rev Biomed Eng, 19:
163-194.
https://doi.org/10.1146/annurev-bioeng-071516-044546

Zeng WT, Li F, Jin SK, et al., 2023. Functional polarization
of tumor-associated macrophages dictated by metabolic
reprogramming. J Exp Clin Cancer Res, 42:245.
https://doi.org/10.1186/s13046-023-02832-9

Zhang N, Liu CH, Jin L, et al., 2020. Ketogenic diet elicits
antitumor properties through inducing oxidative stress, in-
hibiting MMP-9 expression, and rebalancing M1/M2 tumor-
associated macrophage phenotype in a mouse model of
colon cancer. J Agric Food Chem, 68(40):11182-11196.
https://doi.org/10.1021/acs.jafc.0c0404 1

Zhao K, Shi RC, Miao HM, 2021. A review of the lipid me-
tabolism reprogramming in tumor associated macrophages.
J Sichuan Univ (Med Sci), 52(1):45-49 (in Chinese).
https://doi.org/10.12182/20210160202

Zhao X, Ren T, Li SJ, et al., 2024. A new perspective on the
therapeutic potential of tumor metastasis: targeting the
metabolic interactions between TAMs and tumor cells.
Int J Biol Sci, 20(13):5109-5126.
https://doi.org/10.7150/ijbs.99680

Zhen XY, Li YJ, Yuan WQ, et al.,, 2024. Biointerface-
engineered hybrid nanovesicles for targeted reprogramming



1116 | Journal of Zhejiang University-SCIENCE B 2026 27(10):1096-1116

of tumor microenvironment. Adv Mater, 36(41):2401495. Zhu Y, Yang J, Xu D, et al., 2019. Disruption of tumour-

https://doi.org/10.1002/adma.202401495 associated macrophage trafficking by the osteopontin-

Zhou W, Hu GL, He JL, et al., 2022. SENP1-Sirt3 signaling induced colony-stimulating factor-1 signalling sensitises
promotes o-ketoglutarate production during M2 macro- hepatocellular carcinoma to anti-PD-L1 blockade. Gut,
phage polarization. Cell Rep, 39(2):110660. 68(9):1653-1666.
https://doi.org/10.1016/j.celrep.2022.110660 https://doi.org/10.1136/gutjnl-2019-318419

Zhu NC, Chen SJ, Jin Y, et al., 2024. Enhancing glioblastoma  Zuo B, Li T, Liu XY, et al., 2023. Dipeptidyl peptidase 4 in-
immunotherapy with integrated chimeric antigen recep- hibitor reduces tumor-associated macrophages and en-
tor T cells through the re-education of tumor-associated hances anti-PD-L1-mediated tumor suppression in non-
microglia and macrophages. ACS Nano, 18(17):11165- small cell lung cancer. Clin Trans! Oncol, 25(11):3188-
11182. 3202.

https://doi.org/10.1021/acsnano.4c00050 https://doi.org/10.1007/s12094-023-03187-5



