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Abstract

Kupffer cells, the resident liver macrophages, are characterized by self-renewal capacity
and extensive plasticity. Kupffer cells are involved in the regulation of several liver
functions such as the maintenance of liver tolerance against antigens arriving at the liver
through the portal vein, the autophagy and apoptosis of hepatocytes and other liver
sinusoidal cells.and various metabolic functions such as iron homeostasis and lipid
metabolism. In acute liver injury, Kupffer cells are involved in both liver damage and
resolution. During chronic liver injury, resident and bone marrow-derived macrophages
drive either the progression or resolution of fibrosis and cirrhosis. Inevitably, they are
implicated in the initiation, progression or defense against hepatocellular carcinoma (HCC)
as members of the tumor microenvironment together with bone marrow-derived
macrophages. The present review describes the heterogeneity of Kupffer cells and
liver-infiltrating macrophages, their functions and their participation in liver cancer with
particular emphasis on factors modulating their pro-tumoral and anti-tumoral
differentiation. The review is further focused on their involvement in HCC as they
participate in the population of tumor-associated macrophages. Finally, the potential use of
Kupffer cells and macrophages for the treatment of HCC, including the potentiation of
immune checkpoint inhibitors, is presented.
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INTRODUCTION

Lung, breast, and colorectal cancer (CRC) are the three leading causes of cancer-related death worldwide.
However, liver cancer is the fourth leading cause of cancer-related mortality and the second in men, despite
its relatively low prevalence compared with the other three. Its incidence is almost three times higher in men.
Global Cancer Observatory (GLOBOCAN) estimated that approximately 684,659 new cases and 597,434
deaths were related to hepatocellular carcinoma (HCC) in 2022". It should be stressed that the incidence and
mortality of HCC are approximately the same, indicating a high fatality rate, despite some progress in
treatment modalities in recent years. Sub-Saharan Africa and Asia have the highest incidence and mortality
rates, with the highest incidence reported in Mongolia. In absolute numbers, approximately three-quarters of
liver cancers occur in Asia, with the highest numbers reported from China, due to both a high incidence rate
and the large population. Approximately 73% of HCC cases are hepatitis B- related in Eastern Asia, 44% were
related to Hepatitis C virus (HCV) in Northern Africa and 25% were alcohol-related in Western Europe.
Worldwide, 57% were due to Hepatitis B virus (HBV) and 19% were due to HCV!".. Alcoholic liver disease
and metabolic-associated fatty liver disease (MAFLD) are among the leading causes in the western world,
where the etiological background is rapidly changing®.

Improved mortality outcome of HCC can only be achieved when the mechanisms underlying the
pathogenesis of HCC are clarified in depth. Kupffer cells (KCs) have a critical role in the pathophysiology of
liver diseases including HCC. KCs are the resident macrophages of the liver and the largest number of
tissue-resident macrophages (TRMs) in the body. They represent approximately 80%-90% of tissue
macrophages”.

The first description of KCs was done in 1876 by Carl Wilhem von Kupffer'** although some investigators
believe that his method actually identified stellate or Ito cells in the sinusoids. Von Kupffer used Gerlach’s
gold chloride method, which allows for selective staining of vitamin A-storing stellate cells. Kupffer’s original
stellate cells were not the sinusoidal endothelial cells nor phagocytic macrophages KCs; However, they were
perisinusoidal cells that store vitamin A and are identical to Ito’s “fat-storing cells”, or hepatic stellate cells
(HSCs) as they are known today'"!. Tadeusz Browicz designated them as macrophages'®, described for the
first time by Ilya Metchnikoff'”.

Tissue macrophages, in general, are characterized by considerable plasticity that allows them to respond to
alterations of the tissue environment, assuming different phenotypes'®’. Plasticity has been unequivocally
demonstrated in vitro for bone marrow-derived macrophages (BMDMs); however, recent techniques such as
single-cell RNA sequencing showed that the same is true for the resident macrophages in various tissues,
including KCs" .

In the liver, two distinct macrophage subpopulations of different origin can be identified: KCs, which have
self-renewing capacity and are responsible for immune tolerance, and monocyte-derived macrophages
(MoMFs), which are recruited to the liver when tolerance is breached, usually after infection. The latter
eventually differentiate into pro-inflammatory macrophages'?.

KCs are constituents of innate immunity and express scavenger, complement, and pattern recognition
receptors (PRRs) such as the toll-like receptors (TLRs) TLR4 and TLR9. As a consequence, they recognize a
large number of molecules such as pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs)!*?.
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However, certain studies have indicated that TRMs"*'* may not respond as extensively to foreign molecules
as previously believed.

In the current review, the biology of KCs, including the heterogeneity and functions of KCs, is presented,
and their role in the development and progression of HCC is analyzed.

HETEROGENEITY OF KCS AND MOMFS

KCs comprise approximately 80% of the immune cells in the healthy murine liver, while large numbers of
MoMeFs infiltrate the liver after acute and chronic liver damage*.

Current evidence suggests that TRMs originate from erythromyeloid progenitors bearing the macrophage
colony-stimulating factor 1 receptor (CSF1R) in the yolk sac or fetal liver”.

KCs are mostly located in Zones 1 and 2 in normal livers. Phagocytic potential is higher in Zone 1 KCs
compared to Zone 2 KCs and MoMFs. Apoptosis of KCs increases in acutely damaged livers when different
heterogeneous MoMFs are found around necrotic areas and promotes dead cell clearance and necrosis
resolution**". The resident KC pool is diminished during inflammation . This has been attributed either
to absolute number reduction®*”, or to reduction of proportion rather than a decline in absolute numbers of
KCs”**. Trrespective of the reason for the reduction, this is associated with the recruitment of monocytes
characterized by the markers Lymphocyte Antigen 6, Cluster of differentiation 11b and 64 and F4/80
(LysChi, CD11b+, F4/80-, CD64lo), which eventually will differentiate into hepatic macrophages (LysC-,
CD11b-/+, F4/80+, CD64+). They may further differentiate into monocyte-derived KCs (MoKCs) separated
from resident KCs due to the lack of T-cell immunoglobulin and mucin domain containing 4 (TIM4)

[21,22,24

expression at least at the initial stages of their differentiation I However, recent in vivo experimental
evidence indicated that repopulation of the liver after depletion of KCs is derived directly from
hematopoietic stem cells and not from pre-existing KCs or from MoMFs. This is a very interesting

25]

suggestion that may alter the current ideas of KC biology™.

The identification of markers able to discriminate between resident KCs and MoMFs in humans and animal
species is still far from complete. Data generated by novel methods, such as single-cell RNA sequencing,
revealed a highly complex macrophage polarization profile, well beyond the old classification of
inflammatory (M1) and anti-inflammatory (M2) macrophages™’.

C-type lectin domain family 4 member F (CLEC4F) was recognized as a specific marker of murine KCs,
leading to the generation of murine models with either specific depletion or specific targeting of the KCs""\.
It has its limitations. It is expressed late in KC development, hindering thus the early identification of cells
developing into KCs!"". This is not a problem in the normal liver, where KCs are self-maintained throughout
life. In a diseased liver, though, KCs are replaced by moKCs that may exist for approximately a week
before they can be separated from other liver macrophages as CLEC4F+ cells””. Moreover, CLEC4F is not

present in human KCs"™'.

Murine KCs are distinguished from other liver macrophages by the expression of additional surface
molecules such as TIM4, V-set and immunoglobulin domain containing 4 (VSIG4), and C-type lectin
domain family 1 member B (CLEC2). CLEC2 (encoded by Clec1b) is an early marker of KCs that remains
throughout their life!. Moreover, recent reports have demonstrated that KCs express marker genes specific
to the mature KCs. Marker genes such as inhibitor of DNA binding 3 (id3), cdsl, vsig4, macrophage receptor
with collagenous structure (marco), cd163 and folate receptor beta/FR (forl2) are found in both humans
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and mice®**! suggesting the existence of KC subtypes **! with immunomodulatory and metabolic
functions™°). A caution, therefore, should be exercised in previous studies where only one of these
subpopulations was interpreted as KCs, and the observed KC heterogeneity may be due to the contamination
of the genuine KCs with other populations®.

Two diverse KCs have been described: the embryonic-derived KCs (EmKCs) and the MoKCs. EmKCs
express TIM4 and MARCO, while MoKCs have a much lower expression of MARCO. EmKCs have
increased phagocytic and pro-inflammatory capacity*”. However, in similarity with the CLEC4F+ marker,
recruited KCs can express TIM4 over time. Therefore, identification of these cells is difficult at least one
month after recruitment”. The problem of differentiating between MoKCs and EmKCs has not been solved.
It was reported that the expression of genes associated with KCs such as Id3, Marco and Timd4 was
upregulated in MoKCs when co-cultured with HSCs, liver sinusoidal endothelial cells (LSECs) or incubated
with Macrophage colony-stimulating factor and Hepatocyte growth factor (HGF). Signals from LSECs such
as delta-like canonical notch ligand 4 (DLL4) and transforming growth factor beta (TGF-p), and from HSC
through tumor necrosis factor o (TNF-a)-Receptor and interleukin receptor 1 (IL1b-R), led to expression of
KC-specific markers such as liver X receptor alpha (LXRa), and inhibitor of DNA binding 3 (-ID3).
However, the expression of these genes is always higher in resident KCs.

A complete similarity in the gene profile between MoKCs and EmKCs was not achieved even after three days
of culture. It should also be stressed that MoKCs differ from BMDMs recruited after liver injury. MoKCs
express KC markers such as CLEC4F, CLEC2, and VSIG4, while BMDMs mostly express C-C chemokine
receptor type 2 (CCR2) without KC marker expression”***!,

EmKCs themselves seem to be heterogeneous. In the irradiation-exhausted model, radio-resistant KCs
(Cdkn1ahi) have been demonstrated, but their function remains to be established*). Furthermore, single-cell
RNA studies have identified two distinct EmKC subsets in rodents. KC1s are characterized as
CD206loESAM- cells and occupy approximately 80% of EmKCs, while KC2s are CD206hiESAM+ cells. Both
are similarly distributed with similar phagocytic capacity®?. KC1s mainly express genes implicated in
immune functions. KC2s mainly express LSEC-associated genes indicating implication with lipid
metabolism and lipid-associated oxidative stress through CD36"*. However, the same CD206hiESAM+ KCz2s
seem to be necessary for an efficient T-CD8+ response in mice livers””. Additional studies suggested that the
KC2 probably represents endothelial cell-KC doublets, something that requires further research***,

Therefore, the new definition for murine KCs refers to liver macrophages that express CLEC4F regardless of
origins"®. Additionally, CLEC2"", TIM4"* and VSIG4"™ are also accepted as murine KC markers. It should
be noted that VSIG4 has recently been reported to be conserved between mouse and human'’. Several
reports have demonstrated an initial secretion of cytokines, chemokines, complement factors and
prostaglandins by KCs stimulated by inflammatory factors!***!.

Human KC heterogeneity has been demonstrated as well. Human KCs are recognized as CD163+ MARCO+
CDs5L+ TIMD4+ cells“**). MARCO is a scavenger receptor that takes up inflammatory PAMPs and DAMPs,
leading to suppression of immune responses. In analogy to rodents, two different subsets of human liver
macrophages have been described"**”!. They were designated as KCs because they were CD68+ and were
described in the healthy liver. The transcriptome of CD68+ MARCO+ KCs seem to be the equivalent of the
murine resident KCs. MARCO+ macrophages were also localized in the periportal areas being almost absent
from pericentral areas*’. MARCO+ KCs in the normal human liver are also divided into two subsets. Both
expressed CD163 and MARCO and were designated as KC1 and KC2"”. Lack of TIMD4 differentiates KC2
from KC1. TIMD4+ cell numbers were similar between normal and cirrhotic livers, but a selective reduction



Voumvouraki et al. Hepatoma Res. 2026;12:12 Page 5 of 28

in MARCO + TIMD4- KC2 was observed in the fibrotic liver*. CDes+ MARCO- KCs were also recognized
in the normal human liver. They expressed monocyte-associated genes such as Ficolin-1 (FCN1), S100
calcium-binding protein A8 (S100A8) and Lysozyme (LYZ) and produced increased amounts of TNF-a after
stimulation with lipopolysaccharide (LPS) and interferon gamma (IFN-y). MARCO+ KCs express reduced
inflammatory mediators such as TNF-a but increased immunosuppressive genes such as Programmed
Death-Ligand 1 (PD-L1) after LPS or IFN-y stimulation**.. Therefore, MARCO- cells were designated as
inflammatory KCs. In a recent study, VSIG4 was proposed as the best marker of human KCs"*'.

Gut microbiota affects the induction of MARCO+ macrophages. The bacterial family, Odoribacteraceae, was
reported to induce this subpopulation and certainly this is not the only bacterial family that does the same
when the integrity of the intestinal barrier is breached. Commensal bacteria induce MACRO+
immunosuppressive macrophages, which in turn reduce liver inflammation. Disruption of this system may
participate in the pathogenesis of liver diseases such as Primary Sclerosing Cholangitis (PSC) or MAFLDP*),

Other markers have been proposed in human KCs. Flow cytometry has identified CD32 as an additional
marker capable of differentiating these two KC subsets. KCs that are characterized as CD32intCD68+ CD14+
regulate the immune response®'. In addition, a subset of CD49a+, VSIG4+, and/or MARCO+ intrahepatic
macrophages (ihM¢) not present in peripheral blood has also been identified in human liver. CD49a+ ihMg
were the most prominent macrophage population in livers with baseline TNF-q, IL-12, and IL-10 secretion
before stimulation of TLRs. After stimulation, the proportion of TNF-a, IL-12, and IL-10 secreting cells was
increased mostly within the CD49a- ihMg cells®” [Figure 1].

The heterogeneity of macrophage phenotypes is further complicated by the identification of another
subpopulation of macrophages in both mouse and human liver fibrotic tissue. In vitro,
Granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-17A, and TGF-B1 were able to
differentiate human monocytes into macrophages with scar-associated markers. These macrophages
degraded collagen IV but not collagen I. This subpopulation was designated as scar-associated macrophages
(SAMs) and was shown to activate HSCs to produce collagen I. Their relation with KCs remains to be
clarified””. [Figure 1].

FUNCTIONS OF KUPFFER CELLS

KCs belong to the innate immunity response system and are the first line of defense against various
pathogens originating in the gastrointestinal tract”'. They also phagocytose damaged hepatocytes and
injured red blood cells®***. Unlike other macrophages, KCs are equipped with a complement receptor that
binds C3b, leading to detention of bacteria to be later killed by other immune cells'*>**). They also
phagocytose and clear activated neutrophils. Furthermore, KCs can be activated by different receptors to
secrete either pro- or anti-inflammatory cytokines in order to regulate inflammation'”’.

Traditionally, macrophages including KCs are functionally divided as inflammatory or M1 and
anti-inflammatory or M2 cells. M1 KCs are antigen presenters, while activation of M1 KCs by TNF-a and
IFN-y leads to overproduction of inflammatory factors such as IL-6, IL-1p and TNF-o. The inhibition of
TNF-o/Tumor necrosis factor receptor1 (TNFR1) alters the polarization of liver M1 KC, reducing the
production of inflammatory mediators”®.

The identification of new phenotypes, as mentioned before, led many investigators to consider the M1 and
M2 classification an oversimplification**”. However, this binary consideration of macrophage function
remains valuable because it represents the net result of all distinct phenotypes that may participate in each
subset. Thus, it allows comparisons between diseases'*"**). M1 macrophages suppress tumors, while M2
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Figure 1. Heterogeneity of Kupffer cells and liver macrophages. Kupffer cells in both rodents and humans originate from yolk sac. Resident
Kupffer cells (emKCs) are further classified into KC1and KC2 in mice and into additional subsets in humans. A particular subset (ifKC) is
strongly pro-inflammatory. In contrast, liver-infiltrating macrophages (BMDMs) originate from bone marrow monocytes and can
differentiate into moKCs, which may be indistinguishable from emKCs. Irrespective of origin, liver macrophages are functionally classified
as M1and M2 macrophages. Boxes indicate the markers expressed in each subset. CSFIR: Colony-stimulating factor 1receptor;
EmKC/eMKC: embryonically derived Kupffer cell; KC: Kupffer cell; KC1: Kupffer cell subset 1; KC2: Kupffer cell subset 2; ifKC:
inflammatory Kupffer cell; Mo: monocyte; BMDMF: bone marrow-derived macrophage; moKC: monocyte-derived Kupffer cell; M1:
classically activated macrophage; M2: alternatively activated macrophage; TIM4: T-cell immunoglobulin and mucin domain-containing
protein 4; VSIG4: V-set and immunoglobulin domain containing 4; CLEC2: C-type lectin domain family 2; MARCO: macrophage receptor
with collagenous structure; CD68: cluster of differentiation 68; CD163: cluster of differentiation 163; CD36: cluster of differentiation 36;
CD206: cluster of differentiation 206; ESAM: endothelial cell-selective adhesion molecule; Ly6Chi: lymphocyte antigen 6 complex, high
expression; Ly6Clo: lymphocyte antigen 6 complex, low expression; CD11b: integrin alpha M; F4/80: epidermal growth factor-like
module-containing mucin-like hormone receptor-like 1, CCR2: C-C motif chemokine receptor 2; EmKCs: embryonic-derived KCs.

macrophages promote tumor expansion'®’. Nonetheless, the widely accepted current idea is that KCs actually
represent a mixture of liver phagocytic cells, whose functional response may alter according to the type of
injury and the activation of different receptors®*”..
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The principal function of KCs in the normal liver is the maintenance of immunological tolerance. This is
accomplished by the low levels of major histocompatibility complex (MHC) class I and II and co-stimulatory
molecules expressed in KCs that lead to defective T-cell activation'****. In addition, KCs maintain an M2
macrophage phenotype when the levels of portal vein endotoxins are physiological. This is accompanied by
increased secretion of anti-inflammatory molecules such as IL-10, TGF-B, nitric oxide (NO) and
prostaglandins that also prevent the activation of T cells by other antigen-presenting cells (APCs)!*\.
Moreover, increased levels of IL-10 and TGF-p upregulate the proliferation of regulatory T cells (Tregs)"’.

Chronic liver injury, regardless of etiology, may lead to fibrosis and cirrhosis. KCs play a central role in the
development of cirrhosis. After the initial insult, damaged hepatocytes liberate molecules, such as DAMPs,
reactive oxygen species (ROS) and pro-inflammatory extracellular vesicles (EVs)'*. KCs are in turn activated
accompanied by moKCs and BM-derived macrophages at the damage site!™”". Activated KCs coordinate the
immune response through injury resolution and the production of cytokines and chemokines such as TNF-q,
IL-6, and IL-12, IL-8, monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory
protein-1 alpha (MIP-1a)"**7?). However, KCs secrete pro-fibrotic cytokines such as TGF-p and
platelet-derived growth factor (PDGF) as well”. They also express the enzyme inducible nitric oxide
synthase (iNOS), leading to increased NO production and the formation of reactive nitrogen species (RNS)
after reaction with ROS. RNS, in turn, activate HSCs to transdifferentiate into collagen-producing
myofibroblasts"”*l. KCs themselves may transdifferentiate into fibrocytes, further promoting fibrosis”..
Inflammatory signals can also activate inflammasomes in KCs, resulting in activation of caspase-1 and
initiation of the maturation of pro-inflammatory cytokines IL-1p and IL-18. Both cytokines directly activate
HSCs, to increase deposition of the extracellular matrix (ECM)"*7*. Recruited macrophages comprise the
majority of cells in the fibrotic septa that promote liver fibrosis by producing pro-inflammatory
mediators””7®.

In certain pathological situations, however, activation of KCs plays an anti-fibrotic role. In the carbon
tetrachloride (CCL4)-induced liver fibrosis model, production of IL-22 promoted KCs polarization towards
the M2 phenotype and attenuated inflammation and development of fibrosis"”. In the cholesterol high-fat
diet model, the same M2 polarization was reported after the inhibition of dipeptidyl peptidase 4 (DPP4),
leading to improvement of insulin resistance, steatohepatitis, and fibrosis™".

Apart from KCs, BM-derived macrophages are implicated in liver fibrosis. They express the transmembrane
receptor CCR2 as mentioned above. Binding to its ligand Chemokine C-C motif ligand 2 (CCL2), CCR2
promoted the BM-derived macrophage infiltration into the liver®®"*/. It has been reported that inhibition of
CCR2+ monocyte infiltration by inhibiting CCL2 could downregulate ECM deposition and liver fibrosis®.
Progress of fibrosis leads to remodeling of the liver and loss of contact of KCs with neighboring hepatic cells
with final loss of their distinct identity. KCs are in contact with LSECs, HSCs and hepatocytes, that and the
whole constitutes the KC niche. Dying KCs release TNF-a and IL-1, which activate LSECs and HSCs to
transiently express monocyte chemoattractants. KC niche is transiently open and depleted KCs are replaced
by transient monocyte recruitment to the liver and their differentiation into moKCs, which proliferate to fill

the niche**!.

Recruited monocytes inside intrahepatic vessels fuse into large cell aggregates that have a KC-like phenotype,
and replenish resident KCs. These syncytia are identified irrespective of etiology of cirrhosis, and are
characterized by increased bacterial capture capacity!®*”.

An additional mechanism that participates in liver fibrosis is autophagy. During the initial stages of fibrosis,
autophagy in KCs is protective. This has been demonstrated in the experimental models of Carbon
tetrachloride (CCl4) and N-diethylnitrosamine (DEN) induced cirrhosis. Autophagy of KCs reduces
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inflammation and fibrosis by inhibiting IL-1a and IL-1p production induced by ROS"***l. Moreover, deletion
of Autophagy protein 5 (Atgs), a critical gene in the cascade of autophagy led to the aggravation of
fibrosis®’. On the other hand, IL-7 promotes inflammation and fibrosis in the Schistosoma japonicum
mouse model by inhibiting the autophagy of KCs through the adenosine monophosphate-activated protein
kinase (AMPK) pathway. Moreover, activation of autophagy by spermine can ameliorate liver injury in the
same model, through inhibition of the pro-inflammatory response of KCs'*\.

An additional implication of KCs in liver fibrosis is via the nicotinamide adenine dinucleotide phosphate
hydrogen oxidase (NADPH oxidase or NOX). The isoforms of NOX are involved in liver fibrosis through
the generation of ROS in both the HSCs and KCs"*!. Of the seven known NOX isoforms, KCs express only
NOX2, while HSCs express NOX1, NOX2, and NOX4"*,

KCs are involved in several other functions in addition to tolerance and fibrosis. They are major factors in
the regulation of iron turnover as they phagocytose aged red blood cells. Importantly, KCs secrete
vasodilators, such as carbon monoxide, as a result of hemoglobin degradation®**!. They are also involved in
the regulation of hemostasis as they clear aged platelets'®”’. Additionally, KCs are implicated in lipid
metabolism®**’\. They do not function in isolation. KCs and sinusoidal cells interact both in normal liver
homeostasis and during liver disease. KCs and LSECs are activated after liver injury and their crosstalk
increase inflammation and tissue damage. KCs and other liver macrophages produce inflammatory cytokines
and chemokines while LSECs increase expression of adhesion molecules such as Vascular cell adhesion
protein (VCAM) and Intercellular Adhesion Molecule (ICAM) that attract immune cells in the liver. In
addition, attracted macrophages initiate endothelial to mesenchymal transition (EndMT) of endothelial cells,
an important step for fibrosis initiation and progression, and HSC activation that transdifferentiate into
myofibroblasts as mentioned before!**!,

Extensive reviews of KC heterogeneity and functions have recently been published"*.

KUPFFER CELLS AND TUMOR BIOLOGY

Tumor progression depends on the creation of the tissue microenvironment (TME) that is critical for the
expansion or containment of the tumor. TME contains several immune cells including macrophages. In the
liver, KCs, MoKCs and BMDM:s constitute the pool of tumor-associated macrophages (TAMs)!"****. KCs
cannot be totally substituted by BMDMs"*'*). TRMs can be pro-tumorigenic or anti-tumorigenic not only in
the liver but in other tissues as well"*>""'l. TAMs, including all macrophages, exhibit a binary function.
M1-like TAMs are pro-inflammatory and have anti-tumor effects, while M2-like TAMs are
anti-inflammatory and have tumor-promoting effects!"'>"'*). M1-like macrophages are able to present
antigens and attract type 1 helper T cells (Th1) to kill and suppress tumors®*'>*'*) M2-like macrophages
repress effector T-cell recruitment, activate T helper 2 (Th2)- immune responses, stimulate angiogenesis, and
enhance tumor expansion!""”""*. Due to the difficulty in accurately identifying the role of the individual
constituents of TAMs, the use of TAM includes KCs and MoKCs in many instances below [Figure 2].

Cancers of the gastrointestinal tract and other organs frequently metastasize in the liver. KCs play an
important role in liver metastases. Early papers demonstrated that isolated KCs were cytotoxic against
human colon adenocarcinoma cells particularly after stimulation with INF-y and endotoxin!"">"** and
induced their phagocytosis'?’. KCs induce Fas cell surface death receptor (Fas) and Fas-mediated apoptosis
in colon cancer cells and malignant glioma cells"**'**!. Depletion of KCs by Gadolinium Chloride (GdCl3)
increased the size and number of metastases, while activation of KCs by Zymosan had the opposite effect**.
Production of NO by KCs after stimulation with endotoxin or TNF-a is also an anti-tumor mechanism!>*'>?,



Voumvouraki et al. Hepatoma Res. 2026;12:12 Page 9 of 28

“__‘_\_7 A

Tumor growth

__ypTh2 differentiation

TNFa __p-Anti-inflammatory
:IL-;I.]: “ATumor growth
IL-6 IL-10
It-12 TGFB Metastasis HCC
IL-18
IL-23 Fibrosis
ROS Proliferation
NOS Angiogenesis
Apoptosis
g F: / PDL-1/PD-1
VRN alectin9/TIM-3
Y Hce /
—. =X
\/

Recruitment-Activation Phagocytosis T Immune suppression

¥ .

Figure 2. Function of M1 and M2 subsets of liver macrophages. Although this classification is considered obsolete, as several novel
functional subsets have been described, it remains the best studied to date. M1 cells are the origin of TAM1, which are pro-inflammatory
and anti-tumoral and promote apoptosis and phagocytosis of HCC cells. Moreover, they recruit and activate killer immune cells such as
NK cells and effector CD8+Tcells. On the other hand, M2 cells are the origin of TAM2 cells that are pro-tumoral and favor HCC
proliferation and metastasis. Moreover, they cause exhaustion of CD8+T cells and increase the proportion of T reg cells. All subsets of M2
cells (M2a-M2d) also favor tumor development. BMDMF: Bone marrow-derived macrophage; EmKC: embryonically derived Kupffer cell;
SAM: scar-associated macrophage; M1: classically activated macrophage; M2: alternatively activated macrophage; M2a-M2d: M2
macrophage subsets; TAM: tumor-associated macrophage; TAM1: M1-like tumor-associated macrophage; TAM2: M2-like
tumor-associated macrophage; HCC: hepatocellular carcinoma; NK: natural killer cell; CD8+ T: CD8-positive T lymphocyte; Treg:
regulatory T cell; IL: interleukin; IL-10:: interleukin-1 alpha; IL-1B: interleukin-1 beta; IL-4: interleukin-4; IL-6: interleukin-6; IL-10:
interleukin-10; IL-12: interleukin-12; IL-13: interleukin-13; IL-17A: interleukin-17A; IL-18: interleukin-18; IL-23: interleukin-23; IL-37:
interleukin-37; TNFo: tumor necrosis factor alpha; IFNy: interferon gamma; TGFP: transforming growth factor beta; GM-CSF:
granulocyte-macrophage colony-stimulating factor; PGE2: prostaglandin E2; ROS: reactive oxygen species; NOS: nitric oxide synthase;
LPS: lipopolysaccharide; PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1; TIM-3: T-cell immunoglobulin and
mucin-domain containing-3.
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This is usually the case at the initial stages of tumor induction. Later, tissue-resident KCs and BMDMs can
differentiate to TAMs within the TME!""*). At later tumor stages, the behavior of TRMs is organ-specific. A
reduction of their population is observed in some cancer models, but in others, they promote cancer cell
expansion!*'*/. TAMs are polarized into an M2 phenotype by the metabolic products of tumor cells such as
lactic acid that induces hypoxia-inducible factor 1o (HIF1a) signaling. HIF1q, in turn, upregulates the
expression of vascular endothelial growth factor (VEGF) and macrophage galactose-type lectin-1 (Gal-1) in
M2 TAMs, further promoting tumor development!*-'*2),

KC behavior may be either tumoricidal or tumor-promoting depending on the balance between activating
and inhibitory receptors. Inhibition of receptors usually leads to promotion of metastatic cancer*. It was
recently shown in the liver that the nuclear factor ID3 shifts this balance towards promotion of phagocytosis
of tumor cells and recruitment and activation of natural killer (NK) and CD8 T effector cells to reduce the
growth of tumors!**). NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome
activation in KCs primed by tumor cells leads to the release of IL-18, which mediates an upregulation of Fas
ligand (FasL) death ligand by liver NK cells, leading to elimination of FasL-sensitive tumors®"**. It was also
demonstrated that Galectin-9 and transmembrane receptor dectin-2found on the membrane of KCs form a
complex with erythroid membrane-associated protein (ERMAP) expressed in several cancer cells. The
complex is recognized by KCs leading to phagocytosis of tumor cells. Importantly, deficient expression of
ERMAP on patient tumors was associated with increased liver metastases!**. Additional factors that regulate
the tumoricidal activity of KCs have been reported. EV's from different cells may contain DNA (EV-DNA) of
the complete genome. In a CRC model without liver metastases, EV-DNA was taken up by KCs leading to
the secretion of anti-tumor cytokines. This ultimately reduced the size and number of liver metastases. On
the contrary, deletion of the apoptotic peptidase activating factor 1 (APAF1) decreased EV-DNA and
increased liver metastases!””\. Other exosomes from CRC tumors had decreased levels of angiopoietin-like
protein 1 (ANGPTL1) compared to exosomes from normal tissue. ANGPTL1 has been shown to repress
liver metastases from various cancers. Exosomal ANGPTL1 was taken up by KCs, and decreased the
metalloprotease (MMP)-9 secretion by inhibiting the Janus kinase 2 /Signal transducer and activator of
transcription 3 signaling pathway (JAK2-STAT3) signaling pathway leading to reduction of the metastatic
outgrowth®.

On the other hand, cooperation of all sinusoidal cells increases the expansion of liver metastases. Production
of pro-inflammatory mediators upregulates the expression of cell adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM-1) on LSECs, thus increasing the catchment of cancer cells and the
extravasation from the sinusoids. Liver-infiltrating BMDMs, KCs and activated HSCs collaborate to secrete
growth factors such as TGF-p and VEGF, MMPs such as MMP-2, -9, and -13 and ECM proteins such as
fibronectin and periostin, thus promoting cancer cell expansion and neovascularization'*.

In addition to receptor activation, metabolic reprogramming of KCs and macrophages is a critical factor that
regulates their function"*'*"). Upregulation of glycolytic metabolism, fatty acid synthesis and the pentose
phosphate pathway leads to M1-polarization"*"). Furthermore, a disruption of the tricarboxylic (TCA) cycle
is responsible for the increased concentrations of citrate, and succinate that maintain macrophage
inflammatory responses by increasing the production of lipids, prostaglandins, NO, and ROS mediators that
are cytotoxic against cancer cells"*»'**). However, a shift of macrophage metabolism towards oxidative
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phosphorylation and fatty acid oxidation leads to M2 polarization*. Glutamine metabolism contributes to
this macrophage polarization"*!. Alpha-ketoglutarate derived from glutaminolysis destabilizes HIF1a,
enhances fatty acid oxidation, and epigenetically reprograms TAMs'"**. In addition, the catabolism of
arginine, via arginase 1 (ARG1), prevails over iNOS and NO production in pro-tumoral macrophages,

leading to the production of tumor-promoting factors such as ornithine and polyamines!*"*.
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LIVER MACROPHAGES AND HCC

HCC is tightly associated with TAMs, including the minority of resident KCs and the majority of MoKCs
and BMDMs. TAMs of monocyte origin are usually suppressor cells"*'*'). During liver cancer progression,
tissue-resident KCs that are initially tumoricidal are stimulated by factors promoting the progression of
HCC. They undergo a phenotypic shift eventually becoming TAMs that enhance tumor progression. MoMFs
undergo sequential evolution starting as erythro-myeloid progenitors, monocyte progenitors, mature
monocytes, MoKCs, and TAMs'"*?.. The GdCI3 repression of KCs had no effect on the number of KCs, but
clearly altered their function with reduction of TNF-a and IFN-y levels and elevation of MMP-2 in
experimental HCC. Tumor immunity was seriously repressed, and tumor growth was increased. Most
importantly, survival of trial mice was significantly shortened"**.

An earlier study also demonstrated that KCs can support the initiation and progression of HCC by
increasing IL-6 production in a manner dependent on the Toll-like receptor adaptor protein Myeloid
Differentiation Primary Response 88 (MyDs88). Differences in this pathway between sexes may explain the
increased prevalence of HCC in males!*****,

HCC cells produce several cytokines or chemokines such as CCL2, Chemokine C-X-C motif ligand
1(CXCL1), Chemokine (C-C motif) ligand 14 (CCL14), which attract monocytes into the TME through
interactions with their receptors. Apoptosis of TME KCs leading to reduction of KCs also induces the
infiltration by monocytes through the CCL2/CCRz2 axis. Moreover, KCs produce IL-1 and TNF-o, which act
on HCC cells that, in turn, secrete IL-8, thereby recruiting monocytes. HGF produced by M2 TAMs also
contributes to monocyte attraction in HCC. TAMs simultaneously produce CCL20 to attain
self-recruitment!*"*",

As mentioned above, HCC-associated TAMs are also divided into M1 and M2 subpopulations. M1-TAMs
are mostly localized in the tissue next to the tumor, while M2-TAMs are mostly localized within the liver
cancer tissue. HCC cells produce Wnt Family Member 3A Wnt3A ligands and EVs containing miR4458H,
which can shift the polarization into M2-TAMs. Similarly, TAMs secrete IL-12 that indirectly switches the
polarization toward M2-TAMs. Alternatively, when macrophages are stimulated with IFN-y, or LPS,
polarization turns into M1-TAMs. Moreover, IL-37 initiates reversion of M2-TAM polarization toward
M1-TAMs within TME"*".. TAMs also directly affect HCC. Upregulation of PD-L1 expression in TAMs
represses the activation of CD8+ T cells, and increases T regulatory cells recruitment, which is a crucial
mechanism to inhibit the elimination of HCC cells by CD8+ T- lymphocytes!'*”). The M2-TAMs are
traditionally classified into four subsets (M2a, M2b, M2c, and M2d) according to the type of stimulus. M2a is
induced by Th2 cytokines, M2b by immune complexes, M2c by anti-inflammatory cytokines or
glucocorticoids, and M2d by IL-6. Their distinct roles and the biological roles of M2 subtypes in HCC
development have not been clarified"*'*'!. However, evidence indicates that all four subtypes promote tumor
progression*>'**). [Figure 2].

M2 macrophages have mannose receptors (MR) and the Arginase-1 gene (Arg-1), which promote
anti-inflammatory Th2 reaction and mediate HCC development"**). Both M1-TAMs and M2-TAMs
interchange with each other upon stimulation with certain stimuli"**\. M1-TAMs appear to eliminate HCC
cells in the primary stages of tumorigenesis, but as tumor progression advances, M1-TAMs are replaced by
M2-TAMs. Several recent reports have revealed that TAMs comprise multiple subpopulations with variable
phenotypes. Single-cell RNA sequencing technology identified TAM subtypes with independent functional
characteristics based on differences in gene expression profiles. TAMs represent a heterogeneous population
that is difficult to classify using the M1/M2 bipolarization theory"*'*.
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Therefore, several investigations have tried to identify the significance of different subsets in the
development of HCC. Intra-tumoral TAMs in HCC express low levels of CD169 and high levels of CD204. A
reverse of this profile can improve prognosis of HCC patients!"”.. Chemokine receptor CCR2+ monocytes
induce the upregulation of the triggering receptor expressed on myeloid cells-1 (TREM1) in macrophages of
the TME leading to MMP-9+ TAMs and the progression of HCC"**). Siglec-10hi TAMs can inhibit the
function of CD8+ T cells. Blocking them may improve anti-tumor immunity"*’. Macrophages in the TME
produce more IFN-y, which helps CD8+ T cells to kill tumors"”. Moreover, forkhead box O1 (FOXO1)
expressed in TAMs inhibits IL-6 and represses the progression of HCC!'”".

KCs are a subset of TAMs that can also facilitate the progression of HCC. KCs accumulate in TME, and
repress the anti-tumor effect by inducing T-cell dysfunction through PD-L1/Programmed cell death protein
1 (PD-1) and galectin-9/T-cell immunoglobulin and mucin-domain containing-3 (TIM-3) signaling.
Moreover, HCC cell stimulation directly increased the expression of TREM1 in KCs, which, in turn,
increased KCs activation and HCC progression. On the contrary, TREM1 deletion reduced IL-1, IL-s6,
TNEF-0, CCL2, and C-X-C motif chemokine ligand 10 (CXCL10) production by KCs and repressed HCC
progression"”>'?\. Signals from TME activate KCs and induce their functional heterogeneity. The secretion of
CCL2 by HCC cells leads to the reduction of EmKCs, increasing the infiltration by MoKCs and immature
monocytes!”'7. The loss of Src-homology 2 domain-containing phosphatase 2 (Shpz2) expression in KCs
leads to apoptosis of KCs and increases the differentiation of CCR2+ monocytes into TAMs, altering the
immunosuppressive TME!"”®). Overall, six subsets of MoMFs (Macro1-Macros) and four subsets of KCs
(KC1-KC4) were recently described in HCC. Their relation with the M1/M2 classification and their
functional role in HCC progression have not been studied. Recent evidence indicated that at least one of the
six MoMFs expressing CXCL10 and one of the four KC subsets expressing MT1G were localized within
tumor tissues and were related to HCC development!””’. However, at present, the functional M1/M2
classification provides a better framework for understanding HCC development.

Additional mechanisms favor M2 polarization of KCs and macrophages in HCC. Tumor-derived alpha
fetoprotein (AFP) drove immature macrophage polarization into M2 macrophages and suppressed
phagocytosis of HCC cells by M1 macrophages. AFP also inhibited the apoptosis of HCC cells when
co-cultured with M1-like macrophages"”®. M2 polarization was also induced by exosomes produced by HCC
cells that contain miRNA-21-5p"”. HCC cells are competitors with macrophages for iron to increase the
expression of M2 genes. Transferrin receptor (TFRC) is significantly upregulated in HCC, and high TFRC
levels are associated with reduced overall survival. TFRC is positively correlated to HCC-infiltrating M2
macrophages*. Oncoprotein-induced transcript 3 (OIT3) is a recently described marker of M2
macrophages. Overexpression of OIT3 reprogrammed the metabolism of M2 macrophages and increased the
migration and invasion of co-cultured HCC cells. In vivo, overexpression of OIT3 in macrophages enhanced
initiation and progression of HCC!"*'\.

Single cell RNA analysis on blood-derived and liver-derived macrophages in human HCC revealed that liver
macrophages had an anti-inflammatory profile in comparison to blood-derived macrophages"*’. Two
additional studies demonstrated an overlap in M1 and M2 polarizations in patients with HCC a further
indication that macrophage biology goes well beyond the binary view of M1 and M2 macrophages'®"*.
Liver macrophages also produce pro-angiogenic factors such as VEGF, and PDGF, which promote
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angiogenesis and HCC expansion [Figure 2] .

In the DEN-CCl4 murine model of chronic liver inflammation and HCC development, a dynamic alteration
of the immune landscape was observed similar to that found in human HCC. Characteristically, levels of
Tregs were increased up to 125-fold in the invasive margin (IM) of the tumor accompanied by a 5-fold
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increase of macrophages while the number of CD8+T cells was unchanged. Interactions between the T
lymphocytes and macrophages were identified. In the IM area, KCs and macrophages were positively
associated with CD8+ T cells, indicating an anti-tumor cooperation. In contrast, in the tumor region, Tregs
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were negatively associated with KCs, repressing this response!"**. Interestingly, a recent report suggested that
temporal ablation of resident KCs has no effect on HCC pathogenesis, neither at the initiation stage nor at
the later stages of progression because moKCs quickly replenish the reduced resident KCs adopting their
phenotype!'”*). Another activating pathway for KCs that is particularly important in Metabolic
dysfunction-associated steatohepatitis (MASH)-associated HCC initiation and progression is the
hyaluronan-CD44-dependent binding of platelets. Therapeutic inhibition of platelet adhesion activation
decreased KC activation, and reduced carcinogenesis in murine models of MASH-associated HCC!"#*»*°),
Furthermore, the increased presence of anti-inflammatory macrophages is associated with poor prognosis in

HCC patients'".

Despite the general agreement that KCs in TME are promoters of HCC development, there is limited
evidence that, in some cases, KCs may be protective. The better documented evidence is a study of 302 HCC
patients, which showed that high numbers of CD68+ macrophages are associated with better survival*l.
This is supported by another study indicating that CD68+CD169+ macrophage infiltration of the liver was
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also associated with improved overall survival"*. The opposite conclusion has also been reported as high
infiltration of the liver by CD68+ macrophages was associated with poor prognosis of HCC patients!**.
Therefore, three clinical studies with similar patient characteristics led to contradictory results, probably
indicating the difficulty in assessing the heterogeneous KC subpopulations. A protective function of liver
macrophages has also been demonstrated in a murine model. Pre-malignant senescent hepatocytes secrete
chemokines and cytokines and are cleaned by CD4(+) T-cell-mediated adaptive immune response. CD4+ T
cells require the assistance of hepatic macrophages to clean the pre-malignant senescent hepatocytes that
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favor HCC initiation!"”. Increased microRNA-206 expression increases the recruitment of CD8+ T
lymphocytes. Overexpression of microRNA-206 ameliorates the tumor-promoting effect of KCs by driving

them into M1 polarization"*.

Further support for a protective role of KCs was produced in the partial hepatectomy (PH) experimental
model. Mice without hepatectomy rejected implanted Hepa1-6 hepatoma cells. In contrast, hepatectomized
animals increased tumor proliferation associated with a reduction in the number of KCs. KC reduction after
PH was associated with TNF-q leading to KC apoptosis through caspase-8 activation, whereas interleukin
IL-6 promoted KC survival"””!. Moreover, upregulated expression of miR-26a in either hepatocytes or KCs
led to resistance in HCC initiation in a murine model of carcinogenesis. This was attributed to repression of
nuclear factor kappa B (NF-kB) or STAT3 pathways by miR-26a"*".

In that respect, the role of long non-coding RNAs (IncRNAs) should be examined as they can affect the
behavior of KCs and TAMs in HCC. IncRNAs act in the nucleus or in the cytoplasm, regulating gene
expression through interference with DNA, RNA, or proteins. They may function as sponges to absorb
microRNAs (miRNAs) or take part in transcriptional modifications. In HCC, IncRNAs may act as tumor
suppressors or as tumor promoters when they interact with liver macrophages. They usually interfere with
polarization of TAMs!"*!.

Several IncRNAs act as tumor suppressors and improve survival in HCC. Thus, the upregulation of IncRNA
Five Prime to Xist (FTX) repressed the development of HCC during the evolution of MAFLD by promoting
M1 polarization of KCs"*!. The IncRNA Maternally Expressed 3 (MEG3) expression increased during
LPS/IFN-y-induced M1 polarization. Overexpression of MEG3 repressed M2 polarization and inhibited
HCC metastasis and angiogenesis repressing tumor expansion in vivo”*'.. Downregulation of the IncRNA
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Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALAT1) suppressed VEGF-induced
angiogenesis in a LSEC cell line and switched the polarization of macrophages toward the M1 subgroup. This
was accomplished through the interaction of MALAT1 with miR-140. On the other hand, inhibition of
miR-140 promoted angiogenesis in the LSEC cell line, and polarized macrophages toward the M2 subset”*..
The IncRNA LINCo00261 acts as a tumor suppressor in several cancers. In HCC, LINC00261 expression was
reduced in tumors and significantly correlated with improved prognosis. LINC00662 activated
Whnt/B-catenin signaling pathway in macrophages leading to M2 polarization®. IncRNA Cyclooxygenase-2
(cox-2) drives M1 polarization, and reduces M2 macrophage presence in a murine model. High expression
of the same cox-2 was associated with a better prognosis in HCC patients***. Likewise, overexpression of
IncRNA Growth Arrest Specific 5 (GAS5) supported the M1- polarization of TAMs and repressed M2
polarization indicating its antitumor activity in human liver cancer cell lines"**.

By contrast, several other IncRNAs support HCC progression either by promoting M2 polarization of TAMs
or by reprogramming the metabolism of macrophages and HCC cells. Thus, TAMs produce exosomes that
contain the M2 macrophage polarization associated IncRNA (IncMMPA), which upregulates aerobic
glycolysis and growth of HCC cells by acting as a sponge for miR-548. Moreover, IncMMPA promotes M2
macrophage polarization. Clinical studies indicated that IncMMPA expression was strongly associated with
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TAM glycolysis and reduced survival rates in HCC patients™. Similarly, HCC cell-derived exosomes with
the IncRNA TUC339 were absorbed by macrophages and suppressed the secretion of pro-inflammatory
factors, the expression of co-stimulatory molecules, and the phagocytic capability of macrophages. TUC339
is overexpressed in M2 macrophages and is implicated in M1/M2 polarization*”. Also, exosomes from the
serum of HCC patients were rich in the focally amplified IncRNA on chromosome 1 (IncRNA FAL1) and
promoted tumor growth by activating the Wnt/p-catenin signaling pathway. They initiated M2 polarization
in macrophages, increasing the proliferation of HCC cells. They also inhibited apoptosis of HCC cells™*. A
recent report demonstrated the implication of the hepatocellular carcinoma up-regulated EZH2-associated
long non-coding RNA (IncRNA HEIH) in HCC. It is overexpressed in HCC tumor tissues and hepatoma cell
lines and is transported to TAMs by HCC-derived exosomes, initiating M2 polarization!".
Hyaluronan-mediated motility receptor -AS1(HMMR-AS1) is another IncRNA that promoted M2
polarization in macrophages by binding to miR-147a*'*). The IncRNA Prostate Androgen-Regulated
Transcript 1(PART1) was also absorbed by macrophages via cancer cell-derived EVs in HCC. PART1
inhibited the miR-372-3p, which is a negative regulator of Toll-like receptor 4 (TLR4) in macrophages. EV's
containing PART1, supported macrophage polarization towards M2""". The IncRNA miR4458HG promoted
tumor growth in HCC, through glucose metabolism. Overexpression of miR4458HG activated glycolytic

pathways, and induced M2 polarization of TAMs*"?),

Extensive reports on IncRNAs in HCC have been recently published %,

Another implication of KCs in the progression of HCC is through the promotion of fibrosis and cirrhosis®.
Autophagy is involved in liver fibrosis as mentioned above. Autophagy-defective KCs increase liver fibrosis,
and HCC development via the ROS/NF-«xB/IL-1a/p signaling axis'®****. Toll-like receptor 2 (TLR2) ligands
led to NF-«xB degradation by autophagy, increasing M2 polarization in macrophages and progression of
HCCP". By contrast, apoptosis has a protective role in the association of KCs with HCC. The inhibitor of
macrophage Apoptosis Inhibitor of Macrophage (AIM) (encoded by cd5l) that is produced by KCs is a
circulating protein promoting the survival of macrophages against apoptotic stimuli. AIM produced by liver
KCs directly eliminated HCC cells as shown in a murine model™'*.

An additional mediator of KC function in HCC is the solute carrier family 16 member 3 (SLC16A3), which is
a lactic acid transporter. It can also transport other short-chain sugars such as pyruvate, maintaining
intracellular pH and glycolysis. SLC16A3 is an important component in the glycolytic metabolism of tumor
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cells. Multi-omics data demonstrated that SLC16A3 expression is associated with the modulation of
TME-related KCs and the creation of an inhibitory immune microenvironment. SLC16A3 can directly
intervene in the proliferation of HBV-positive liver cancer cell lines in vitro®. Clinical studies demonstrated
an upregulated expression of SLC16A3 in HCC tissues compared to adjacent normal liver. Most importantly,
SLC16A3 was significantly associated with the size of the tumor and patient prognosis*****!.,

An important aspect of KC function in HCC is related to the effect of cholesterol. This is critical for the
development of HCC in MAFLD. Entrance of cholesterol in KCs is achieved through endocytosis of
low-density lipoproteins (LDL) via the LDL receptor (LDLR). The cholesterol-containing endosome is fused
with lysosomes, liberating free cholesterol that is handled in the cytosol by Niemann-Pick type C proteins®?.
KCs are activated by cholesterol overloading, and enhance the chronic inflammation in HCC tumors by
recruiting immune cells that increase HCC progression. HCC cells obtain cholesterol from the diet, by de
novo synthesis, or through delivery from cells of TME"*". Cholesterol initiates macrophage attraction and
differentiation to M2 polarity in HCC. High cholesterol diet (HCD) induced M1 macrophages during HCC
initiation, but a switch towards M2 polarity occurred in later stages. Cholesterol loading is correlated with an
aggressive behavior of HCC>***],

TREATMENT OF HCC BASED ON KC AND TAM MANIPULATION

The use of macrophages as a therapeutic target in cancer has emerged as a promising approach to combat
tumor progression; however, the overall results from the clinical trials may not be as optimistic as expected.
Targeting macrophages for treatment of HCC is not so extensive as for treatment of other tumors, probably
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because of the complexity of the liver tumor microenvironment"*>*>*,

The four most promising strategies to combat tumor progression by targeting TAMs are categorized into
inhibition of macrophage recruitment, repolarization of TAMs, depletion of TAMs, or promotion of
phagocytosis'*”. [Figure 3].

It has been suggested that KC targeting is a promising immunotherapy treatment of HCC, given the crucial
role of KCs in the immune landscape of TME. It is expected that specific targeting of KCs will reduce tumor
growth and sensitize tumors to anti-PD-1 treatment™”. In that respect, it was shown in murine experiments
that engineered bacteria can restore KC dysfunction and obtain substantial therapeutic results against several
types of metastatic liver cancer'***..

Checkpoint inhibitors have been used to treat advanced HCC. However, KCs and high density of TAMs
impair T cell responses and reduce immunotherapeutic sensitivity'””. Moreover, KCs are implicated in the
liver toxicity induced by neutrophils during immunotherapy”*”. Furthermore, TAMs produce HGF and
HIF10 that confer tumor resistance to therapeutic agents such as sorafenib.

The mechanisms underlying this resistance show that KCs and TAMs are critical factors'’'l.
M2-immunosuppressive TAMs produced anti-inflammatory cytokines, which reduced the anti-tumoral
activity of effector T cells, thus diminishing the efficacy of immune checkpoint inhibitors (ICIs)"**>***|. TAMs
also enhance angiogenesis and epithelial-mesenchymal transition that favor tumor invasiveness and
additionally diminish the efficacy of ICIs"*'*******. Targeting TAMs is an interesting strategy to overcome ICI
resistance in HCC. There are different ways to target TAMs. Attempts have been made either to eliminate
TAMs by inhibiting the Wnt/p-catenin pathway or to arrest recruitment of TAMs by inhibiting the CCR2
signaling. Another approach is the modulation of production of pro-tumoral molecules by TAMs through
triggering TNFR1 signaling and inhibiting the NF-kB pathway. Restoration of the phagocytic capacity of
TAM:s or reprogramming of their polarization has also been tested"**'***!. It was reported that CD11b
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Figure 3. Targeting TAMs may be a promising therapeutic modality in the treatment of HCC. There are five main strategies to combat
TAMs presented within the yellow boxes. However, only pexidartinib, which reduces M2 cells, has been approved by the FDA for use in
human tenosynovial giant cell tumors. CD163 inhibitors appear promising, as their inhibition may reverse the immunocompromised
response in HCC. M1: Classically activated macrophage; M2: alternatively activated macrophage; TAMs: tumor-associated macrophages;
TA: tumor-associated; HCC: hepatocellular carcinoma; TIM-3: T-cell immunoglobulin and mucin-domain containing-3; CCL2: C-C motif
chemokine ligand 2; CCR2: C-C motif chemokine receptor 2; IFNy: interferon gamma; CD40: cluster of differentiation 40; TLR: Toll-like
receptor; CSFIR: colony-stimulating factor 1 receptor; CD163: cluster of differentiation 163; CD47: cluster of differentiation 47; Treg:
regulatory T cell; Th17: T helper 17 cell; FDA: Food and Drug Administration.

agonists can lead to a phenotypic switch in TAMs by inhibiting NF-«B signaling. Combination of
immunotherapy and targeting TAMs is also tested in clinical trials. In these trials, Pexidartinib (PLX3397)
and other drugs are being used in combination with PD-1/PD-L1 inhibitors, showing promising results****”"..
Moreover, macrophage eliminators such as Trabectedin are combined with the PD-1 inhibitor Nivolumab in
early clinical trials of sarcoma. The macrophage recruitment inhibitor Cabiralizumab has also been
combined with Nivolumab for the treatment of HCC. The CD40 agonist antibody Selicrelumab, which
reprograms macrophages into M1 phenotype, has also been used in combination with the PD-L1 inhibitor
Atezolizumab in solid tumors'**°!, Trials on treatment of HCC are expected in the near future, as
macrophages are important in the pathogenesis of HCC.

Several attempts have been made to reprogram TAMs. TREM1 is involved in the transformation of M2 to
M1 macrophages as previously mentioned. Reduction of TREM1 in macrophages switched M2 polarization
into an M1 phenotype. TREM1 depletion in macrophages inhibited Phosphoinositide 3-kinase/AKT
Serine/Threonine Kinase/Mammalian or Mechanistic Target of Rapamycin (PI3K/AKT/mTOR) activation.
Downregulation of this receptor also led to inhibition of migration and invasion of HCC cell lines****!. A
polysaccharide from the spores of Ganoderma lucidum enhanced the polarization of macrophages to M1
type by also interfering with the PI3K/AKT pathway to induce tumor cell apoptosis'**'. Other exogenous
molecules also interfere with macrophage polarization and may be useful in HCC treatment. Cantharidin
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increased M1 polarization by upregulating microRNA-214 expression®?. Astragaloside IV, a constituent of
Astragalus membranaceus, inhibited macrophage M2 polarization through the TLR4/NF-«B/STAT3
signaling pathway leading to the reduction of invasion and expansion of HCC"*. A different approach is to
use macrophages instead of macrophage elimination. This has been tested by engineering of autologous
macrophages to create tumor-targeted Chimeric antigen receptor macrophages (CAR-macrophages).
Macrophages can also be loaded with therapeutic agents and sent to upload the drugs into the tumor
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Recently, a finding in the CTNNB1-mutated HCC patients has been used to restore the CD8+ anti-tumor
activity and enhance the efficacy of immunotherapy. CTNNB1 mutations are identified in approximately a
third of patients with HCC"*!. The gain-of-function CTNNB1 mutations (CTNNB1 GOF) in HCC favor the
immune escape and resistance to anti-PD-1 treatment through overproduction of MMP-9 from M1 KCs and
TAMs. MMP-9 reduced infiltration and anti-tumoral activity of CD8+ T cells. Targeting MMP-9 restored
TME and enhanced anti-PD-1 efficacy in patients with CTNNB1 GOF HCC™*.,

Other potential targets in HCC treatment have emerged from recent investigations. A novel mechanism of
TAM infiltration in HCC has been recently reported. Mitochondrial Transcription Factor A (TFAM) is
implicated in mitochondrial DNA (mtDNA) replication and transcription. TFAM expression was
significantly reduced and was closely associated with CD163 expression in HCC tissues. Reduction of TFAM
led to TAM infiltration by inducing cytosolic mtDNA stress and M2 polarization of the recruited TAMs.
Moreover, inhibition of the mtDNA-NLRP3 pathway significantly attenuated TAM infiltration and HCC
advancement. Interference with this mechanism, therefore, has the potential of a new approach to treatment
of HCCP¥). Another potential approach of HCC treatment has been recently proposed. The liver is the
principal organ of ketone production. Ketones are metabolized by the enzyme 3-oxoacid CoA-transferase 1
(OXCT1). Ketone metabolism is increased in HCC through the overexpression of OXCT1 in TAMs leading
to a pro-tumoral polarization of TAMs. Drug targeting or genetic depletion of OXCT1 in TAMs increased
anti-tumor immunity and repressed tumor growth*. Targeting IncRNAs may also be a treatment modality
for the future. At the moment, only experimental data are available?.

Beyond the traditional M1/M2 classification, single-cell studies have revealed distinct TAM subpopulations
such as Secreted Phosphoprotein 1(SPP1+), Triggering Receptor Expressed on Myeloid cells 2 (TREM2+),
and MARCO+ macrophages that attenuate cytotoxic immune activity, and are associated with poor
prognosis and immunotherapy resistance. Their inhibition is an interesting prospect. Clinically,
macrophage-based therapeutic strategies include blockade of macrophage recruitment. This was tried by
CCL2/CCRz2 inhibitors such as Carlumab, which inhibits macrophage infiltration or Emapticap pegol, which
inhibits TAM recruitment (162). In addition, Colony-stimulating factor 1(CSF1)/CSF1R inhibitors such as
Tinengotinib or Plerixafor may lead to depletion of immunosuppressive TAMs. Both are clinically tested for
solid tumors other than HCC (162). Emactuzumab, a CSF1R inhibitor, and BMS-813160, which antagonizes
CCL2/CCRs, are also being tested for TAM targeting in HCC"*.

Reprogramming of macrophages toward M1-like phenotypes also offers promising prospects to enhance the
efficacy of immune checkpoint inhibitors, anti-angiogenic agents, and locoregional treatments'**+2°%2°!),
However, translation into clinical practice requires multicenter validation, more integration of multi-omics
data, and a better understanding of spatially and temporally dynamic macrophage states within the tumor

microenvironment®*.

Most efforts are being tested in animals or are still at the preclinical stage®?. Food and Drug Administration
(FDA)-approved pexidartinib, a CSF1R inhibitor and M2 macrophage inhibitor, is under clinical
investigation in liver, breast, and pancreatic cancers®*. CD47 inhibitors that promote phagocytosis of TAMs
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are also in early trials on solid tumors"®?!. Other drugs targeting macrophages are under clinical
development. Zoledronic acid, which depletes macrophages, is being evaluated in combination with
sorafenib in safety studies. Codrituzumab (GC33), which binds to human glypican-3 and inhibits M2
polarization, is also under clinical evaluation. Baicalin, an autophagy-induced p52 activator, promotes TAM
repolarization into the M1 phenotype. Exosome modulators are also being tested".

Current treatment modalities targeting TAMs should overcome major issues such as TAM heterogeneity,
plasticity, and therapeutic resistance, in addition to the excessive production costs associated with
macrophage therapies. These obstacles remain critical if optimal clinical efficacy is to be achieved™* >\,
Moreover, while induction of TAM clearance appears to be a logical approach to eliminate tumor promotion
by TAMs, a significant obstacle is the concomitant nonspecific depletion of monocytes. Selective targeting of
TAMs with sparing of TRMs is critical to minimize adverse effects and ensure treatment safety and efficacy,
but this has not been achieved so far’.

CONCLUSIONS

KCs and BMDMs are fundamental factors in both innate and adaptive liver immunity as they are involved in
several critical functions of liver biology. They are implicated in the presentation of antigens and the
regulation of apoptosis of other liver cells. Deranged autophagy of KCs is involved in the progression of liver
fibrosis in collaboration with LSECs and HSCs. Moreover, they are involved in the hepatic recruitment and
function of lymphocytes. As a result of these complex functions, it is not surprising that macrophages are
heavily involved in the initiation and progression of HCC. They are important cells in the creation of the
tumor microenvironment, participating in the TAM cluster as either resident KCs or MoKCs. It is difficult to
assess the exact role of KCs in the landscape of HCC microenvironment as the discrimination markers from
the bone marrow-derived TAMs are not very specific so far. The function and fate of TAM1 and TAM?2 are
influenced by their niche in the tumor microenvironment, where distinct conditions shape macrophage
behavior. This may be the explanation why TAMs may be either pro-tumoral or anti-tumoral®*®.

The recent identification of several subpopulations of KCs whose precise function has not been clarified
requires further research. At the moment, it is accepted that M1 and M2 polarization of KCs and other
TAMs regulate the initiation and progression of HCC. There is an urgent need to identify more precise
surface markers for identification of pro-tumoral KCs/TAM subsets. Moreover, a better understanding of the
metabolic and epigenetic mechanisms that regulate their plasticity and variability of phenotypes in HCC is
also urgently required. Since KCs are also implicated in the reduced potency of immune checkpoint
inhibitors used in therapeutic regimes of HCC, several investigators have reported that reprogramming of
KC and TAM functions could be a promising treatment of HCC, either alone or in combination with
immunotherapy to reduce ICI resistance. However, these propositions are mostly based on animal studies
and early phase I and phase II clinical studies. Therefore, more extensive trials in patients are required.
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