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KEY WORDS Abstract Macrophages are immune cells capable of exerting both pro-tumor and anti-tumor effects.
Tumor-associated macrophages (TAMs) comprise a heterogeneous group of macrophages originating
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umor-associated from monocytes and resident tissue macrophages. Their phenotypes and functions vary depending on fac-

macrophages; . . . .
T LR . tors such as tumor type, location, and stage. TAMs can promote tumor growth, angiogenesis, metastasis,

umor microenvironment; X K . o . i X .
Heterogeneity; immunosuppression, and drug resistance, or they can facilitate antigen presentation and immune activa-
Single-cell omics; tion, thereby contributing to tumor elimination. As such, TAMs are potential targets for cancer therapy,
Targeted therapy; and various pharmacological strategies and clinic-approved drugs have been suggested to modulate their
Drug development; activity, recruitment, and depletion. However, the complexity and diversity of TAMs present significant
Tumor immunity; challenges to understanding their roles and designing effective drug interventions. This review summa-
Precision medicine rizes the current knowledge of TAMs, and drug development for TAMs as anti-tumor therapy targets,

emphasizing the importance of single-cell omics technologies for characterizing TAM heterogeneity
and identifying therapeutic opportunities. Additionally, it presents the latest clinical trials focused on
TAM-targeted therapies and drugs. Collectively, this review discusses the therapeutic opportunities and
challenges of TAM-targeted drug therapies and offers future perspectives and directions for advancing
our understanding and manipulation of TAMs in drug development.
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1. Introduction

Understanding the complexity of tumor microenvironment (TME)
is crucial for advancing cancer therapy. Among the various
cellular components within TME, tumor-associated macrophages
(TAMs), a heterogeneous group of immune cells, play essential
but diverse roles in cancer development and therapy resistance'~.
TAMs are derived from monocytes and tissue-resident macro-
phages and exert both pro-tumor and anti-tumor effects depending
on their spatial distribution and interaction with other cells®.
TAMs can promote tumor angiogenesis and cancer cell prolifer-
ation and metastasis, induce immunosuppressive TME, and confer
resistance to anti-cancer therapy*> (Fig. 1). Conversely, TAMs can
directly mediate the phagocytosis of cancer cells, or interact with
innate and adaptive immune cells to promote cytotoxic killing of
tumor cells® (Fig. 1). Therefore, TAMs’ dual roles in pro-tumor
and anti-tumor activities underscore the importance of decipher-
ing their functions within the TME.

Given their pivotal roles in modulating tumor behavior, tar-
geting TAMs for cancer therapy has garnered significant
attention®>”°. Therapeutic strategies aimed at reprogramming
TAMs to an anti-tumor phenotype, inhibiting their recruitment to
tumor sites, or depleting them altogether are currently being
explored'®~12. However, TAMs are highly flexible, and their po-
larization is influenced by various cytokines, signaling pathways,
and factors in the TME, which pose substantial challenges in
studying their mechanisms and developing effective drugs'>'*.
The traditional model of macrophage polarization -classifies
macrophages into two broad categories: M1 and M2

Figure 1

macrophages'®>. M1 TAMs are induced by stimuli such as inter-
feron-y (IFN-v) or microbial products like lipopolysaccharide
(LPS), and are characterized by their high expression of pro-
inflammatory cytokines, including tumor necrosis factor-«
(TNF-«), interleukin-6 (IL-6), and interleukin-18 (IL-18), and
their ability to kill tumor cells'®'’. M2 TAMs are typically
induced by cytokines like interleukin-4 (IL-4) and interleukin-10
(IL-10). They are involved in tissue repair, wound healing, and
immune suppression. M2 macrophages promote tumor
progressionlg.

However, this M1/M2 classification is overly simplistic and does
not fully capture the complexity of TAMs, which exhibit significant
heterogeneity'®. Strategies for targeting specific subsets of TAMs
are warranted. Recent advancements in single-cell omics, particu-
larly single-cell RNA sequencing (scRNA-seq), have enabled the
unbiased and comprehensive characterization of TME, including
TAM populations®®?'. Unlike traditional bulk sequencing methods,
scRNA-seq allows the analysis of gene expression at the individual
cell level, unveiling diverse subpopulations and dynamic states of
TAMs that were previously obscured®'. scRNA-seq also facilitates
the integration of TAMs with other types of immune cells, uncov-
ering their crosstalk with other cells®> 2>,

Here, we will explore the latest advances in the understanding
of TAMs, particularly through the lens of single-cell omics tech-
nologies, and summarize the clinical approaches to targeting
TAMs in cancer treatment. We propose that a better understanding
of TAM diversity and plasticity within cancer will enable the
development of more effective and personalized anti-cancer
therapies.

The dual roles of tumor-associated macrophages (TAMs) in tumor development. TAMs play a dual role in tumor development. On

one hand, TAMs can promote tumor progression by advancing immunosuppression, promoting tumor angiogenesis, and facilitating the prolif-
eration, survival, and metastasis of tumor cells. On the other hand, TAMs can also suppress cancer progression through the production of pro-

inflammatory cytokines, induction of antigen presentation and T-cell activation, and the generation of reactive oxygen species (ROS) and

reactive nitrogen species (RNS).
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2. The complex roles of TAMs in tumor development

TAMs play a dual role in cancer development and are a critical
focus in cancer research. Developing strategies to modulate their
function or deplete their populations within the TME is prom-
ising®®. However, the dynamic and heterogeneous nature of TAMs
presents significant challenges. In this section, we will provide an
overview of the roles and contributions of TAMs to the tumor
microenvironment, the challenges associated with targeting them
in cancer therapy, and the rationale behind this approach.

2.1.  Regulation of TAM polarization in the tumor
microenvironment

TAMs exhibit remarkable plasticity, with their polarization influ-
enced by a variety of cytokines, signaling pathways, and factors
within the TME.

A key regulator of TAM polarization is colony-stimulating
factor 1 (CSF-1) and its receptor (CSF-1R)*’. CSF-1, primarily
secreted by malignant cells, binds to CSF-1R on TAMs, triggering
receptor activation and initiating downstream pathways, such as
the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/
forkhead box protein O1 (FOXO1) axis, which promotes M1 to
M2 polarization associated with tumor progression®>2°. CSF-1R
activation also activates other critical pathways, including extra-
cellular signal-regulated kinase 1/2 (ERK1/2), signal transducer
and activator of transcription 3 (STAT3), and phospholipase C
gamma 2, which together drive M2 polarization®®. In addition, the
TME is rich in cytokines like IL-4 and IL-10, which also drive M2
polarization®'.

Furthermore, recent studies have revealed that metabolic
reprogramming plays a pivotal role in TAM polarization and im-
pacts their immune functions in the TME??. M1 macrophages pri-
marily rely on glycolysis for rapid energy consumption, alongside
the pentose phosphate pathway and fatty acid synthesis to support
membrane integrity and pro-inflammatory functions®>. In contrast,
M2 macrophages switch to oxidative metabolism, characterized by
fatty acid oxidation and oxidative phosphorylation, while
decreasing glycolysis and pentose phosphate pathway activity>*>°.
This metabolic shift is intricately linked to the altered metabolic
landscape of the TME, which often features conditions such as
hypoxia and nutrient scarcity. Under these conditions, M2 macro-
phages adapt by switching from glycolysis to oxidative metabolism,
allowing them to thrive in the low-oxygen, nutrient-poor TME. For
example, lipid droplet-laden macrophages were enriched in hepa-
tocellular carcinoma (HCC) tissues and were associated with dis-
ease progression in patients. Tumor-induced alterations in cellular
lipids, along with the uptake of tumor-derived fatty acids, contribute
to the synthesis of triglycerides and the formation of lipid droplets in
macrophages. These lipid droplets enhance the survival and C—C
motif chemokine ligand 20 (CCL20) secretion of macrophages,
which in turn recruits C—C motif chemokine receptor 6-positive
regulatory T cells (Tregs) to HCC tissue.

2.2.  The cancer-promoting roles of TAMs

2.2.1.  Advancing immunosuppression

2.2.1.1.  Inhibition of CD8" T cell activity. TAMs are gener-
ally believed to exhibit an M2-like phenotype, which plays a key
role in the inhibition of cytotoxic T lymphocytes, also known as
CDS8™ T cells (Fig. 2). CD8" T cells are end-effectors for cancer
surveillance. The decreased infiltration of CD8' T cells into

tumors is correlated with poor prognosis in cancer patients>® %,

TAMs downregulate chemokines such as C—X—C motif chemo-
kine ligand 9/10, which are essential for recruiting CD8" T cells
into the tumor site®. Consequently, the diminished infiltration of
cytotoxic CD8% T cells in the TME allows tumors to grow.
Moreover, TAMs express various immune checkpoint ligands,
including programmed death-ligand 1/2 (PD-L1/L2), B7-1
(CD80), and B7-2 (CD86). These ligands interact with their re-
ceptors on CD8™ T cells, inhibiting CD8" T cell proliferation and
activation, thus further impairing the anti-tumor response and
contributing to the immune-evasive TME***!. TAMs also express
inhibitory receptors, such as human leukocyte antigen-E (HLA-E)
and human leukocyte antigen-G (HLA-G), to induce immune
suppression. HLA-E and HLA-G major histocompatibility com-
plex (MHC) class I molecules negatively regulate the activation of
CD8" T cells™*.

Another layer of TAM-mediated immunosuppression involves
their interaction with Tregs. Tregs impair CD8" T cell activation
and thus contribute to immune evasion**. Tregs and M2-like TAMs
create a positive feedback loop that exacerbates the immunosup-
pressive state. M2-like TAMs promote the infiltration and activation
of Tregs, which, in turn, facilitate the polarization of the M2-like
phenotype of TAMs”*>#® Mechanistically, TAMs secrete chemo-
kines, such as CCL20, IL-10, C—C motif chemokine ligand 2—5
and transforming growth factor-beta (TGF-3), contributing to the
recruitment of Tregs into the TME, while Tregs produce cytokines
like IL-10 or repress CD8" T cell-derived IFN-vy, which promote
the M2-like polarization of TAMs**4>4748 (Fig_ 3).

2.2.1.2.  Recruitment of myeloid-derived suppressor cells
(MDSCs). MDSCs represent a group of myeloid cells that have
potent immunosuppressive activities. These cells inhibit various
immune cells, including CD8' T cells and natural killer (NK)
cells, thus contributing to the immune invasion*®°°. TAMs secrete
chemokines, including C—C motif chemokine ligand 2 (CCL2),
C—C motif chemokine ligand 5, and C—X—C motif chemokine
ligand 8, to attract MDSCs to the tumor site ! Additionally,
TAMs also produce cytokines like IL-10, and growth factors such
as granulocyte-macrophage colony-stimulating factor, macro-
phage colony-stimulating factor, and vascular endothelial growth
factor (VEGF), which promote the differentiation and survival of
MDSCs*>* (Fig. 2).

2.2.1.3.  Induction of metabolic interference. TAMs also affect
the functional capacity of T cells through metabolic interference.
They deplete essential amino acids such as L-arginine and tryp-
tophan from the TME. L-Arginine is vital for cytotoxic CD8* T
cells, and its depletion hinders cytotoxic T cell functionality>*>°.
Similarly, the consumption of tryptophan by TAMs also impairs
the cytotoxic ability of T cells’>*°. Additionally, TAMs adapt to
the hypoxic conditions of the TME by relying on glycolysis,
which produces lactic acid and contributes to the acidic tumor
milieu. This environment supports the survival and function of
Tregs while suppressing CD8" T cell proliferation, further
inhibiting effective immune responses®*. On the other hand, Tregs
can alter the metabolic fitness of TAMs, thereby enhancing their

e . 44
ability to suppress immune responses” .

2.2.2.  Promoting tumor angiogenesis
2.2.2.1. Secreting pro-angiogenic factors. TAMs secrete
several pro-angiogenic factors, including VEGF, IL-18, IL-6,
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Figure 2  The roles of TAMs in promoting cancer progression. (A) Advancing immunosuppression. TAMs can directly inhibit CD8* T cell
activity or interact with Tregs and MDSCs to indirectly inhibit CD8" T cell activity through multiple mechanisms. (B) Promoting tumor
angiogenesis. TAMs promote angiogenesis by secreting pro-angiogenic factors that stimulate endothelial cells to form new vessels, induce the
differentiation of endothelial progenitor cells into mature endothelial cells, and remodel the extracellular matrix (ECM). (C) Promoting prolif-
eration, survival, and metastasis of tumor cells. TAMs directly enhance the malignant phenotypes of tumor cells, via secretion of growth factors,
interaction with cancer-associated fibroblasts (CAFs), and induction of tumor cell epithelial-to-mesenchymal transition (EMT).

Figure 3  Regulatory loops between M2 TAMs, Tregs and CD8™ T cells. Illustration of the complex interactions within M2 TAMs, Tregs, and
CD8™" T cells, as well as the related cytokines and receptors, that contribute to immune modulation.
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interleukin-8, and chemokines such as C—X—C motif chemokine
ligand 4, C—X—C motif chemokine ligand 8, C—X—C motif
chemokine ligand 10 (CXCL10), and CCL2, all of which promote
the formation of tumor blood vessels®’. Of these, VEGF is the
most potent inducer of angiogenesis, binding to its receptors:
VEGFR1-3. In particular, VEGFR2 activates the ERK1/2 and
PI3BK—Akt signaling pathways in endothelial cells, inducing
tumor angiogenesis>®. Evidence shows that depleting TAMs or
knocking down VEGF expression in macrophages significantly
impairs angiogenesis, whereas restoring VEGF expression rescues
tumor angiogenesis®™. TAMs also promote angiogenesis by
secreting chitinase-3-like protein 1 (YKL-40), which activates
ERK1/2 signaling in endothelial cells, enhancing the expression of
VEGFR-1 and VEGFR-2, which in turn fosters vessel sprout-
ing®>®! (Fig. 2).

Notably, a specific subset of TAMs, TEK receptor tyrosine
kinase-expressing monocytes (TEMs), plays a crucial role in
tumor angiogenesis. TEMs are recruited into tumors by
angiopoietin-2 (Ang-2), a ligand for TEK receptor tyrosine kinase
(Tie2) in endothelial cells, and are instrumental in the formation of
tumor blood vessels®>. A higher number of TEMs in tumor tissues
is positively correlated with decreased survival in cancer pa-
tients®*®*. The accumulation of TEMs in tumors following
chemotherapy, radiotherapy, and anti-angiogenic therapies also
suggests that they may play a crucial role in vascular recon-
struction®>%, However, the specific mechanism underlying TEM-
induced tumor angiogenesis remains largely unknown.

2.2.2.2.  Inducing differentiation of endothelial progenitor
cells. TAMs also promote the differentiation of endothelial
progenitor cells into mature endothelial cells, which are crucial for
the formation of new blood vessels. IL-6 and IL-10, secreted by
TAMs, activate the JAK—STAT3 signaling pathway in these

progenitor cells, promoting VEGF release and tumor
angiogenesis®’.
2.2.2.3. Remodeling of the extracellular matrix (ECM). TAMs

further promote tumor angiogenesis by secreting matrix metal-
loproteinases (MMPs) and urokinase-type plasminogen activator
(uPA). These molecules facilitate the degradation of basement
membranes and the ECM, which are essential for remodeling the
pre-existing vasculature and enabling the formation of new tumor
vessels®®6° (Fig. 2).

2.2.3.  Promoting proliferation, survival, and metastasis of
tumor cells

TAMs directly promote tumor cell malignant phenotypes through
multiple mechanisms. First, TAMs secrete high levels of growth
factors, like epidermal growth factor and insulin-like growth
factor, which bind with the respective receptors on cancer cells,
promoting cell proliferation’®”". Second, TAMs produce reactive
oxygen species (ROS) and reactive nitrogen species (RNS), which
induce oxidative and nitrosative stress in tumor cells. These
stresses typically lead to DNA damage and are traditionally
associated with cell death’”. However, in malignant cells, ROS
and RNS promote genomic instability, driving the emergence of
more aggressive tumor clones’>. Additionally, ROS and RNS
activate pro-survival PI3K/Akt and mitogen-activated protein ki-
nase (MAPK) pathways, which mediate the resistance of tumor
cells to apoptosis’®. Low levels of ROS also function as mitogens,
stimulating cell cycle progression’>, while ROS-derived

peroxynitrite promotes metastasis by activating MMPs to
degrade the extracellular matrix’®. Moreover, ROS upregulates
hypoxia-inducible factor la (HIF-1«), inducing VEGF-driven
angiogenesis, which supports tumor growth and metastasis’ "%,
What’s more, TAMs could collaborate with cancer-associated fi-
broblasts to create a supportive microenvironment for tumor
growth”%80,

In terms of metastasis, TAMs promote the epithelial-to-
mesenchymal transition of tumor cells via factors such as TGF-
8, which enhance the motility and invasiveness of tumor cells®'.
TAMs also secrete chemokines, including CCL2 and CCLS5, which
act as chemoattractants, guiding tumor cells toward blood and
lymphatic vessels, thereby facilitating their dissemination to
distant sites®* 3% Furthermore, as mentioned earlier, TAMs
degrade ECM and thus create a path for tumor cell invasion and
migration®®#°,

2.3.  The cancer-suppressing roles of TAMs

TAMs can also contribute to cancer suppression under certain
conditions. This anti-tumor role is primarily exhibited when
TAMs adopt an M1-like phenotype.

2.3.1.  Production of pro-inflammatory cytokines

MIl-like TAMs secrete pro-inflammatory cytokines, including
IFN-v, TNF-q«, and interleukin-12, which exert multiple anti-
tumor effects. These cytokines activate CD8" T cells and NK
cells, enhancing their capacity to recognize and destroy tumor
cells®. Additionally, M1-like TAMs modulate the expression of
adhesion molecules and chemokine receptors on tumor cells,
impairing their migration and invasion®®®. In contrast, M2
macrophages contribute to tumor progression and immune evasion
due to their immunosuppressive characteristics'®. Studies have
shown that reprogramming M2 macrophages into M1 macro-
phages can significantly enhance anti-tumor immune
responses® °2. For example, p-lactate (DL), a metabolite pro-
duced by the gut microbiome, has been shown to reprogram the
M2 macrophages to an M1 phenotype. Research indicates that p,L-
loaded nanoparticles (DL@NP-M-M2pep) can specifically target
M2 macrophages within the TME and boost the secretion of pro-
inflammatory cytokines, IFN-vy, TNF-«, and interleukin-12,
thereby significantly improving anti-tumor immunity®>.

2.3.2.  Induction of antigen presentation and T-cell activation

MI-like TAMs can act as antigen-presenting cells by processing
and presenting tumor antigens, thereby priming T cells to recog-
nize and target tumor cells”*. Additionally, M1-like TAMs express
high levels of co-stimulatory molecules, such as CD80 and CD86,
which are critical for robust T cell activation and proliferation®.
Moreover, they secrete chemokines like C—X—C motif chemo-
kine ligand 9 and CXCL10, recruiting T cells to the tumor site and

. . . 926
enhancing the overall anti-tumor immune response”".

2.3.3.  Production of ROS and RNS

ROS and RNS have dual and opposite roles in tumor progression.
As mentioned before, TAMs generate ROS or RNS, contribute to
DNA damage and genomic instability of tumor cells, which in-
duces tumor clone selection, but also have cytotoxic effects on
tumor cells””?®, ROS and RNS can directly induce tumor cell
apoptosis and necrosis through oxidative and nitrosative stress’.
In ovarian cancer, TAMs produce NO and ROS, which enhance

chemotherapy sensitivity and promote tumor cell apoptosis'®.
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Moreover, ROS and RNS can modulate the signaling pathways
and gene expression of tumor cells, affecting their growth, dif-
ferentiation, and survival'®!. Collectively, the effects of ROS and
RNS mediated by TAMSs remain controversial.

2.4.  The identification of distinct TAM subpopulations and
functional roles via single-cell sequencing

While the dual roles of TAMs in promoting and suppressing tumor
progression are well recognized, emerging evidence suggests that
TAMs encompass a wider diversity of subpopulations with distinct
functions and characteristics beyond the traditional M1/M2 po-
larization model'®. This recognition highlights the importance of
developing targeted strategies to identify and address specific
TAM subsets. Such strategies have recently become feasible,
thanks to advancements in scRNA-seq technology.

scRNA-seq, an innovative technique, allows the analysis of
gene profiles at the resolution of individual cells'®®. Unlike con-
ventional bulk RNA-seq measuring the gene average level of a
population of cells, scRNA-seq can reveal the cellular heteroge-
neity and diversity within a tissue or organ, as well as the dynamic
changes of gene expression over time and space'®*!%*. scRNA-seq
is now widely used for studying various biological systems, such
as development, immunity, and cancer'®. As for TAMs, scRNA-
seq can directly identify multiple TAM clusters, analyze cellular
developmental trajectories, and reveal the molecular mechanisms
of TAM resistance'°*'%”. However, it is important to note that
scRNA-seq focuses primarily on mRNA expression and may not
capture the full spectrum of protein-level characteristics, which
are crucial for understanding TAM function and behavior.
Cytometry by time-of-fligh (CyTOF), which complements
scRNA-seq, addresses this limitation by enabling high-

Figure 4

dimensional protein marker analysis at the single-cell level.
CyTOF can measure over 70 markers simultaneously, providing
detailed and comprehensive protein expression profiles'%!%,
When used in conjunction with scRNA-seq, CyTOF enhances the
accuracy of TAM subset classification by validating the gene
expression profiles identified in scRNA-seq, offering a more
complete picture of TAM heterogeneity and functional diversity.
For instance, in the study of 3-hydroxyanthranilic acid (3-HAA) in
HCC, scRNA-seq and CyTOF analyses identified distinct
macrophage subsets that were modulated by 3-HAA treatment.
CyTOF revealed a significant increase in the percentage of F4/
80MCX3CR1"Ki67"°MHC-II" macrophages and a decrease in F4/
80'°CD64"PD-L1'" macrophages, complementing scRNA-seq
data that showed 3-HAA’s influence on the function of M1, M2,
and proliferating macrophages''®. Besides, recent studies have
integrated scRNA-seq and spatial transcriptomics technologies to
identify TAM subpopulations, with a particular focus on vimen-
tin™&" macrophages. These vimentin™&" macrophages were found
to interact with regulatory T cells and play a crucial role in tumor
progression and response to immunotherapy''!.

Through the combined use of scRNA-seq, CyTOF and other
single-cell omics, several major categories of TAMs have been
identified, including immunoregulatory TAMs, inflammatory
cytokine-enriched TAMs, interferon-primed TAMs, pro-
angiogenic TAMs, and lipid-associated TAMs>'. It is important
to note that these classifications are not mutually exclusive; some
TAM subpopulations exhibit overlapping characteristics (Fig. 4).
For example, lipid-associated TAMs in breast cancer can be either
immunosuppressive or inflammatory, as revealed by scRNA-seq
analyses of both human and mouse tissues''>. SPPI-positive
TAMs contribute to an immunosuppressive TME while also dis-
playing pro-angiogenic functions®"''>. Therefore, to provide a

Single-cell sequencing (scRNA-seq) reveals TAM heterogeneity. (A) A detailed procedure for scRNA-seq, enabling the analysis of

gene profiles at the resolution of individual cells. (B) Identification of novel TAM subpopulations and their functional roles within the tumor

microenvironment.



4462

An-Qi Li et al.

complementary perspective to existing reviews, this summary
categorizes TAM subsets based on their core gene expression
profiles.

2.4.1. SPPI-positive (SPP1") TAMs

Secreted phosphoprotein 1 (SPP1/Osteopontin)™ TAMs are char-
acterized by high expression of SPPI''*. SPP1 is a secreted
phosphoprotein. It can function as a cytokine that interacts with
integrins and cluster of differentiation 44 (CD44), mediating
macrophage adhesion, migration, and activation''>~'"7. It also
contributes to macrophage-mediated tissue remodeling by modu-
lating extracellular matrix components and regulating MMPs
during immune responses and wound healing''®'"°.

SPPI" TAMs highly secrete VEGF, a vital pro-angiogenesis
factor. Thus, SPPIT TAMs are initially recognized as pro-
angiogenic TAMs. A recent study generated a comprehensive
atlas of tumor vasculature at single-cell resolution. This study
identified SPP1™ TAMs as a primary source of VEGF for neo-
vascularization, highlighting their significant interactions with
vascular cells and their co-occurrence with tip cells, which are
essential for vessel sprouting, as demonstrated by spatial tran-
scriptomics data'?®. Additionally, higher SPPI expression was
observed in hypoxia-responsive macrophages located in the tu-
mor’s hypoxic core'?*'?!,

SPPI" TAMs have been linked to the stemness of cancer cells.
Inhibition of SPP1 has been shown to decrease the levels of
N-cadherin and §-catenin, as well as the activation of the AKT and
STAT3 pathways, which are associated with tumor cell stem-
ness'?2. Consistently, in gastric cancer, cancer stem cells express
high levels of CD44, a functional receptor of SPP1. The SPP1/
CD44 axis is likely linked to tumor stemness and contributes to
resistance to anticancer therapies'>’. The significance of SPP1/
CD44 signaling has also been implicated in glioma and HCC,
further underscoring its role in therapy resistance and tumor
progression'?*123,

SPPI1" TAMs also exhibit an immunosuppressive function.
SPPI" TAMs are primarily presented in the invasive front of
colorectal cancers and are linked to the expression of HLA-G, a
marker associated with immune evasion'?®. In liver cancer, a higher
number of SPPI* TAMs correlate with immunotherapy resis-
tance'>*. SPP1 secreted from TAM:s also plays a role in promoting
cancer-associated fibroblast infiltration while suppressing CD8" T
cell infiltration into tumor tissues'?’. Additionally, SPP1 expression
in certain TAM subpopulations decreases the efficacy of anti-PD-1
therapy in melanoma. Mechanistically, SPP1 can directly or indi-
rectly promote the recruitment and expansion of Treg cells in the
TME, reducing T cell activation and proliferation by modulating
PD-L1 expression on TAMs'?2.

2.4.2. TREM2-positive (TREM2") TAMs

TREM2% TAMs are defined by the high expression of TREM2
(Triggering Receptor Expressed on Myeloid Cells 2), primarily
expressed on macrophages. TREM2" TAMs are related to lipid
metabolism, actively scavenging lipoproteins through cluster of
differentiation 36 and macrophage receptor with collagenous
structure (MARCO)'?®, characterizing them as lipid-associated
macrophages'?. scRNA-seq analyses of human tumors have
identified TREM2" macrophages in various cancers'>’. In hepa-
tocellular carcinoma, TREM2" TAMs display elevated expression
of TREM2, folate receptor 8 (FOLR2), and CD163, resembling
lipid-associated macrophages, and are enriched in tumor tissues.
Their presence is associated with poor prognosis. Pseudotime

analysis indicates that TREM2" TAMs express genes involved in
angiogenesis and exhibit high M2 polarization scores'!. In lung
cancer, TREM2" TAMs show enrichment in lipid metabolism
genes (e.g., apolipoprotein C1, apolipoprotein C2, and apolipo-
protein E) and immunomodulatory proteins, including SPPI,
complement Clq C chain, CD206, arginase-1, and IL-10"%2,
TREM2% TAMs also exert robust immunosuppressive effects.
They inhibit both CD4* and CD8* T cell activity while promoting
the expansion of regulatory T cells. Depletion of Trem2™ TAMs
has been shown to reverse this immunosuppressive environment
and suppress tumor growth'?®. In breast cancer, TREM2" TAMs
correlate with the presence of immunosuppressive, desmoplastic,
and hypoxic tumor stroma'?®. In melanoma, TREM2" TAMs
overexpress several immunosuppressive markers, including SPP1,
complement Clq C chain, CD206, arginase-1, and IL10, which are
associated with the complement system and the regulation of
immune suppression'®®. Additionally, TREM2" TAMs are impli-
cated in T cell exhaustion, with experimental models demon-
strating that combination therapy with anti-TREM?2 and anti-PD-1
antibodies reduces M2-like TAM populations and enhances the
activation of CD8" T cells'®*. As a result, the presence of
TREM2" TAM:s is typically associated with poor prognosis.
However, recent studies have highlighted a potentially pro-
tective role for TREM?2 in certain contexts. Trem2 deficiency has
been shown to accelerate glioblastoma progression in vivo'>.
Spatial sequencing analyses in glioblastoma have revealed that
TREM? expression is downregulated in TAMs within the tumor,
which negatively correlates with the expression of immunosup-
pressive myeloid signatures and markers of T cell exhaustion'?S.
Furthermore, adeno-associated virus-mediated overexpression of
Trem2 has been found to inhibit glioblastoma progression and
enhance the therapeutic efficacy of anti-PD-1 treatments'3¢,
Moreover, TREM2" TAMs play a critical role in angiogenesis
across several cancer types. In liver cancer, these macrophages
express higher levels of angiogenesis-related genes, such as
VEGFA, fibroblast growth factor 18, and fibroblast growth factor
receptor 1''. Further single-cell analyses in lung cancer have
shown that TREM2" TAMs are strongly associated with tumor
progression'*>. Pseudotime analysis suggests that these macro-
phages not only upregulate angiogenesis-related genes but also
exhibit a pronounced M2 polarization, which is characteristic of

their immunosuppressive and tumor-promoting roles'>'.

2.4.3.  MARCO-positive (MARCO™) macrophages

MARCO + TAMs are characterized by the high expression of the
scavenger receptor MARCO'?®, MARCO (Macrophage Receptor
with Collagenous Structure) is a pattern recognition receptor
primarily expressed on macrophages, and it plays an important
role in the immune response by mediating the recognition and
phagocytosis of a wide variety of pathogens and particulate mat-
ter, such as bacteria and dead cells'*”. MARCO™ macrophages are
also associated with the activation of lipid metabolism-related
pathways, such as liver X receptor/retinoid X receptor and far-
nesoid X receptor/liver X receptor'?%!38,

MARCO™" TAMs have been identified in various cancer types,
and characterize a pro-tumor cluster of TAMs'**'*%. Clinical
studies have highlighted that elevated MARCO expression cor-
relates with poor survival outcomes in patients, indicating its role
as a potential prognostic marker'**'%°, Interestingly, the abun-
dance of MARCO™ TAMs is significantly related to resistance to
anti-PD-1 therapy, underscoring their potential as predictive bio-
markers for immunotherapy responsel417144. Drugs targeting
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MARCO are currently undergoing preclinical validation, with the
aim of reshaping the tumor microenvironment and enhancing the
efficacy of existing immunotherapies. MARCO plays a role in the
regulation of macrophage polarization, often driving TAMs to-
ward the M2-like phenotype. This M2 polarization promotes the
secretion of immunosuppressive cytokines such as IL-10 and
TGE-$*""*. Thus, MARCO inhibition can repolarize TAMs to-
ward a pro-inflammatory phenotype, activating the anti-tumor
capacities of NK and T cells, inhibiting Treg activities, and
reducing tumor growth. Targeting MARCO has been shown to
reverse this pro-tumor phenotype by activating the anti-tumor
functions of NK cells and cytotoxic T cells while suppressing
Treg cell activity'**'*>*®_ Moreover, MARCO plays a role in the
phagocytosis of macrophages, facilitating tumor cell clearance.
MARCO binds to 85 integrin on tumor cells and activates the
phosphatidylinositol 3-kinase-Ras-related C3 botulinum toxin
substrate signal, which is crucial for efficient phagocytosis and

147
removal of tumor cells ™",

2.4.4. FOLR2-positive (FOLR2Y) TAMs

FOLR2" TAMs represent a subpopulation of macrophages with
high levels of folate receptor 8 (FOLR?2), as well as hyaluronan
receptor and mannose receptor C-Type 1 (MRCI1/CD206)"*3. The
gene signature of FOLR2" TAMs also includes genes such as
selenoprotein P (SEPPI), solute carrier family 40 member 1
(SLC40A1), and LYVEI, along with markers associated with both
M1 (e.g., CD8O, cluster of differentiation 40, and IL-6) and M2
(e.g., CD163, MRC1, and IL-10) polarization'®,

Therefore, FOLR2" macrophages exhibit diverse functions
that vary by cancer type. In breast cancer, sScRNA-seq studies in
both mouse and human tissues have identified FOLR2" macro-
phages, which are initially classified as T-cell-priming subsets.
They serve as potent antigen-presenting cells that can prime and
activate CD8" T cells''>. A FOLR2 gene signature is significantly
associated with improved survival.

Conversely, FOLR2* TAMs can also contribute to an immu-
nosuppressive microenvironment in lung cancer by facilitating the
infiltration and differentiation of CD4"NR4A3" cells into
Tregs'*’. Moreover, also in human breast cancer and colorectal
cancer, spatial analyses reveal a subset of FOLR2" macrophages
exhibiting tumor-promoting properties based on immunofluores-
cence (CODEX imaging) and scRNA-seq datasets'>°.

2.4.5. Clg-positive (Clg") TAMs

Complement component 1q (Clq) is the first component of the
classical complement pathway. Emerging evidence underscores the
critical roles of CIg™ TAMs in cancer immune evasion. These
macrophages are characterized by a distinct secretory profile,
prominently featuring the chemokine CXCL10 and the interleukin-
35 subunit Epstein-Barr virus-induced gene 3, both of which
contribute to the establishment of dysfunctional T-cell responses.
Clg"* TAMs are known to promote immune dysfunction by inter-
acting with exhausted T cells’> 17153 For instance, in renal cell
carcinoma, Clgt TAMs drive the upregulation of PD-I/ and
lymphocyte-activation gene 3 on CD8* T cells, thereby impairing
their function'>*'>*, Similarly, in cervical cancer, patients with high
densities of Cl¢g™ TAMs exhibit elevated expression of immune
checkpoint molecules such as CD40 ligand (CD40L), T cell
immunoreceptor with Ig and ITIM domains (TIGIT), cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), LAG3, and PD-
L1'%5. In preclinical models of melanoma, colon cancer, and lung
cancer, C1qg" TAMs express Epstein-Barr virus-induced gene 3, a

subunit of interleukin-35, which further exacerbates T cell
exhaustion'>®.

Clg™ TAMs can directly interact with T cells through the
CXCL10-C—X—C motif chemokine receptor 3 (CXCR3) axis.
This interaction is crucial for the recruitment and activation of
Thl responses'>’. Specifically, in lung cancer, increased CXCL10
production by CIg" TAMs correlates with elevated levels of
signal transducer and activator of transcription 1 (STAT1) and
interferon regulatory factor 1/7 (IRF1/7), which are important for
immune activation'*®'>®. Furthermore, in renal cell carcinoma,
the density of C1q* TAMs significantly correlates with the levels
of PD-1 and LAG3 on CD8" T cells, suggesting a role in the
modulation of T cell exhaustion'>>. Notably, studies have shown
that C1g" TAMs are mutually exclusive from SPP1T TAMs**!1%8,
Furthermore, TAMs, exhibiting higher Clq but lower SPPI, ex-
press higher levels of immune checkpoint molecules than those
with lower Clg and higher SPPI in cervical cancer'”®. Addi-
tionally, C1¢™ TAMs express elevated levels of human leukocyte
antigen—DR isotype, potentially enhancing their interactions with
other immune cells'’.

Clinically, the increased number of C1¢q* TAMs is associated
with poor survival of patients across various cancers'®, including
renal cell carcinoma, hepatocellular carcinoma, and breast cancer,
with increased postsurgical recurrence' '>'3%'5% In osteosarcoma,
Clg™ TAMs are reversely correlated with the survival of pa-
tients'®'. In pancreatic ductal adenocarcinoma, Clq is elevated in
both primary tumors and hepatic metastases, compared to non-
tumoral tissue, with the presence of Clgt TAMs linked to a
worse prognosis' %%,

3. Drug development and therapeutic strategies targeting
TAM

Given their pivotal functions within the tumor microenvironment,
targeting TAMs presents promising targets for cancer treat-
ments'®. Here are the key points that form the rationale for this
therapeutic approach.

3.1.  Drug development strategies through TAM deletion

Clodronate encapsulated in liposomes can be phagocytosed by
macrophages, leading to their apoptosis]64’]65. Recognized as
foreign particles by macrophages, the liposome-encapsulated
clodronate is ingested, allowing the clodronate to be released
within the cells. Clodronate is then metabolized into a non-
hydrolyzable ATP analog, which could be subsequently trans-
ported into the mitochondria and bind with ATP/ADP translocase.
This binding obstructs the respiratory chain and initiates apoptosis
in the macrophages'®*. Clodronate-liposome-mediated depletion
of TAMs has shown inhibitory effects on tumor growth in various
mouse models'® '8, However, the intravenous injection of
clodronate-liposome does not allow for the targeting of specific
organs or tissues, resulting in systemic macrophage depletion'®.

Recently, a chimeric antigen receptor (CAR) T therapy tar-
geting the macrophage marker F4/80, called F4.CAR-T, has been
reported to eliminate TAMs. The findings demonstrated that F4.
CAR-T effectively killed macrophages and produced IFN-v,
consequently enhancing T cell activity and inhibiting tumor pro-
gression in a mouse lung cancer model'”®. The F4.CAR-T therapy
also exhibits anti-tumor effects in mouse ovarian and pancreatic

cancer models'’".
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However, translating these findings into human clinical trials
involves addressing several challenges, including ensuring the
safety and efficacy of the treatment, understanding the different
macrophage populations in human tissues, and developing tar-
geted delivery mechanisms to avoid off-target effects.

3.2.  Therapeutic approaches for inhibiting TAM recruitment

Inhibition of TAM recruitment is also a promising strategy for
targeting TAMs. Macrophages or monocytes are recruited into
tumor tissues by CSF-1, CCL2, and CXCL12 and become TAMs
under stimulation of tumor cells or TME>'7>~!73,

Firstly, CSFI1R drives the recruitment and polarization of
TAMs>"'7®. Blocking the CSF1/CSFIR axis reduces TAM infil-
tration by inhibiting monocyte differentiation and eliminating
existing TAMs'”"'78 For example, PLX3397 (pexidartinib), a
tyrosine kinase inhibitor, effectively inhibits CSFIR activity'”’.
Currently, PLX3397 is being investigated in clinical trials for its
potential to treat various malignancies, including glioblastoma,
breast cancer, melanoma, and others, by reducing the recruitment
of M2 macrophages'®~'®2. The clinical potential of PLX3397
was further validated with its FDA approval in 2019 for the
treatment of tenosynovial giant cell tumor (TGCT), based on the
results of the ENLIVEN phase 3 trial (NCT02371369). Three
additional studies are currently underway: 1) Phase 3
(NCT04488822) targeting TGCT management in China, 2) Phase
2 (NCT04703322) examining the use of Pexidartinib in Japanese
TGCT populations for regional validation, and 3) Phase 2
(NCTO01042379) exploring its potential application in breast
cancer. These ongoing trials aim to address key challenges,
including geographic applicability, dose optimization, and
expansion into solid tumors, demonstrating a structured approach
to post-marketing development’®. Another CSFIR inhibitor,
LY3022855, is also being tested in a clinical trial'®*. Additionally,
combination therapies utilizing anti-CSFIR and anti-CD40 have
demonstrated significant efficacy in reducing TAMs and Tregs.
Consequently, there is an increased infiltration of tumor-
infiltrating CD8" T cells targeting tumor cells'.

The CCL2/CCR2 signaling pathway also plays a critical role in
the TAM chemotaxis>'®>. Within the TME, tumor cells and stromal
cells, like endothelial cells, are capable of producing CCL2, which
leads to the recruitment of CCR2-positive monocytes into tumor
sites'®. Consequently, the inhibition of the CCL2/CCR2 signal
reduces the infiltration of TAMs!3>!1877189, Carlumab, a CCL2-
neutralizing antibody, has been tested in the clinical trials
(NCTO00537368 and NCT01204996). However, Carlumab has yet to
demonstrate significant anti-tumor effects'*’. Even when combined
with standard chemotherapy agents, Carlumab still did not show
substantial clinical efficacy'®!. In another phase II clinical trial
(NCT00992186) focused on prostate cancer, Carlumab resulted in
stable disease (SD) in a subset of patients, but no complete response
(CR) or partial response (PR) was observed'®?. The exact anti-
tumor effects of Carlumab require further investigation.

On the other hand, CCR2 inhibitors are also under evalua-
tion®®'%3. MLN1202, a CCR2-neutralizing antibody, was evalu-
ated in a clinical trial (NCT01015560). While the treatment was
well-tolerated, its anti-tumor activity remained unclear'®*.
CCX872 B, another CCR?2 inhibitor, was also tested in advanced,
unresectable pancreatic cancer (NCT02345408). The trial com-
bined CCX872 B with the chemotherapy regimen
S5-fluorouracil + leucovorin + irinotecan + oxaliplatin
(FOLFIRINOX), enrolling 50 patients, 76% of whom had

metastatic disease. The study reported a disease control rate of
78% and an objective response rate of 30%—37% for the com-
bination of CX872 B and FOLFIRINOX, with no notable safety
concerns related to CCX872 B. These findings suggest that
CCX872 B may have a positive therapeutic effect in this patient
population'®>. More recently, a dual CCR2/CCR5 antagonist,
BMS-813160, in combination with Nivolumab (anti-PD-1), is
being tested as both neoadjuvant and adjuvant therapy for locally
advanced pancreatic ductal adenocarcinoma (NCT03767582)'%°.
The CXCL12/CXCR4 pathway also recruits macrophages to
the tumor microenvironment. Tumor cells secrete CXCL12 (also
known as stromal cell-derived factor 1, or SDF-1), which binds to
CXCR4 on monocytes. This signaling promotes the recruitment of
monocytes into the TME and facilitates their transformation into
immunosuppressive TAMs'*7!8. So far, more than 20 CXCR4-
targeted therapies are under development. Mozobil (Plerixafor),
a small molecule, has been approved in China for the treatment of
lymphoma and myeloma. Motixafortide (BL-8040), a synthetic
peptide targeting CXCR4, is being evaluated in clinical trials for

breast and pancreatic cancer'®®.

3.3.  Targeting and druggable strategies by TAM reprogramming

Stimulatory signals from tumor cells, immune cells, and stromal
cells can shift TAMs from anti-tumor to pro-tumor!'>*!732% Thjs
plasticity offers potential strategies for the reprogramming of
TAMs in cancer therapy.

One common treatment strategy is to use chemotherapy drugs
to selectively reprogram TAMs**'?%2, For example, Cyclophos-
phamide, a widely used chemotherapy drug, enhances the secre-
tion of pro-inflammatory M1 cytokines, while decreasing M2-
related cytokines'”>?%. Another strategy involves the combina-
tion of DNMT inhibitor 5-azacytidine and o«-difluor-
omethylornithine, which has been shown to improve patient
survival and reduce tumor burden. This combination therapy re-
duces M2-like TAMs and increases M1 TAMs within the TME**,

Additionally, Toll-like receptor (TLR) agonists have shown
potential for reprogramming TAMs by activating the TLR
signaling pathway. This activation upregulates the expression of
MIl-related genes, like CD86, CD80, and CD40. Several TLR
agonists, including imiquimod and 852A (TLR7 agonists)®®,
IMO-2055 (a TLR9 agonist)**®, and Rsiquimod (R848, a TLR7/
TLRS agonist)®”’, are being tested for their effectiveness against
solid tumors. Imiquimod is the only FDA-approved topical treat-
ment for squamous and basal cell carcinomas?****°, while IMO-
2055 has demonstrated preclinical activity in various studies>'’.
These findings suggest that TLR agonists could be combined with
other anti-tumor agents for further clinical evaluation.

Tie2 inhibitors may also have the potential to target TAMs>'".
As mentioned before, TEMs play a crucial role in tumor angio-
genesis, cancer cell invasion, and metastasis>'>?'?, Inhibitors of
Tie2, such as Rebastinib and Regorafenib, have demonstrated anti-
tumor activity. Rebastinib, for example, alters immune -cell
composition in ascites and, when combined with chemotherapy,
significantly extends survival in ovarian cancer models>'*.
Regorafenib, a multi-kinase inhibitor with anti-angiogenic prop-
erties, targets both VEGFR2 and Tie2 tyrosine kinase activity,
potentially inhibiting TEMs in addition to its effects on endo-
thelial cells*'>>'®,

Chimeric Antigen Receptor Macrophage (CAR-M) therapy is
another innovative strategy. CAR-M therapy involves genetically
modifying macrophages to recognize and attack cancer cells.
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Preclinical studies have shown the superior efficacy of CAR-M
in solid tumors, and two CAR-M therapies have been approved
for clinical trials*'”*'®, CT-0508, an anti-HER2 CAR-M
therapy, is currently being tested in a phase I clinical trial for
patients with relapsed/refractory HER2-overexpressing tumors
(NCT04660929)*'72'° " Another trial is evaluating MCY-M11,
which expresses CAR targeting mesothelin for the treatment of
recurrent/refractory ovarian cancer and peritoneal mesothelioma
(NCT03608618)*%°. Recent studies have demonstrated that
Vinblastine, a chemotherapeutic agent, has been shown to promote
the conversion of M2-like TAMs into M1 macrophages, which in
turn activate CD8" T cells®?!. Additionally, the use of second-
generation chimeric antigen receptor (CAR) macrophages repre-
sents another promising strategy to enhance M1 polarization. By
integrating the intracellular TIR domain of TLR4 with the CD3¢
signaling domain to construct the CD3{—TIR—CAR, macro-
phages can be selectively reprogrammed to an M1 phenotype, not
only enhancing M1-mediated antigen presentation but also pro-
moting T cell activation®*>,

These findings suggest that TAM reprogramming, through
various therapeutic strategies, holds great promise for enhancing
anti-tumor immunity and improving clinical outcomes for cancer
patients.

3.4.  Therapeutic strategies for modulating TAM-driven
phagocytosis

Cluster of differentiation 47 (CD47), a protein overexpressed on
tumor cells, binds with SIRPa on macrophages and sends the
“don’t eat me” signal to macropathSZB_225 . Blocking the
CD47—SIRP« axis will enhance macrophage phagocytosis®®.
This approach is particularly effective when combined with other
treatments like transarterial chemoembolization or immune ther-
apy targeting PD-L1. Combining anti-CD47 therapy with PD-L1
inhibitors or using bispecific antibodies targeting both PD-L1
and SIRP« significantly improves anti-tumor effects®>">2%,

Another study showed that the MHC I component (2M
expressed by cancer cells bound the inhibitory receptor leukocyte
immunoglobulin-like receptor subfamily B member 1 (LILRB1)
on macrophages, similar to the CD47 pathway, preventing
macrophage phagocytosis of tumor cells*?°. Inhibiting LILRB1 or
its absence increased macrophage phagocytosis and prolonged
survival by 70% in mice with tumors***. Combining this inhibition
with anti-CD47 antibodies enhanced the macrophage’s tumor-
killing ability without harming normal tissues>>’.

Moreover, CD24 is highly expressed in tumors and binds to
Siglec10 in macrophages, also inhibiting phagocytosis®>!*%2.
Blocking Siglec10 in hepatocellular carcinoma reduces the levels
of immunosuppressive molecules, enhances CD8" T cell cyto-
toxicity, and improves the efficacy of the anti-PD-1?**. Conse-
quently, upregulation of Siglec10 is linked to poor patient
prognosis, and its inhibition, CD24 blockade, or genetic ablation

reduces tumor growth and prolongs survival in vivo™'.

3.5.  Advancing TAM-targeted therapies via single-cell
sequencing

scRNA-seq provides valuable insights into TAM subpopulations,
revealing their dynamic changes and heterogeneity. Therefore, this
technology can guide the development of drugs targeting specific

TAM subgroups, potentially altering their behavior or abundance
to enhance the anti-tumor response.

A key pro-tumoral role of TAMs is to suppress the immune
system and promote tumor immune evasion'’>***?3 Ag dis-
cussed previously, TREM?2 has been considered as an essential
gene for the immunosuppressive function of TAMs'?>!'*°, In a
mouse model, targeting Trem2" macrophages with an anti-
TREM?2 antibody has shown promise in enhancing the efficacy
of ICIs, increasing T cell anti-tumor activity, and suppressing
tumor growth '*°. Moreover, in humans, anti-TREM2 antibody
PY314, without or with the combination of Pembrolizumab (anti-
PD-1), is being assessed under an ongoing clinical trial (NCT
04691375)'**. MARCO 1is another potential target. MARCO™
TAMs have been linked to immunosuppression and poor patient
outcomes>**?*’. In mouse breast cancer, colon carcinoma, and
melanoma models, anti-MARCO immunoglobulin G exhibits an
anti-tumor effect through inducing a pro-inflammatory role of
TAMs and increasing tumor immunogenicity and also enhances
the effectiveness of immune checkpoint blokadge'*'. Similarly,
studies in other cancer models showed that targeting MARCO
inhibited tumor growth and metastasis effectively, and increased
tumor microenvironment immunogenicity'****, thus sensitizing
tumors to immune treatments like anti-CTLA-4 or anti-PD-
L1'41144239  Nonetheless, further clinical applications are
required to test the effectiveness of anti-MARCO therapy.

Additionally, pro-angiogenic TAMs are prevalent in most solid
tumors and play a critical role in stimulating angiogenesis, making
them potential therapeutic targets. To date, anti-angiogenic ther-
apies in cancer focus on the inhibition of the VEGF—VEGFR
signal®*. However, these drugs will lead to tumor hypoxia and
drug resistance®2*'. One of the mechanisms is that hypoxia
promotes TEM recruitment via Ang-2°“**2. Combining VEGF
inhibitors with Ang-2 inhibitors has shown promise for improving
outcomes. For example, in mouse models of glioblastoma, a bis-
pecific Ang-2/VEGF antibody improved survival and delayed
tumor growth more effectively than either therapy alone®*.
Similarly, a humanized bispecific nanobody, BI836880, could
target VEGF and Ang-2 simultaneously and also showed a sig-
nificant effect on suppressing nasopharyngeal cancer”**. Another
target for pro-angiogenic TAMs would be SPP1. As we have
summarized, SPP1 is crucial for TAM pro-angiogenic functions.
Bromodomain and extraterminal inhibitors were identified as
potential drugs that suppressed SPP1 expression in TAMs. In
multiple tumor models, bromodomain and extraterminal inhibitors
could reduce tumor growth by inhibiting SPP1 expression and
blocking the CD44—SPP1 axis '*32*7248,

There are also other novel strategies for targeting TAMs based
on the utility of scRNA-seq. TREM1, a proinflammatory molec-
ular expressed on monocytes and macrophages, is another po-
tential anti-tumor target®***>°. A TREM1 agonist, PY159, has
been developed to promote a proinflammatory TME, enhancing T
cell activation and showing anti-tumor efficacy in mouse
models®*. Similarly, nonapeptide GF9, a TREM1 inhibitor®"?>2,
reduced tumor burden®? and sensitized the tumor cells to anti-
PDL1 treatment™®.

Collectively, advancements in understanding TAM biology,
particularly through scRNA-seq, have opened new avenues for
targeting TAM-mediated immunosuppression, angiogenesis, etc.
These insights have led to the development of novel therapeutic
agents that are being tested in preclinical and clinical settings
(summarized in Table 1).
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3.6.  Current challenges and obstacles in the application of
TAM-targeted strategies

Despite the promising potential of targeting TAMs in cancer
immunotherapy, several clinical trials have revealed significant
challenges that warrant further investigation. For example, Pex-
idartinib, as we mentioned before, has been approved for treating
TGCT, and is being tested in breast cancer and other malig-
nancies. However, in a Phase 2 trial for glioblastoma, Pexidartinib
was discontinued due to limited efficacy®>. Similarly, the com-
bination of Cabiralizumab, an anti-CSFIR antibody, and nivolu-
mab in pancreatic cancer failed to meet its primary endpoint.
Carlumab, targeting CCL2 to inhibit TAM recruitment in prostate
cancer, also showed no significant impact on disease progres-
sion'®?. These examples highlight the complexity and hetero-
genicity of cancers, underscoring the need for further efforts to
assess the efficacy of anti-TAM treatments. In addition to the ef-
ficacy, several challenges must be addressed for TAM-targeted
therapies to succeed:

1) Safety concerns. As demonstrated in the Carlumab trial for
prostate cancer, targeting CCL2 may lead to off-target effects,
highlighting the risks associated with modulating the immune
system. This suggests that precision targeting of specific TAM
subpopulations, such as SPPI™ or Clgt TAMs, could mini-
mize the risk of unwanted immune suppression or enhance-
ment, which could otherwise result in adverse effects.

2) Therapeutic resistance. Like other immunotherapies, TAM-
targeting strategies are susceptible to resistance mechanisms.
Tumor plasticity, as evidenced by the failure of the Cabir-
alizumab/nivolumab combination, presents a significant chal-
lenge. Tumors can adapt by recruiting compensatory myeloid
cells, thereby limiting the efficacy of TAM-targeted therapies.

3) Delivery methods: The experience with Pexidartinib un-
derscores the difficulty in effectively delivering TAM-targeting
agents to the tumor microenvironment. Despite success in
treating other cancers, its failure in glioblastoma highlights the
significant biological barriers that must be overcome to ensure
efficient drug delivery.

These challenges illustrate the need for continued research to
optimize TAM-targeted therapies and address key issues related to
safety, resistance, and drug delivery.

4. Conclusion and perspectives

The field of TAM-targeted therapies is rapidly evolving, with the
integration of emerging technologies and innovative strategies.
Here, we summarize the latest knowledge regarding TAM het-
erogeneity and functions, introduce the advantage of scRNA-seq
in uncovering TAM heterogeneity, and discuss the implications for
developing effective anti-cancer drugs targeting TAMs.

TAMs are not a homogeneous population, exhibiting variations
in phenotype and function based on their tumor location and
cancer stage. This heterogeneity complicates the development of
universal TAM-targeting therapies'**>*. Moreover, TAMs’ plas-
ticity, induced by the tumor microenvironment, may undermine
the therapeutic effects, as TAMs may revert to a pro-tumor
phenotype after treatment®>*. Rather than adhering to a binary

classification of M1 or M2, TAMs display a spectrum of func-
tional states, further complicating targeting efforts>>>*>®, More-
over, systemic macrophage targeting may also result in unintended
consequences, such as impaired wound healing and increased
susceptibility to infections*>’**%. Consequently, studying TAM
heterogeneity is crucial for understanding tumor progression
mechanisms and anti-cancer drug development.

As scRNA-seq technology advances, we will gain a deeper
insight into the diversity and functionality of TAMs. TAMs are
progressively emerging as potential targets for cancer therapy,
promising significant breakthroughs in cancer treatment. However,
we must also recognize the dual roles that TAMs play in tumor
development, as they both promote tumor angiogenesis and
modulate immune responses, suppressing tumor growth. scRNA-
seq technology enables us to comprehensively grasp the molecular
characteristics and functions of different TAM subpopulations and
to design various drugs targeting TAMs. This translational journey
from scRNA sequencing to drug discovery not only enhances the
precision and effectiveness of targeted therapy but also contributes
to the advancement of personalized medicine, providing more
suitable treatment strategies for specific patient groups. Addi-
tionally, emerging technologies such as scATAC-seq, scChIP-seq,
CyTOF, and spatial transcriptomics are also poised to find
extensive applications in TAM research®°?°. The combined use
of these techniques will provide us with a more comprehensive
perspective, aiding in the understanding of both biological and
spatial characteristics of TAMs.

In the future, there will be a growing focus on the combination
of therapeutic strategies targeting TAMs to enhance the efficacy of
cancer treatment. Ongoing clinical trials and preliminary research
have already demonstrated the potential application prospects of
therapies targeting TAMs in cancer treatment. With further
research and clinical experiments, we can anticipate the entry of
more anti-cancer drugs targeting TAMs into clinical practice, of-
fering new treatment options for cancer patients.
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