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Abstract: Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer morbidity and mortality worldwide and
typically arises within a profoundly immunosuppressive tumor microenvironment (TME). Among the myeloid populations that
infiltrate the HCC microenvironment, tumor-associated macrophages (TAMs) are numerically dominant and function as central
orchestrators of tumor initiation, progression, and immune evasion. TAMs originate from both tissue-resident Kupffer cells and
bone marrow—derived monocytes, and are shaped by TME-derived cues such as hypoxia, metabolic stress, and inflammatory mediators
that polarize them toward a tumor-promoting, M2-like phenotype. Once activated, TAMs release pro-angiogenic and trophic factors
that sustain vascular remodeling and tumor proliferation, and they induce epithelial-mesenchymal transition (EMT) and stemness-
associated programs that facilitate invasion and metastasis. Concomitantly, TAMs suppress antitumor immunity through the secretion
of immunosuppressive cytokines such as IL-10 and TGF-B, the expression of PD-L1, and the recruitment of regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs). Clinically, a high density of TAM infiltration is strongly associated with aggressive
disease features, early recurrence, and poor prognosis. Given their dual roles in promoting immune escape and therapeutic resistance,
TAMs have emerged as critical nodes within the HCC ecosystem and as promising targets for translational intervention. This review
summarizes current understanding of TAM ontogeny, phenotypic diversity, and functional heterogeneity in HCC, delineates the
molecular and immunological mechanisms through which they drive tumor progression, and discusses emerging TAM-targeted
therapeutic strategies with clinical potential including CSF1R inhibition, CD47-SIRPa blockade, and chimeric antigen receptor—
macrophage (CAR-M) therapies.
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Introduction
Liver cancer ranks seventh in global incidence and third in cancer-related mortality, with hepatocellular carcinoma
(HCC) accounting for approximately 80% of all cases.' Its rising prevalence is strongly linked to the increasing burden of
risk factors such as chronic hepatitis B virus (HBV) infection, non-alcoholic fatty liver disease, and unhealthy lifestyle
behaviors.? Although surgical resection and locoregional therapies are effective for early-stage disease, the majority of
HCC patients are diagnosed at advanced stages, where curative options are limited. Historically, the lack of effective
systemic therapies has contributed to persistently high mortality rates. The advent of immunotherapies, particularly
immune checkpoint inhibitors (ICIs), has brought new therapeutic opportunities for patients with advanced HCC.>*
However, their clinical efficacy remains constrained by the profoundly immunosuppressive TME.

The HCC TME is composed of diverse non-tumor elements, including the extracellular matrix (ECM), fibroblasts,
and a complex array of immune cell populations.® Interactions among these components establish a protective niche that

shields tumor cells from immune elimination and promotes resistance to conventional therapies.® Among the immune
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infiltrates, TAMs constitute a predominant population, accounting for approximately 30—50% of all immune cells in the
TME, and play a pivotal role in orchestrating tumor progression and immune modulation.” More importantly, TAMs
function as central orchestrators of tumor progression and immune suppression by integrating inflammatory signaling,
angiogenesis, fibrosis, metabolic adaptation, and T-cell dysfunction.® Emerging evidence further indicates that TAMs
represent a mechanistically distinct barrier to ICI efficacy through their ability to suppress cytotoxic T-cell activity,
recruit immunosuppressive cell populations, and sustain an immune-excluded TME.’ Consequently, TAMs have emerged
as particularly attractive therapeutic targets among the diverse cellular components of the HCC microenvironment.
Accumulating clinical evidence indicates that elevated TAM infiltration in HCC tissues correlates with increased tumor
size, vascular invasion, metastasis, and poor prognosis. By promoting angiogenesis, enhancing tumor invasion and
metastasis, and mediating immune evasion, TAMs exert multifaceted protumor functions throughout the course of HCC
development.'® Notably, accumulating studies suggest that the composition, polarization state, and functional properties
of TAMs may vary across different etiological backgrounds of HCC, including HBV-, HCV-, and NAFLD-associated
disease, potentially contributing to distinct immune landscapes and therapeutic responses.'""'?

Given their pivotal roles in tumor progression and the establishment of immune tolerance, TAMs have garnered
growing interest as promising therapeutic targets in cancer immunology. Building upon a comprehensive overview of
their biological origins, phenotypic plasticity, and functional diversity, this review focuses on the mechanisms through
which TAMs mediate immune evasion in HCC. Furthermore, it summarizes emerging therapeutic strategies aimed at
reprogramming or depleting TAMs and discusses the current challenges and future opportunities associated with
translating TAM-targeted interventions into clinical practice.

Ontogeny and Characteristics of TAMs in HCC
Ontogeny and Developmental Lineages of TAMs

Macrophages in the liver originate from two ontogenetically distinct lineages that jointly shape the hepatic immune
landscape. The first lineage consists of tissue-resident macrophages, primarily Kupffer cells (KCs), which arise from yolk
sac or fetal liver erythromyeloid progenitors (EMPs) that express the macrophage colony-stimulating factor receptor
(CSFIR). These embryonically derived macrophages seed the liver early in development and maintain their population
through self-renewal under homeostatic conditions.'® Increasing evidence from fate-mapping and single-cell transcrip-
tomic studies has revealed that resident macrophages in the healthy liver are transcriptionally and functionally distinct
from infiltrating monocyte-derived counterparts, exhibiting a tolerogenic phenotype that contributes to hepatic immune
homeostasis.'* The second lineage comprises bone marrow—derived monocytes, which are recruited into the liver through
the bloodstream in response to inflammatory or tumor-derived signals. During chronic liver injury and hepatocarcino-
genesis, persistent inflammation, fibrogenesis, and hepatocyte death stimulate the production of chemokines such as
CCL2, CCL5, and CXCL10, which drive the recruitment of CCR2" inflammatory monocytes.'> Upon entering the TME,
these monocytes differentiate into TAMs and gradually replace or complement the resident KC population.'® In advanced
HCC, this process results in the enrichment of a highly plastic CCR2" TAM subset characterized by elevated expression
of CSFIR, PD-L1, and CD206, reflecting their immunosuppressive and pro-tumorigenic potential.'’

Beyond bone marrow—derived monocytes, splenic reservoirs have been identified as additional sources of macro-
phage precursors, particularly under conditions of systemic inflammation or hepatic injury.'> These splenic monocytes
migrate to the liver through CCL2-dependent chemotaxis, where they further contribute to TAM expansion. Collectively,
both embryonic and peripheral macrophage lineages undergo continuous phenotypic remodeling under the influence of
tumor-derived cytokines (eg., IL-4, IL-10, CSF1) and metabolic cues (eg., hypoxia, lactic acidosis), which skew them
toward an M2-like, tumor-supportive state.

This dual ontogeny underlies the remarkable heterogeneity of TAMs in HCC, wherein resident KCs and infiltrating
monocyte-derived macrophages coexist and cooperatively establish an immunosuppressive niche. Dissecting the devel-
opmental hierarchy and lineage plasticity of these macrophage subsets is therefore crucial for designing therapeutic
strategies aimed at selectively reprogramming or depleting tumor-promoting macrophage populations.
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Etiology-Specific Heterogeneity of TAMs in the HCC

Emerging evidence suggests that TAM composition and functional polarization in HCC are strongly influenced by the
underlying disease etiology.'? Chronic HBV- and HCV-associated inflammation, as well as metabolic dysfunction in
NAFLD-related HCC, generate distinct hepatic immune microenvironments that may shape macrophage recruitment,
activation, and immunosuppressive activity in different ways.'®

In HBV-and HCV-related HCC, persistent viral antigen exposure and chronic inflammatory signaling promote the
accumulation of immunosuppressive TAMs characterized by increased PD-L1 expression, IL-10 secretion, and T-cell
exhaustion. HBV-associated cytokine networks may further enhance macrophage-mediated immune tolerance and
facilitate tumor progression.'”

By contrast, NAFLD-related HCC is closely associated with metabolic inflammation and lipid dysregulation. Recent
studies have identified lipid-associated macrophage subsets enriched in steatotic livers, which exhibit altered metabolic
programming, enhanced inflammatory signaling, and distinct immunoregulatory properties.'' These TAM populations
may contribute to the reduced responsiveness to immune checkpoint blockade observed in some patients with NAFLD-
associated HCC."

Phenotypic and Functional Polarization of TAMs in the HCC

Macrophages exhibit remarkable functional plasticity shaped by local microenvironmental cues, which allows them to
dynamically transition between proinflammatory and immunoregulatory states. This polarization is traditionally con-
ceptualized along an M1-M2 spectrum. Classically activated M1 macrophages arise in response to interferon-y (IFN-y),
tumor necrosis factor-o. (TNF-a), or lipopolysaccharide (LPS), and are characterized by potent proinflammatory and
antitumor activities. They secrete cytokines such as interleukin-12 (IL-12) and interleukin-1p (IL-1p), produce reactive
oxygen and nitrogen species, and reinforce Thl-type immune responses, thereby promoting tumoricidal activity and
antigen presentation.’®?! Conversely, alternatively activated M2 macrophages are induced by interleukin-4 (IL-4),
interleukin-13 (IL-13), interleukin-10 (IL-10), or macrophage colony-stimulating factor (M-CSF). These macrophages
exhibit high expression of immunoregulatory and tissue-repair markers, including arginase-1 (Argl), CD163, and
CD206, and secrete IL-10 and transforming growth factor-p (TGF-B), which collectively suppress Thl and cytotoxic
T-cell activity while promoting angiogenesis, matrix remodeling, and tumor progression.'® Functionally, these M2-like
programs foster an immunosuppressive milieu that favors tumor cell survival and metastasis.*® These features suppress
Thl and cytotoxic T-cell activity, promote angiogenesis, and facilitate tumor growth.

It is important to emphasize that TAMs are not identical to conventional M2 macrophages. Within the HCC tumor
microenvironment, a variety of signaling cues, including hypoxia, lactic acidosis, and tumor-derived cytokines such as
CSF1, IL-6, and VEGTF, collectively reprogram macrophages toward an M2-like phenotype that supports tumor growth
and immune suppression. In HCC tissues, most TAMs display high expression of M2-associated markers (eg., CD163,
CD206, and MARCO) and low expression of M1-associated markers (eg., IL-12, MHC-II, CD80), indicating a profound
shift from immune activation to immune suppression.”® This phenotypic polarization diminishes their antigen-presenting
and cytotoxic capacities while enhancing their proangiogenic, profibrotic, and immunosuppressive functions.** Clinical
studies have confirmed that the majority of macrophages in HCC are CD68 " CD163" M2-type cells, with infiltration
density positively correlated with tumor grade, vascular invasion, and early recurrence.”’

At the molecular level, TAM polarization in HCC is orchestrated by diverse intracellular signaling pathways.
Activation of STAT3, STAT6, and PI3K—AKT-mTOR cascades reinforces M2-like transcriptional programs, while
suppression of NF-kB and IRFS5 signaling dampens M1-associated proinflammatory responses. Moreover, transcription
factors such as c-Maf, KLLF4, and PPARY act as master regulators that sustain M2 polarization and immunosuppressive
gene expression. In parallel, metabolic reprogramming plays a crucial role: M1 macrophages rely predominantly on
glycolysis and pentose phosphate pathway activity to sustain inflammatory responses, whereas M2-like TAMs depend on
oxidative phosphorylation and fatty acid oxidation, providing metabolic flexibility that enhances survival within hypoxic
and nutrient-depleted tumor niches.
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Recent single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics analyses have revealed extensive intra-
tumoral heterogeneity among TAMs in HCC. Distinct subsets have been identified, including angiogenic TAMs (VEGFA
*, SPP1%), immunoregulatory TAMs (CD163'MARCO"), and inflammatory TAMs (ILIB'TNF"), reflecting spatial
adaptation to different microenvironmental regions. In particular, SPP1" (osteopontin-positive) TAMs localize preferen-
tially to the invasive front and perivascular regions, where they promote extracellular matrix remodeling and EMT.

Collectively, these findings illustrate that TAMs in HCC are a highly heterogeneous and plastic population,
dynamically shaped by tumor-derived metabolic, inflammatory, and stromal cues. Their skewing toward an immuno-
suppressive M2-like phenotype constitutes a central mechanism of immune evasion and therapeutic resistance. Thus,
decoding the molecular circuitry governing TAM polarization and spatial organization is pivotal for developing strategies

to reprogram or selectively deplete tumor-promoting macrophage subsets in HCC.

TAM-Mediated Mechanisms Driving HCC Progression

TAMs drive the progression of HCC through multiple interconnected mechanisms, including the promotion of angiogen-
esis, facilitation of tumor invasion and metastasis, and induction of therapeutic resistance. These processes establish
a pro-tumorigenic microenvironment that supports cancer cell survival, proliferation, and dissemination. (Table 1).

TAMs Promote Angiogenesis

Neovascularization is a critical process for tumor growth and expansion. HCC is widely recognized as a “hypervascular”
tumor, and microvessel density within tumor tissues is closely associated with prognosis. Studies have shown a positive
correlation between TAM infiltration and microvessel density in HCC, underscoring their pivotal role in tumor
angiogenesis.”® TAMs promote angiogenesis and vascular remodeling through several mechanisms.

M2-polarized TAMs secrete abundant pro-angiogenic factors such as VEGF, which directly stimulate endothelial cell
proliferation and neovascular formation.?” In HCC, interactions between tumor cells with elevated PRL-3 expression and
TAMs activate the MAPK pathway in macrophages, inducing IL-6/IL-8-mediated EMT and invasiveness.”®
Simultaneously, PRL-3 enhances NF-kB signaling in tumor cells and upregulates VEGFA, thereby promoting

angiogenesis.

Table | Major Mechanistic Pathways by Which TAMs Promote HCC Progression

Mechanistic Major TAM-derived Key Signaling Biological Effects on HCC Ref
Category Molecules Pathways
Angiogenesis VEGEF, PIGF, IL-6, IL-8, MAPK, NF-xB, HIF- | Promotes endothelial proliferation, ECM degradation, [20-28]
MMP-9, CCR2, HIF-la, la and neovascular remodeling under hypoxia
miR-23a-3p
Induction of EMT and TGF-BI, IL-10, IL-8, TGF-B/SMAD, Downregulates E-cadherin, upregulates mesenchymal [29-34]
Stemness Whnt2b, PRL-3 Whnt/B-catenin, markers, enhances motility, invasiveness, and therapy
STAT3, NF-xB resistance
Metastasis Promotion IL-6, HGF, CCL7, SDF-1, STAT3, ERK/2, Stimulates proliferation, invasion, intravasation, and [35—41]
5-LOX, PGE2 c-Met distant dissemination
Suppression of T-cell IL-10, TGF-B, PD-LI, B7- PD-1/PD-LI, Inhibits CTL activation and proliferation; induces T-cell | [42—47]
Immunity H4, Argl, IDO, CD39/ iNOS-NO, exhaustion and apoptosis; impairs metabolism
CD73 Adenosine-A2A
Inhibition of Antigen IL-10, TGF-B, VEGF ILT3/ILT4, PD- Suppresses DC maturation and antigen presentation; [48-54]
Presentation & DC PGE2, NO L2-B7-HI promotes tolerogenic DC phenotype
Function
Expansion of Tregs CCLI7, CCL22, IL-10, CCR4-CCLI17/22, Recruits and induces Foxp3™ Tregs; reinforces [55-61]
TGF-B, ICOS-L IL-10/TGF-B immunosuppressive feedback
Recruitment of CCL2, CXCL8, GM-CSF, CCR2-CCL2, Recruits and expands MDSCs; drives MDSC-to-TAM [62—-65]
MDSCs G-CSF, IL-10, TGF-B CXCL8 transition; amplifies myeloid immunosuppression
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TAMs also indirectly support angiogenesis through ECM remodeling. They secrete proteolytic enzymes such as
matrix metalloproteinases (MMP-9 and MMP-2), which degrade tumor stroma and vascular basement membranes.>’ This
not only facilitates tumor invasion but also releases growth factors such as VEGF previously sequestered in the matrix,
accelerating angiogenic processes.>® TAMs have been identified as the major source of MMP-9 at the invasive front of
HCC, highlighting their central role in matrix degradation and angiogenesis. In addition, TAMs secrete placental growth
factor (PIGF), a VEGF family member that further amplifies pro-angiogenic signaling.”'

Hypoxia within the TME further enhances TAM-driven angiogenesis. Under hypoxic conditions, TAMs upregulate
chemokine receptors such as CCR2. Bartneck et al reported that in HCC developing on a fibrotic background, highly
vascularized tumor regions were enriched with CCR2" TAM subsets, which not only accumulated in response to
hypoxic—ischemic signals but also promoted vascular growth and remodeling.*? Hypoxia also induces upregulation of
HIF-1a in TAMs, which in turn increases production of VEGF and other angiogenic mediators.*> Moreover, microRNAs
contribute to TAM-mediated angiogenic regulation. Exosomes released by M2-type TAMs deliver miR-23a-3p to HCC
cells and endothelial cells, targeting PTEN and TJP1, respectively.** This promotes EMT in tumor cells while down-
regulating tight junction proteins such as occludin and claudin-5 in endothelial cells, thereby enhancing vascular
permeability and angiogenesis.

TAMs and EMT

TAMs secrete a broad spectrum of cytokines, chemokines, and growth factors that profoundly influence tumor cell
plasticity and behavior. One of their key tumor-promoting functions is the induction of epithelial-mesenchymal transition
(EMT), a process in which epithelial tumor cells lose their polarity and intercellular adhesion while acquiring mesench-
ymal characteristics, thereby gaining enhanced motility, invasiveness, and resistance to apoptosis. EMT is not only
a critical driver of tumor dissemination and metastasis but also contributes to stemness acquisition and therapeutic
resistance in hepatocellular carcinoma. Through sustained paracrine interactions, TAM-derived mediators remodel the
extracellular matrix, activate fibroblasts, and engage multiple signaling pathways such as TGF-B/SMAD, Wnt/B-catenin,
and NF-kB, which cooperatively initiate EMT programs in tumor cells. Among these mediators, TGF-f secreted by
TAMs acts as a principal inducer of EMT by upregulating transcriptional repressors including Snail, Slug, and Twist,
thereby downregulating E-cadherin expression and promoting cytoskeletal reorganization. This cytokine-driven repro-
gramming ultimately confers tumor cells with greater migratory and invasive capacity, facilitating intrahepatic and
distant metastasis.>”

Studies have shown that TAMs in HCC tissues secrete high levels of TGF-B1, which endows HCC with stem cell-like
properties and an EMT phenotype, characterized by upregulation of mesenchymal markers, ultimately increasing
metastatic potential.*® In intrahepatic cholangiocarcinoma (ICC), tumor cells induce monocytes to differentiate into M2-
polarized TAMs, which secrete IL-10 to activate STAT3 signaling in cancer cells, thereby promoting EMT and
invasiveness.’” Similarly, Jiang et al reported that HCC-educated macrophages upregulate Wnt2b and activate the p-
catenin/c-Myc pathway, driving polarization toward an M2-like phenotype accompanied by enhanced glycolysis, which
in turn facilitates EMT and migration of HCC cells.*® Another study found that neurotensin (NTS) stimulates tumor cells
to secrete IL-8 via MAPK and NF-kB signaling, rather than PKC/PI3K pathways.>* This IL-8 promotes M2 polarization
of TAMs and induces EMT and invasiveness in HCC cells. Clinically, elevated intratumoral IL-8 levels correlate with
increased metastasis and poor prognosis in HCC patients.*

TAMs Promote HCC Metastasis

TAMs also facilitate metastasis by secreting chemokines and growth factors that directly attract or stimulate tumor cells
to migrate toward blood vessels or lymphatic channels. CD163" M2-polarized TAMs are associated with poor outcomes
in HCC, although the role of their lipoxygenase pathway had remained unclear.*' Recent evidence demonstrates that
CD163" TAMs express 5-lipoxygenase (5-LOX) and produce leukotrienes such as LTB4 and LTC/D/E4, which activate
ERK1/2 signaling in tumor cells and enhance both proliferation and stemness.** Inhibition of 5-LOX with zileuton
suppressed tumor progression in mouse models, while patient cohorts and TCGA analyses further linked high 5-LOX
expression to worse survival.
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TREMI, a receptor that amplifies myeloid inflammatory signaling, has gained increasing attention in the context of
HCC metastasis. Studies show that TREM1™&" TAMs secrete CCL7, inducing a metastasis-associated phenotype in
tumor cells characterized by EMT.** Knockdown of TREMI1 reduces the pro-metastatic effects of TAMs, and high
TREMI1 expression correlates significantly with metastasis and poor prognosis. In HCC, infiltration of TAMs coupled
with activation of the STAT3 pathway also predicts more aggressive biological behavior.** Tumors positive for
phosphorylated STAT3 (pSTAT3) are frequently associated with elevated alpha-fetoprotein (AFP), larger tumor size,
and increased intrahepatic metastases. Mechanistically, TAMs secrete IL-6, which induces STAT3 phosphorylation,
thereby promoting HCC cell proliferation and migration.*

Additional studies by Mano et al revealed that TAMs induce HGF expression and activate the c-Met signaling
pathway, thereby enhancing the invasiveness of HCC cells.*® Moreover, TAM-derived stromal cell-derived factor-1
(SDF-1/CXCL12) recruits tumor cells along chemotactic gradients and promotes endothelial expression of adhesion
molecules, facilitating tumor cell intravasation and hematogenous dissemination. In highly aggressive HCC, macro-
phage-derived prostaglandin E2 (PGE2) has also been observed to upregulate epigenetic regulators such as UHRF1 in
tumor cells, forming a self-reinforcing loop that drives tumor progression.*’

TAMs Promote Immune Evasion in HCC

The ability of tumors to survive and grow under immune surveillance reflects the development of multiple immune
evasion strategies. In HCC, immune escape is closely linked to an immunosuppressive cellular network within the TME,
among which TAMs are considered a central driver. TAMs orchestrate immune evasion by suppressing effector T-cell
function, inducing tolerogenic DCs, and recruiting Tregs and MDSCs, collectively shaping an immune “privilege” niche
that allows tumor persistence.*®

Suppression of Antitumor T-Cell Immunity

Effective antitumor immunity primarily depends on the coordinated activity of cytotoxic T lymphocytes (CTLs) and CD8
“ T cells, which recognize tumor-associated antigens and mediate tumor elimination through direct cytolysis and
cytokine-driven immune amplification. In HCC, however, the intratumoral T-cell compartment is profoundly dysfunc-
tional, characterized by functional exhaustion, impaired proliferation, and diminished production of effector cytokines.
This immune dysfunction results from chronic antigenic stimulation and the persistent inflammatory milieu that define
the HCC TME.

Within this immunosuppressive context, tumor-associated macrophages (TAMs) serve as critical mediators that
orchestrate T-cell suppression through multiple converging mechanisms. By secreting immunoregulatory cytokines
such as interleukin-10 (IL-10) and transforming growth factor- (TGF-f), and by expressing immune checkpoint ligands
including PD-L1, B7-H4, and VISTA, TAMs directly inhibit CD8" T-cell activation and proliferation. Furthermore,
TAMs modulate T-cell metabolism through arginase-1 (Argl)-mediated depletion of L-arginine and inducible nitric
oxide synthase (iNOS)—driven nitric oxide production, both of which impair T-cell receptor (TCR) signaling and effector
function. In addition, TAMs upregulate inhibitory receptors and ligands, most notably PD-L1 and members of the B7
family.*” PD-L1, commonly elevated in M2-polarized TAMs, binds to PD-1 on T cells and delivers inhibitory signals that
induce T-cell exhaustion and apoptosis. In HCC, Ruf et al observed that CD163+ TAMs with high PD-L1 expression
directly contact MAIT cells, leading to their functional impairment and apoptosis.’ % Sustained activation of the PD-1/PD-
L1 axis is also a major mechanism underlying CTL dysfunction. Through these pathways, TAMs effectively paralyze
antitumor T-cell responses.

Metabolic reprogramming further contributes to suppression of T-cell activity. M2-TAMs express high levels of
arginase | (Argl), which depletes extracellular L-arginine, an amino acid essential for T-cell proliferation and cytotoxic
molecule synthesis. Similarly, indoleamine 2,3-dioxygenase (IDO) expressed by macrophages depletes tryptophan,
impairing T-cell function.”’ Another important mechanism is the accumulation of adenosine. TAMs frequently over-
express CD39 and CD73, ectoenzymes that hydrolyze ATP and other nucleotides into adenosine. Adenosine strongly
suppresses T-cell cytotoxicity and induces production of inhibitory cytokines via the A2A receptor.’> In HCC mouse
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models, TAM-mediated upregulation of CD39/CD73 increased intratumoral adenosine concentrations, directly correlat-
ing with CTL depletion and functional impairment.”

Impairment of Dendritic Cell Function and Antigen Presentation

DCs are key antigen-presenting cells required to initiate T-cell priming. Effective antitumor immunity depends on DC
uptake and presentation of tumor antigens to activate T cells. In HCC, however, DCs often display impaired or
tolerogenic phenotypes, a process strongly influenced by TAMs.>*

IL-10 and TGF-f secreted by TAMs suppress DC maturation and function. In HCC, TAM-derived IL-10 drives
infiltrating DCs toward a tolerogenic phenotype characterized by low IL-12 and high IL-10 production, rendering them
incapable of effectively activating CD8" T cells.”® TGF-p induces tolerogenic DCs by upregulating inhibitory molecules
such as ILT3 and ILT4, further impairing antigen presentation.’® VEGF, produced by TAMs and tumor cells, inhibits DC
precursor differentiation and maturation, reducing the pool of functional DCs. Guenther et al reported that VEGF-rich
environments decrease both DC abundance and function, explaining the association of high VEGF expression with
immunosuppressive TME.”’

Even when DCs are present within tumors, TAMs can directly interfere with their antigen-presenting efficiency. First,
TAMs may competitively engulf tumor antigens: while macrophages phagocytose large amounts of tumor material, their
M2-skewed phenotype results in weak antigen processing and presentation, thereby reducing the antigen load available to
DCs.>® Second, direct cell—cell contact between TAMs and DCs can silence DC function. TAM surface molecules such as
PD-L2 and B7-H1 interact with DC receptors to induce suppressive phenotypes or apoptosis.”® Third, TAM-derived
factors including PGE2 and nitric oxide (NO) paracrinally inhibit antigen processing in DCs.°

Collectively, through cytokine secretion, competitive antigen uptake, and direct cell contact, TAMs maintain DCs in
immature, tolerogenic, or apoptotic states. As a result, antigen presentation is impaired, T cells remain insufficiently
activated, and antitumor immunity is blunted. By disabling DC function, TAMs disrupt the bridge between innate and
adaptive immunity, thereby enabling tumors to successfully evade immune surveillance.

Promotion of Regulatory T-Cell Expansion and Function

Tregs are key suppressors of antitumor immunity in the TME. They inhibit effector T-cell and NK-cell activity through
secretion of inhibitory cytokines and direct cell-cell contact. In HCC, high levels of Treg infiltration are frequently
observed, and TAMs are major drivers of their accumulation and function.®!

TAMs secrete chemokines that specifically attract Tregs, most notably CCL22 and CCL17, both ligands for CCR4. In
HCC, elevated CCL22 secretion by macrophages is directly correlated with increased intratumoral Foxp3 ™ Tregs.%* Tregs
expressing CCR4 migrate along the CCL22 gradient and preferentially accumulate in TAM-rich regions. Similarly, M2-
polarized macrophages produce CCL17 and CCL22, reinforcing Treg recruitment into tumors.®?

Beyond recruitment, TAMs also promote the differentiation of naive T cells into Tregs. IL-10 and TGF-f, abundant
products of M2-TAMs, are key drivers of peripheral Treg (pTreg) induction. Under chronic antigen stimulation and
exposure to IL-10/TGF-p, conventional CD4" T cells progressively acquire Foxp3 expression and convert into induced
Tregs. The close spatial association between TAMs and Tregs ensures a local cytokine-rich milieu that favors this
conversion.®* Moreover, TAM surface molecules such as ICOS-L can interact with naive T cells to bias their differentia-
tion toward IL-10-secreting regulatory phenotypes. Thus, through both soluble factors and surface ligands, TAMs
promote expansion of the Treg pool in tumors.®’

Interestingly, TAMs and Tregs engage in a reciprocal “conspiracy.” Treg-derived IL-10 reinforces M2 polarization in
macrophages, while TAM-derived IDO promotes Treg survival and suppressive function.®® This feedback loop stabilizes
a profoundly immunosuppressive microenvironment. Wu et al further observed that under hypoxic conditions, TREM-1"
TAMs not only impair CD8" T cells but also act synergistically with Tregs to amplify immunosuppression.®’

In HCC, high Treg infiltration is associated with poor prognosis and diminished response to immunotherapy, with
TAMs being a principal orchestrator of this process. Accordingly, simultaneous targeting of TAMs and Tregs is
considered a promising approach to dismantle tumor immune evasion.
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Recruitment and Activation of Myeloid-Derived Suppressor Cells

MDSCs are immature myeloid cells that strongly suppress T-cell and NK-cell function in the TME. In HCC, MDSC
accumulation is frequently observed, and together with TAMs they establish a cooperative immunosuppressive
network.®®

TAMSs secrete chemokines that attract MDSC precursors to tumors. CCL2 and CXCLS8 are notable examples, as they
recruit not only monocytes but also mobilize MDSCs from the bone marrow into circulation and subsequently to tumor
sites.®” Blocking the CCL2/CCR2 axis reduces both TAM and MDSC infiltration, thereby improving the immune
microenvironment. In addition, TAM-derived growth factors such as GM-CSF and G-CSF facilitate expansion and
mobilization of MDSCs in the bone marrow, increasing their availability in peripheral blood.”®

Within tumors, MDSCs can further differentiate into macrophage-like cells. Monocytic MDSCs, upon entering the
TME, may acquire TAM phenotypes. Signals from TAMs, including IL-10 and TGF-p, likely drive this differentiation,
expanding and stabilizing the immunosuppressive myeloid compartment. In turn, MDSC-derived TAMs typically adopt
M2 phenotypes, perpetuating immunosuppression.

TAMs and MDSCs share functional overlap in expressing metabolic enzymes such as Argl, IDO, and NOS2, as well
as secreting immunosuppressive factors including IL-10 and PGE2. They mutually reinforce each other: MDSC-derived
IL-10 promotes M2 polarization of macrophages, while TAM-derived CCL2 recruits additional MDSCs.”" Together, they
deplete essential metabolites such as arginine and generate reactive oxygen/nitrogen species, imposing a dual blockade
on effector T cells. In HCC, high expression of Argl by both MDSCs and TAMs profoundly lowers arginine availability,
virtually abolishing T-cell proliferation and cytotoxic function.’?

This synergistic suppression explains why eliminating either TAMs or MDSCs alone is insufficient to reverse
immunosuppression; combined strategies are often necessary to restore effective antitumor immunity. TAMs promotes
the progression of HCC through multiple mechanisms. (Figure 1).

Therapeutic Strategies Targeting TAMs

Given the critical role of TAMs in HCC progression and immune evasion, multiple therapeutic strategies have recently
emerged that target these cells. Broadly, these approaches can be divided into three categories: (1) inhibiting or depleting
protumor TAMs by reducing their abundance or suppressing their tumor-supportive functions. (2) activating or enhancing
antitumor TAMs by promoting polarization toward an M1 phenotype with enhanced cytotoxicity and antigen-presenting

capacity.

Inhibition of Protumor TAMs

Direct depletion of TAMs is one of the most straightforward strategies and can be achieved by blocking survival signals
or recruitment pathways. Macrophage differentiation and survival are strongly dependent on colony-stimulating factor-1
(CSF-1, also known as M-CSF) and its receptor CSF1R, making this pathway a prime target.”* In HCC and other tumors,
infiltration of CSFIR" TAMs is increased and correlates with poor prognosis. Pharmacologic inhibition of CSFIR
reduces TAM density within tumors and enhances antitumor immunity. Several CSF1R inhibitors are currently under
clinical investigation in multiple solid tumors, including monoclonal antibodies such as Emactuzumab (RG7155) and
small-molecule tyrosine kinase inhibitors such as Pexidartinib,”* however, robust HCC-specific clinical evidence remains
limited. Early studies demonstrated decreased macrophage numbers and increased T-cell activity in some solid tumors,
although efficacy in HCC remains to be validated.”

Targeting monocyte recruitment is another approach. CCR2 antagonists have been shown to reduce TAMs and
MDSCs and enhance CD8" T-cell activity in murine HCC. However, clinical efficacy of this axis has been modest. For
example, a Phase II trial of the CCL2-neutralizing antibody Carlumab failed due to compensatory upregulation of CCL2
by tumor cells, which offset drug activity.”®

Beyond depletion, strategies aim to attenuate protumor functions of TAMs. Since TAMs secrete VEGF and other
angiogenic mediators, anti-angiogenic therapies can counteract their effects. The first-line HCC regimen combining
atezolizumab with bevacizumab exemplifies this dual blockade of PD-L1 and VEGF, simultaneously relieving immune
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Figure | Mechanisms by which TAMs promote the progression and immune evasion of HCC. TAMs enhance angiogenesis through pro-angiogenic factors, facilitate invasion
and metastasis by remodeling the ECM and activating STAT3 signaling, and suppress antitumor immunity via PD-LI/PD-1 interactions, Argl- and IDO-mediated metabolic
regulation, and secretion of IL-10 and TGF-. They also impair dendritic cell function and recruit Tregs and MDSCs, collectively shaping an immunosuppressive TME that
favors tumor growth and dissemination.

suppression and angiogenesis. Bevacizumab, in particular, neutralizes VEGF produced by TAMs and other cells.”’
Another noteworthy target is CD163, a classical M2 marker. Strategies include conjugating drugs to CD163 for selective
delivery to TAMs, or employing anti-CD163 antibodies to trigger antibody-dependent cellular cytotoxicity (ADCC).”®

Overall, therapies targeting key protumor molecules or markers in TAMs represent promising means of weakening
their support for tumor progression.

Activation of Antitumor TAMs
Reinvigorating the antitumor potential of TAMs can enhance phagocytosis and tumor killing while promoting adaptive
immune activation. Tumor cells frequently escape clearance by expressing “don’t eat me” signals, the best-known being
CD47. By binding to SIRPa on macrophages, CD47 delivers a strong inhibitory phagocytosis signal.”” HCC and other
cancers commonly upregulate CD47 to evade macrophage-mediated killing. This has motivated the development of
CD47-SIRPa blockade strategies, including anti-CD47 monoclonal antibodies and SIRPa—Fc fusion proteins.*® These
approaches have shown promise in hematologic malignancies and are now being tested in solid tumors including HCC.

Macrophage activation can also be achieved through costimulatory receptors such as CD40. CD40 is expressed on
macrophages and DCs, and its engagement induces robust activation. Agonistic anti-CD40 antibodies (eg., Selicrelumab)
mimic T-cell help signals, driving TAMs to release pro-inflammatory cytokines and cytotoxic mediators, effectively
reprogramming them toward an M1 phenotype.®

As innate immune cells, macrophages can be stimulated via pattern recognition receptors (PRRs) to release pro-
inflammatory mediators. This principle has been leveraged by using pathogen-associated molecular pattern (PAMP)
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mimetics in cancer immunotherapy. TLR agonists such as Poly I:C (TLR3), imiquimod or R848 (TLR7/8) can activate

macrophages to produce IL-12 and TNF-q, thereby enhancing tumoricidal capacity.**®* Similarly, STING agonists and

NOD-like receptor ligands represent additional approaches. While effective, systemic inflammation remains a concern,

suggesting that local delivery or transient stimulation may be optimal.

A novel strategy involves genetic engineering of macrophages, termed CAR-M (chimeric antigen receptor

macrophages).** By equipping macrophages or monocytes with tumor-specific receptors, CAR-Ms can selectively

phagocytose tumor cells and sustain immune activity within the TME.*® In HCC, antigens such as GPC3 represent

promising targets, and CAR-M therapy may help overcome the immunosuppressive barriers that limit CAR-T efficacy in

solid tumors. We have also made a detailed summary of the relevant clinical trials targeting TAMs. (Table 2).

Table 2 Progress of TAM-Targeted Therapeutic Strategies in Solid Tumor Clinical Trials

NCTO01748747

Cell Carcinoma

Vaccine Therapy and Resiquimod in Treating
Patients With Stage II-IV Melanoma That Has
Been Removed By Surgery

Recurrent/Stage -1V

Melanoma

Immune response of vaccination

regimens, Up to 12 months

NCT Study Title Conditions Primary Outcome Phases

Number

NCTO03158103 | A Study of MEK162 (Binimetinib) in Gastrointestinal Recommended phase Il dose PHASEI
Combination With Pexidartinib in Patients Stromal Tumor (GIST) (RP2D), | year
With Advanced Gastrointestinal Stromal
Tumor (GIST)

NCTO02777710 | Evaluation of Safety and Activity of an Anti- Colorectal Cancer | Part I: Dose-Limiting Toxicities PHASEI
PDLI Antibody (DURVALUMAB) Combined | Pancreatic Cancer | (DLT), 28 days | Part 2:
With CSF-1R TKI (PEXIDARTINIB) in Metastatic Cancer | Objective Response Rate (ORR),
Patients With Metastatic/Advanced Advanced Cancer 16 weeks
Pancreatic or Colorectal Cancers

NCT02760797 | A Study of Emactuzumab and RO7009789 Neoplasms Percentage of Participants with PHASEI
Administered in Combination in Participants Dose-Limiting Toxicities (DLTs),
With Advanced Solid Tumors Up to 6 weeks

NCT02734433 | Study of Pexidartinib in Asian Subjects With | Advanced Solid Tumors | Overall Response Rate (ORR) PHASEI
Advanced Solid Tumors by RECIST vl.I, Within 18

months

NCT02401815 | CGT9486 (Formerly Known as PLX9486) as | Gastrointestinal Part I: RP2D, TEAEs, PK PHASEI |
a Single Agent and in Combination With Stromal Tumors parameters | Part 2: RP2D PHASE2
PLX3397 (Pexidartinib) or Sunitinib in (Combination arms), TEAEs, Up
Participants With Advanced Solid Tumors to 868 days

NCT02323191 | A Study of Emactuzumab and Atezolizumab Solid Cancers Percentage with DLTs, MTD, PHASEI
Administered in Combination in Participants Adverse Events, Up to 3 years
With Advanced Solid Tumors

NCTO01808950 | Efficacy and Safety Trial of Topical Resiquimod | Nodular Basal Cell Histological Cure Rate, 8 weeks | PHASEI |
Gel (0.06%) in Patients With Nodular Basal Carcinoma PHASE2

EARLY_PHASEI

NCT00948961 | A Study of CDX-1401 in Patients With Advanced Malignancies | Occurrence of adverse events, PHASEI |
Malignancies Known to Express NY-ESO-1 12 weeks PHASE2
NCTO00821652 | Randomized, Double Blind, Placebo- Tumors Safety and immunogenicity of PHASEI
controlled Topical Resiquimod Adjuvant for vaccination with NY-ESO-|
NY-ESO-1 Protein Vaccination protein * resiquimod, multiple
blood collections
(Continued)
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Table 2 (Continued).

NCT Study Title Conditions Primary Outcome Phases
Number
NCT00694551 | PSMA and TARP Peptide Vaccine With Poly Prostate Cancer Occurrence of Grade 3+ related | NA
IC-LC Adjuvant in HLA-A2 (+) Patients With adverse events, Up to 48 months
Elevated PSA After Initial Definitive
Treatment
NCT00470379 | Vaccine Therapy and Resiquimod in Treating | Melanoma (Skin) Toxicity profile, immune EARLY_PHASEI
Patients With Stage Il, Stage Ill, or Stage IV response, 4 weeks

Melanoma That Has Been Completely
Removed by Surgery

NCTO00374049 | MUCI Vaccine in Conjunction With Poly- Prostate Cancer Proportion of patients showing | PHASEI
ICLC in Patients With Recurrent and/or an immunologic response,
Advanced Prostate Cancer 8 weeks

Challenges and Translational Barriers of TAM-Targeted Therapy in HCC
Despite encouraging preclinical findings and early clinical evidence from multiple solid tumors, the translational
applicability of TAM-targeted therapies to HCC remains incompletely understood. Most currently available evidence
regarding CSFI1R inhibitors, CCR2 blockade, CD47—SIRPa inhibition, and CAR-M therapy has been generated in non-
hepatic malignancies, including melanoma, colorectal cancer, pancreatic cancer, and sarcoma.®®®® Whether these
findings can be directly extrapolated to HCC requires careful consideration, given the unique immunobiology of the liver.

Unlike many other organs, the liver is characterized by a highly tolerogenic immune environment due to its
continuous exposure to gut-derived antigens through the portal circulation.'” This physiological immune tolerance
contributes to a suppressive hepatic microenvironment that may fundamentally alter macrophage activation, antigen
presentation, and responses to immunotherapy. In addition, hepatic macrophage populations are highly heterogeneous
and include both infiltrating monocyte-derived macrophages and tissue-resident Kupffer cells, which possess distinct
ontogeny, transcriptional programs, and immunological functions.*® Evidence suggests that Kupffer cells may exhibit
context-dependent protumor or antitumor properties during hepatocarcinogenesis, further complicating therapeutic
targeting strategies.”” Moreover, the dual blood supply of the liver and the extensive crosstalk among hepatocytes,
hepatic stellate cells, sinusoidal endothelial cells, and immune populations create a uniquely complex tumor microenvir-
onment in HCC. These liver-specific features may influence drug delivery, macrophage polarization, and therapeutic
responsiveness in ways that differ substantially from other solid tumors.”®

Importantly, clinical evidence supporting TAM-targeted therapy specifically in HCC remains limited. Most published
clinical studies are early-phase trials involving heterogencous tumor types, and HCC-specific efficacy data are still
lacking. Therefore, although TAM-directed approaches represent promising therapeutic avenues, further investigation is
required to clarify the functional heterogeneity of hepatic TAM subsets, identify HCC-specific biomarkers, and determine
which patient populations are most likely to benefit from macrophage-targeted interventions. Future studies integrating
single-cell transcriptomics, spatial immunophenotyping, and etiology-specific immune profiling may help overcome
these translational barriers and facilitate the development of more precise TAM-centered therapeutic strategies for HCC.

Conclusion

TAMs are integral orchestrators of the initiation, progression, and immune evasion of HCC. They not only promote
tumor growth, angiogenesis, invasion, and metastasis but also establish a profoundly immunosuppressive microenviron-
ment that enables tumor cells to evade immune surveillance. Both clinical and experimental studies consistently
demonstrate that elevated TAM infiltration correlates with advanced disease stage, poor patient prognosis, and dimin-

ished responsiveness to immunotherapy, underscoring their potential as pivotal therapeutic targets.
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Therapeutic strategies targeting TAMs, including the inhibition of their recruitment and survival, reprogramming
toward tumoricidal phenotypes, and enhancement of their phagocytic or antigen-presenting functions, have demonstrated
encouraging results in preclinical models, with several approaches currently progressing into clinical evaluation. In
particular, combinatorial regimens that integrate TAM-targeted agents with immune checkpoint blockade may offer
a means to overcome immune tolerance and reinvigorate antitumor immunity in HCC.

Nevertheless, significant challenges persist, including the functional heterogeneity of TAM subsets, tumor-derived
compensatory mechanisms, and potential safety concerns associated with macrophage modulation. Importantly, emerging
evidence suggests that TAM biology is not uniform across HCC etiologies. HBV-, HCV-, and NAFLD-associated HCC
exhibit distinct inflammatory and metabolic milieus that shape divergent immune microenvironments and may differen-
tially influence TAM recruitment, polarization, and functional states. This etiology-dependent heterogeneity may also
contribute to variable therapeutic responses, highlighting a critical gap in current translational research. Future studies
should therefore prioritize etiology-stratified investigation of TAM-targeted interventions, alongside the identification of
reliable molecular markers defining TAM subpopulations, delineation of their cross-talk networks with other immunor-
egulatory cells, and the development of optimized delivery platforms and rational combination strategies. With continued
mechanistic insight and rigorous clinical validation, TAM-centered therapeutic interventions hold substantial promise to
transition from conceptual frameworks to clinical reality. Ultimately, precise modulation of TAMs represents
a transformative frontier in HCC therapy, offering the potential to improve patient outcomes when incorporated into
comprehensive and personalized treatment paradigms.
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