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HBV infection is a key risk factor for the development and progression of

hepatocellular carcinoma (HCC), a highly invasive tumor, and is characterized

by its persistent immunosuppressive microenvironment. This review provides an

in-depth analysis of HBV-related HCC and explores the interactions between

neutrophils, natural killer cells, and dendritic cells, examining their roles in

regulating tumor-associated macrophages and CD8+ T cells and shaping the

tumor microenvironment. Two critical players in the immunosuppressive milieu

of HBV-related HCC are CD8+ T cells and tumor-associated macrophages

(TAMs). The study explores how TAMs, initially recruited to combat infection,

transform, adopting a tumor-promoting phenotype, turning against the body,

promoting tumor cell proliferation, suppressing anti-tumor immunity, and

assisting in the spread of cancer. Meanwhile, CD8+ T cells, crucial for

controlling HBV infection, become dysfunctional and exhausted in response to

persistent chronic viral inflammation. The review then dissects how TAMs

manipulate this immune response, further depleting CD8+ T cell functions

through mechanisms like arginine deprivation and creating hypoxic

environments that lead to exhaustion. Finally, it explores the challenges and

promising therapeutic avenues that target TAMs and CD8+ T cells, either

separately or in combination with antiviral therapy and personalized medicine

approaches, offering hope for improved outcomes in HBV-related HCC.
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1 Introduction

Hepatocellular carcinoma (HCC) is the most prevalent cause of

over 80% of primary liver cancers, and liver cancer is the sixth most

frequent cancer worldwide in terms of cancer-related mortality (1, 2).

Chronic hepatitis B virus (HBV) infection is a leading cause of liver

cirrhosis, a condition that significantly increases the risk of

developing HCC. In 2019, World Health Organization (WHO)

reported a global prevalence of 296 million individuals with

chronic HBV infection. Alarmingly, only 30.4 million individuals

were aware of their hepatitis B status, and approximately 1.5 million

people experienced new infections of chronic hepatitis B virus (3).

HBV infection induces chronic liver injury, which initiates reparative

mechanisms having the aim of restoring the structure and function of

the liver (4). Nevertheless, the presence of chronic inflammation may

result in ongoing regenerative repair of hepatocytes, hence

contributing a role in the initiation and progression of HCC (5). In

the tumor microenvironment (TME) of HBV-related HCC, various

components, including immune cells, neoplastic cells, blood vessel

cells, tumor-associated fibroblasts, and extracellular matrix, play a

pivotal role in tumor (6). Understanding cancer progression requires

a knowledge of immune cell interplay within the tumor

microenvironment (TME), particularly with CD8+ T cells and

tumor-associated macrophages (TAMs).

The tumor microenvironment, consisting of immune cells such

as TAM-like macrophage, CD8+ T cells, neutrophils, NK cells, and

DCs and non-immune cells such as stromal cells, endothelial cells,

cytokines, and ECM, plays a key role in the initiation and

progression of HCC (7, 8). Research highlights the significant

infiltration of immune cells such as TAMs and CD8+ T cells in

liver cancer, particularly in HBV-related HCC, correlating strongly

with negative patient prognosis (9). The liver, compared to other

organs, hosts a higher percentage of macrophages, including

Kupffer cells (KCs), which are tissue-resident macrophages critical

for maintaining homeostasis (10). TAMs constitute a pivotal

component of the TME, actively contributing to cancer

progression and metastatic dissemination (11). The multifaceted

roles of TAMs in HCC have garnered significant attention,

encompassing immunosuppressive function, facilitation of tumor

invasion and metastasis, pro-angiogenic activity, induction of

epithelial-mesenchymal transition (EMT), and promotion of

stemness (12). A comprehensive understanding of these diverse

TAM functions is crucial for the development of effective

therapeutic strategies in HCC. Therapeutic targeting of TAMs

holds promise for the development of novel treatment strategies

in HCC, presenting an exciting area of burgeoning investigation

(13). In addition to TAMs, CD8+ T cells also play a crucial role in

the immune microenvironment of HBV-related HCC (14, 15).

Interactions among tumor cells, TAMs, CD8+ T cells, and other

immune components affect key aspects such as proliferation,

invasion, migration, liver fibrosis, and immune killing of tumor

cells through the secretion of cytokines and exosomes and

alterations in the expression of related proteins (16). The intricate

mechanisms and signaling pathways involved in the interplay
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between TAMs, CD8+ T cells, and other immune cells in HBV-

related HCC underscore the complexity of the disease progression

(17). This review article provides the interplay between TAMs and

CD8+ T cells specifically contribute to the pathogenesis,

progression, and clinical outcomes of HBV-related HCC, and

what therapeutic strategies, both current and emerging, target

these immune components, considering their limitations and

potential for improving patient outcomes.
2 Crosstalk of immune cells with
TAMs and CD8+ T cells

2.1 Immune cells interaction with TAMs
and CD8+ T Cells

HBV infection can significantly impair the immune response,

creating a conducive environment for HCC through various

mechanisms involving CD8+ T cells and TAMs (18). HCC is

characterized by a complex interplay between viral factors, tumor

cells, and the host immune response. In HBV-related HCC, Tregs have

been shown to enhance CD8+ T cell exhaustion, contributing to

persistent viral infection and chronic inflammation (19).

Additionally, Chronic HBV infection results in the accumulation of

exhausted CD8+ T cells (Tex), characterized by high expression of

inhibitory receptors like PD-1, leading to impaired anti-tumor

immunity (18, 20). Furthermore, CD3+C1q+ TAMs interact with

CD8+ T cells, influencing their function through metabolic

reprogramming, which can further suppress T cell activity in the

tumor microenvironment (TME) (21). The interplay between Tregs,

exhausted CD8+ T cells, and TAMs fosters an immunosuppressive

TME, facilitating HCC development and progression A hallmark of

HBV-HCC is the development of immune dysfunction, which

significantly contributes to tumor progression. This immune

dysfunction involves alterations in various immune cell populations,

including macrophages and CD8 T cells as shown in Figure 1.

Macrophages, key players in both innate and adaptive

immunity, are profoundly affected by HBV infection. In the

context of HBV-related HCC, macrophages often adopt a tumor-

promoting phenotype, known as tumor-associated macrophages

(TAMs) (6). TAMs can suppress anti-tumor immune responses via

a variety of mechanisms, including immunosuppressive cytokine

release, angiogenesis promotion, and T cell function inhibition. In

addition, HBV can directly infect macrophages, resulting in their

dysfunction and potentially contributing to an open environment

for tumor growth (22).

CD8+ T cells, which are cytotoxic lymphocytes that eradicate

virus-infected and tumor cells, are also markedly reduced in HBV-

related HCC. HBV can resist CD8 T cell recognition in a variety of

ways, including downregulating MHC class I expression on infected

cells and generating viral proteins that inhibit T cell activation (23).

Furthermore, HBV infection creates an immunosuppressive milieu

that can impair CD8 T cell activity, restricting their ability to

efficiently target and eliminate tumor cells (14).
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2.1.1 Neutrophil interactions with TAMs and
CD8+ T cells

Neutrophils, key players of the innate immune system, readily

infiltrate tissues upon infection, damage, or cancer (24). The two

main phenotypes of tumor-associated neutrophils (TANs) are

antitumorigenic (TAN-N1) and protumorigenic (TAN-N2), arise

from differential activation levels (mediated by TGF-b) rather than
distinct molecular profiles (25). Neutrophils employ diverse

mechanisms to combat cancer, including direct tumoricidal

action via antibody-dependent cellular cytotoxicity (ADCC), and

indirect orchestration of antitumor adaptive immune responses (26,

27). Neutrophils can interact with various immune cell types,

including tumor-associated macrophages (TAMs) and CD8+ T

cells, to influence the tumor microenvironment and anti-tumor

immune responses.

In HBV-related HCC, TANs have a pro-tumor phenotype,

promoting tumor growth and metastasis although interactions with

TAMs create a supportive microenvironment for tumor cells by

releasing factors that suppress anti-tumor immune responses and

promote angiogenesis (28). Zhou et al. showed that the interaction

between tumor-associated neutrophils (TANs) and tumor-associated

macrophages (TAMs) promotes the proliferation and propagation of

cancer cells by activating the STAT3 signaling pathway (29). Moreover,

TAN-N1 indirectly regulates the recruitment and activation of CD8+ T

cells by producing chemokines and pro-inflammatory cytokines such

as CCL3, CCL9, CXCL10, TNF-a, and IL-12, thereby contributing to

the restriction of tumor growth (30). Additionally, N1 TAN-derived

cytokines stimulate T cell proliferation and differentiation, promoting

an antitumor Th1 response.

On the other hand, Protumorigenic TAN-N2 produces

decondensed chromatin structures embedded with granular

proteins, called neutrophil extracellular traps (NETs), which are

known to contribute to tumor development (31). Additionally,

NETs have been shown to induce tumor metastasis by promoting

the migration of cancer cells and down-regulating tight junction

molecules on endothelial cells (32). The priming of neutrophils for

NETosis by tumors has been found to favor tumor growth (33).

Nevertheless, a higher number of CD66b+ neutrophils found around

tumors is associated with a lower chance of survival in patients with

hepatocellular carcinoma (HCC). These findings collectively suggest

that NETs and CD66b+ neutrophils play a significant role in the

progression of HCC (34). These interactions contribute to the

immunosuppressive microenvironment often observed in HBV-

related HCC, hindering the ability of the immune system to

effectively eliminate tumor cells.

2.1.2 NK cell interactions with TAMs and
CD8+ T cells

Natural killer cells are distinctive cytotoxic lymphocytes that play a

vital role in fighting tumors and infections (35). Human NK cells

comprise approximately 15% of total lymphocytes and the frequency of

circulating NK cells is reduced in the blood of Hepatitis B and C viral

infections, while their frequency is elevated within the liver (36, 37). NK

cells can interact with TAMs and CD8+ T cells, influencing the tumor

microenvironment and immune responses.
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NK cells can be negatively regulated by TAMs through various

mechanisms. TAMs can release immunosuppressive factors, such as

TGF-b and IL-10, which can inhibit NK cell function (38).

Additionally, TAMs can express ligands for inhibitory receptors

on NK cells, such as NKG2D and PD-L1, leading to NK cell

dysfunction. Conversely, NK cells can also influence TAMs (39).

Furthermore, TAMs phenotype and function can be altered by the

cytokines and chemokines produced by activated NK cells, possibly

leading to a more anti-tumor phenotype (40). On the other hand,

CD8+ T cell and NK cell interaction, the expression levels of

NKG2A in tumor-infiltrating tissues and peripheral blood were

similar for NK cells, CD8 T cells showed a large difference in

expression levels of NKG2A in tumor-infiltrating tissues and

peripheral blood, where NKG2A is a constant companion, CD8+

T cells play a game of hide-and-seek with this inhibitory receptor. In

healthy individuals, it’s practically invisible, but in the

battlegrounds of tumors and chronic infections, NKG2A emerges

as a major player (41, 42). Moreover, in HBV-related HCC the

imbalance between inhibitory receptor NKG2A and activating

receptor NKG2D on NK cells is associated with NK cell

immunosuppression and tumor progression (43). The NKG2A/

NKG2D ratio on NK cells can predict tumor progression and is

inversely correlated with progression-free survival in HCC

patients (43).

2.1.3 DC cell interactions with TAMs and
CD8+ T cells

Dendritic cells (DCs) serve as crucial intermediaries between

innate and adaptive immunity by orchestrating antigen

presentation, a process that ultimately leads to T cell activation

and differentiation (44). In HBV-related HCC, DCs can interact

with TAMs and CD8+ T cells to influence the tumor

microenvironment and anti-tumor immune responses. Unlike

macrophages, DCs exhibit migratory capacity and preferentially

engage T cells within tissue-draining lymph nodes, although

substantial DC-T cell interactions also occur in the liver (45, 46).

Notably, the activation of CD8+ cytotoxic T cells hinges upon the

prior activation of DCs by CD4+ T helper (Th) cells (47).

DCs play a crucial role on regulating immune responses in

HBV-related HCC, particularly through their interactions with

TAMs. Studies have shown that TAMs can release exosomes that

transfer molecules to DCs, influencing their function. For instance,

exosomes derived from TAMs can carry lncRNAs that stimulate

tumor cell glycolysis, thereby enhancing tumor and further

suppressing DC activity (48). Research indicates that TAMs help

HCC patients evade immune responses by upregulating arginase,

which cause an increase in proline production. This proline

subsequently activates cancer-associated fibroblasts (CAFs),

enhancing their expression of immune checkpoint molecules like

PD-L1 and CTLA-4, thereby promoting immune suppression (49).

In contrast, DCs pulsed with heat shock protein 70 and HBxAg

have been shown to increase their maturation and stimulate robust

antitumor T-cell responses, indicating a potential therapeutic

approach to counteract the immunosuppressive environment

created by TAMs and CAFs (50). Furthermore, A novel
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dendritic-cell-targeting DNA vaccine for hepatitis B, capable of

inducing robust T cell and humoral immune responses, has

demonstrated potent antiviral activity in HBV transgenic mice.

Moreover, innovative strategies for generating dendritic cells from

PBMCs, coupled with targeting HBV antigens, offer a promising

strategy for developing effective immunotherapies against HCC

(51). Thus, the interplay between DCs and TAMs is pivotal in

shaping the immune landscape in HBV-related HCC, highlighting

the need for targeted immunotherapeutic strategies.

DCs engage T cells through a complex interplay of antigen

presentation, costimulation, and cytokine signaling. Initially, DCs

must present the antigen to CD4+ T cells via MHC-II molecules

and CD8+ T cells via MHC-I molecules (52). Costimulatory

molecules from the immunoglobulin superfamily (CD80-CD86/

CD28) and the TNF superfamily (CD40L/CD40, 4-1BBL/4-1BB,

CD27/CD70, CD30L/CD30, and HVEM/LIGHT) play a critical role

in the activation and stimulate the production of cytokines that

promote CD8+ T cell expansion and differentiation (53). In

addition to TCR/MHCp interactions, costimulatory pathways

involving receptors like CD28 and ICOS on T cells and their

ligands on DCs are crucial for T cell activation and differentiation

(54). Furthermore, DCs secrete cytokines such as interleukin-6 (IL-

6), IL-12, IL-23, IL-27, transforming growth factor-beta 1 (TGF-

b1), retinaldehyde dehydrogenase (Raldh), and indoleamine 2,3-

dioxygenase (IDO), which play important roles in shaping immune

responses. Disruption of any mechanisms will lead to an erroneous

adaptive response. As a result, the primary strategies by which

cancer cells evade immune surveillance by disrupting the

immunological synapse, often through the expression of

inhibitory ligands that suppress T-cell activation (55). Hence,

Cancer cells establish immune privilege by upregulating the
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expression of inhibitory ligands, such as PD-L1, CTLA-4, LAG-3,

TIM-3, and GAL9, which engage their cognate receptors on T cells,

effectively transmitting a “stop” signal that abrogates T cell

activation and function (56). This suppression of the antitumor

immune response facilitates tumor growth and evasion.
3 TAMs as an innate immune response
against HBV-related HCC

3.1 TAMs origins and activation in HBV-
related HCC

TAM origins are very complex and heterogeneous. It can originate

from Kupffer cells (KCs), peripheral blood monocytes, andM-MDSCs.

Tissue hepatic macrophages, often exemplified by Kupffer cells (57),

have been shown to originate from two distinct embryonic sources:

yolk sac-derived erythro-myeloid progenitors (EMPs) expressing the

macrophage colony-stimulating factor 1 receptor (CSF1R), and EMPs

arising within the fetal liver itself (58, 59). Kupffer cells (KCs), a tissue-

resident macrophages, exhibit a complex duality in HCC, and

contributing to anti-tumor immunity, they can also facilitate HCC

progression (60, 61). Danger-associated molecular patterns (DAMPs)

within HCC can engage the inflammatory program of KCs, leading to

subsequent recruitment of immune cells to the liver. Notably, CCL2

production by tumor cells depletes resident embryonic KCs, paving the

way for infiltration by monocyte-derived KCs and immature

monocytes (M0) (62, 63). Inflammatory mediators secreted by

cancer cells (such as chemokines and growth factors) within both

primary and metastatic tumors drive their differentiation into TAMs,

consequently promoting tumor progression (63).
FIGURE 1

Shows the intricate interaction among different populations of immune cells in the context of HBV-related HCC. The primary emphasis is tumor-
associated macrophages (TAMs) and CD8+ T cells as well as their interactions with other immune cells, such as Neutrophils, Natural killer (NK) cells
and Dendritic cells (DCs). The figure is created with BioRender.com.
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Normally, Tissue macrophages and peripheral monocytes exhibit

clear phenotypic and functional divergence. However, during

inflammatory and neoplastic processes, peripheral monocytes

derived from the bone marrow (BM) emerge as key contributors to

the macrophage population, particularly TAMs, driven by a complex

interplay of inflammatory and tumor-derived signals, these

circulating monocytes undergo mobilization and infiltration into

the TME, where they undergo further differentiation into tissue

macrophage (64). Moreover, HCC fosters the differentiation of

TAMs through Tim-3, a transmembrane protein with elevated

expression in monocytes and TAMs. In HCC, this protein plays a

pivotal role in activating and amplifying the pro-tumoral effects of

TAMs (65). Chronic liver injury exhibits a strong association with the

infiltration of M2-TAMs, the majority of which originate from

CCR2-positive monocytes in bone marrow. The presence of CCR2-

positive myeloid cells is critical for effective senescence surveillance,

as evidenced by their depletion leading to HCC outgrowth (62).

Monocyte recruitment to the TME is orchestrated by the CCL2/

CCR2 axis, which differentiates into TAMs and polarizes towards an

M2 phenotype, thereby actively contributing to HCC progression.

TAMs can be derived from myeloid-derived suppressor cells.

MDSCs, derived from the bone marrow, can be classified into two

subsets: granulocytic or polymorphonuclear (PMN-MDSCs) and

monocytic (M-MDSCs) (66). PMN-MDSCs exhibit similarities to

neutrophils, whereas M-MDSCs possess traits that are akin to

monocytes (67). Tumor tissues contain a type of immune cells

called M-MDSCs that have the ability to change and develop into

either TAMs or inflammatory dendritic cells.
3.2 Macrophage polarization (M1 to M2)

Macrophages have been categorized into two activation states:

M1 macrophages with pro-inflammatory functions (68) and M2

macrophages with anti-inflammatory functions (69). Most TAMs

display an M2-like phenotype, characterized by fusiform

morphology (70) and macrophages acquire a pro-tumorigenic

phenotype characterized by upregulated expression of genes like

MMP14 (degrades extracellular matrix) (71), VEGF-A/D (promote

angiogenesis), and MRC1/CD206 receptor (suppress antitumor

immune response) (72–74). In HCC TME, enriched with

cytokines and extracellular vesicles, various factors drive TAM

polarization such as Wnt ligand secretion by tumor cells activates

the Wnt/b-catenin pathway in macrophages, triggering b-catenin
nuclear translocation and upregulating C-MYC transcription,

thereby promoting M2-TAM polarization (75). IL-37 promotes

the polarization of M2-TAMs toward M1-TAMs in HCC by

inhibiting IL-6/STAT3 signaling (76). In HCC, elevated B7

homolog 3 (B7-H3) expression promotes TAM polarization

towards the M2 phenotype via STAT6 signaling activation (77).

Tumor-derived extracellular vesicles (EVs) containing miR4458H

promote M2-like polarization of TAMs by upregulating arginase-1

(Arg1) expression (78). In HCC, high TREM1 expression

characterizes M2 TAMs. Downregulating TREM1 induces their

shift towards an M1 phenotype, primarily via PI3K/AKT/mTOR

signaling pathway inhibition (79). Zip9 (Zinc/iron-regulated
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polarized TAMs in HCC. This heightened expression promotes

M2 polarization via STAT6 pathway activation, while concurrently

suppressing M1 polarization through IkBa/b signaling inhibition

(80). M1-TAMs exhibit higher ferrous iron content compared to

their M2 counterparts. However, elevated transferrin expression in

HCC cells restricts iron uptake by TAMs, promoting M2

polarization via HIF-1a upregulation (81). Moreover, despite

transitioning towards an M2-like phenotype, retention of M1-

associated transcriptomic signatures is frequently observed in

macrophages within the HCC microenvironment (17). This

intricate interplay influences tumor progression in diverse ways,

potentially both promoting and inhibiting it as illustrated

in Figure 2.
3.3 TAMs marker in HBV-related HCC

Tumor-associated macrophages (TAMs) play a crucial role in

the progression of hepatocellular carcinoma (HCC). Several

markers can be used to identify TAMs and characterize their

phenotype within the tumor microenvironment. CD68, a pan-

macrophage marker, is commonly used to identify TAMs in

general. To assess the specific polarization of TAMs towards a

pro-tumor phenotype, markers such as CD163, CD206, and Arg1

are employed (49, 82). These markers are associated with M2-

polarized macrophages, which often exhibit immunosuppressive

functions. Additionally, PD-L1, a checkpoint inhibitor, is expressed

by some TAMs and can suppress anti-tumor immune responses

(74). Furthermore, M2BPGi, IL-6, COMP, and Colony Stimulating

Factor 1 Receptor (CSF1R) have been identified as potential

markers for predicting HBV-related HCC, suggesting their

involvement in the tumorigenic process (83, 84).
3.4 TAMs functions in
tumor microenvironment

3.4.1 Promoting tumor cell proliferation
and survival

TAM roles are very complex in tumor cell proliferation and

survival. In HBV-related HCC cells, TAMs promote tumor growth

and survival by producing EGF and TGF- a/b, which induce a

mesenchymal transition of epithelial and endothelial cells, alter

differentiation and proliferation of immune cells, modulate matrix

composition, and reprogram cell metabolism (85–87). However,

preclinical investigations have found critical pathways regulating

TAM infiltration and polarization throughout tumor growth. The

lncRNA designated MAPKAPK5_AS1 (MAAS) exhibited marked

elevation in M2 macrophages, a predominant subtype of TAMs

observed in HCC-associated HBV infection. Furthermore,

overexpression of MAAS demonstrably facilitated the proliferative

capacity of HBV-infected HCC cells, both in vitro and in vivo (88).

A further investigation revealed that PDZK1 is a gene associated

with HBV infection that plays carcinogenic functions, potentially

through augmenting PI3K-Akt, lipid acid consumption in tumor
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cells and TAMs, and Treg-induced immunosuppression (89).

Recent studies have identified microRNAs (miRNAs), a class of

small non-coding RNAs known to regulate gene expression at the

post-transcriptional level, as potential mediators of tumor-

promoting effects exerted by TAMs. MiR-146a-5p, enriched in

exosomes derived from HCC cells, is a mediator of M2 TAM

infiltration, contributing to T-cell exhaustion and HCC

progression (90). These findings highlight the crucial role of

miRNAs in the complex interplay between TAMs and tumor

progression in HBV-related HCC, paving the way for miRNA-

based interventions to modulate the tumor microenvironment.

3.4.2 Suppressing anti-tumor immunity
In the intricate ecosystem of HBV-related HCC, TAMs emerge

as double-edged swords, capable of initiating anti-tumor responses,

their polarization towards the immunosuppressive M2 phenotype,

heavily influenced by chronic HBV infection, orchestrates a potent

suppression of anti-tumor immunity, fostering tumor progression

(40). This intricate dance unfolds through a multifaceted interplay

of signaling pathways, cytokine gradients, and metabolic

reprogramming, ultimately creating a haven for HCC cells to thrive.

TAMs pose a significant obstacle to anti-tumor immunity

through a multifaceted immunosuppressive arsenal. One key

mechanism involves the PD-L1/PD-1 axis, where TAMs

upregulate PD-L1 expression on their surface and tumor cells.

This ligand-receptor interaction engages the PD-1 receptor on

cytotoxic T lymphocytes (CTLs), triggering exhaustion and

anergy, effectively shutting down their effector function and

hindering their ability to recognize and eliminate tumor cells

(91). Beyond immune checkpoint modulation, TAMs orchestrate
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metabolic subversion through arginase-1 activity, depleting

essential amino acids like L-arginine from the tumor

microenvironment (92). This creates a metabolically barren

landscape that starves CTLs, hampering their proliferation and

cytotoxic potential. Furthermore, TAMs actively recruit and

activate CD4+ Tregs, potent suppressors of CTL activation and

function. TAM-derived IL-10 and TGF-b promote Treg

differentiation and expansion, while Treg-mediated CTLA-4

expression and IL-10 release further dampen the anti-tumor

immune response (93). Additionally, TAMs downregulate MHC-I

expression on tumor cells, hindering recognition and interaction

with NK cells. Moreover, they suppress ligands like NKG2D ligands

through IL-10 and TGF-b secretion, further impeding NK cell

activation and cytotoxicity (94). TAMs compete with NK cells for

glucose and L-arginine, creating a metabolically deprived

environment that impairs NK cell function and cytotoxicity (95).

Further investigations into the metabolic environment between

TAMs and NK cells could identify novel therapeutic strategies to

enhance NK cell function and improve anti-tumor immunity in

cancer patients.

In HBV-related HCC, TAMs emerge as cunning conductors,

orchestrating a multi-pronged assault on anti-tumor immunity.

Firstly, TAMs release immunosuppressive cytokines like IL-10, TGF-

b, and VEGF, dampening the overall immunological fervor and

fostering a pro-tumorigenic microenvironment (96). This cytokine

orchestrated symphony silences effector T cells and natural killer (NK)

cells, while simultaneously promoting angiogenesis, creating a

permissive environment for tumor growth (97). Secondly, TAMs

recruit and polarize neutrophils toward a pro-tumorigenic N2

phenotype. These N2 neutrophils further suppress T and NK cell
FIGURE 2

Shows the development of macrophages in HBV-HCC, showing their diverse origins and the mechanism of M1/M2 polarization, as well as their role
in cancer. The figure is created with BioRender.com.
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activity and contribute to angiogenesis, exacerbating the

immunosuppressive microenvironment (98). Thirdly, the hepatitis B

virus X protein (HBx) interacts with TAMs through the Toll-like

receptor 4 (TLR4) pathway, activating the NF-kB signaling cascade and

resulting in increased production of interleukin-10 (IL-10). This

immunosuppressive cytokine further dampens T cell responses,

reinforcing TAM dominance within the tumor microenvironment

(99, 100). Finally, HBx induces epithelial-mesenchymal transition

(EMT) in HCC cells, facilitating their invasion and metastasis. By

elucidating these intricate immunosuppressive mechanisms, we can

identify potential therapeutic targets to disrupt cytokine signaling,

reprogram neutrophils, target the HBx-TLR4-NF-kB axis, and

reverse EMT, thereby liberating the immune system and enhancing

anti-tumor responses in HBV-HCC.

3.4.3 Invasion and metastasis
The tumor microenvironment (TME) plays a critical role in

supporting tumor cell invasion and metastasis. Tumor-associated

macrophages (TAMs) are a major component of the TME and exert

significant influence on these processes, facilitating both invasion and

metastasis. M2-polarized TAMs significantly contribute to cancer cell

invasion and metastasis through various mechanisms, including the

secretion of potent proteinases such as matrix metalloproteinases

(MMPs) -2, -9, and cathepsins. These enzymes degrade extracellular

matrix components, facilitating tumor cell migration and dissemination

(101). Furthermore, M2-polarized TAMs contribute to cancer cell

invasion and metastasis by inducing the epithelial-mesenchymal

transition (EMT). Notably, these M2-TAMs have been shown to

secrete epidermal growth factor (EGF). This potent pro-invasive

factor can trigger EMT in cancer cells through activation of the

EGFR-ERK signaling pathway (102). Macrophages are implicated in

the EMT process through the secretion of diverse soluble mediators,

including IL-1b, IL-8, TNF-a, and TGF-b (103). Immunohistochemical

analysis of clinical HCC specimens demonstrated a spatial co-

localization of EMT hotpots, particularly at the periphery of tumor

nests, with abundant infiltration of TAMs (104, 105). TAMs are

implicated in promoting cancer cell EMT through the paracrine

activation of the nuclear factor (erythroid-derived 2)-like 2 (Nrf2)

pathway and subsequent upregulation of VEGF (106). Additionally,

HCC cells secrete Wnt ligands, which promote the polarization of

TAMs towards an M2 phenotype, which contributes to tumor growth,

metastasis, and immunosuppression (107). A recent study has

identified microRNAs (miRNAs), particularly miR-98, as potential

regulators of cancer cell invasion in HCC and suggests that miR-98

promotes the polarization of macrophages from the tumor-promoting

M2 phenotype to the anti-tumor M1 phenotype (108). Interestingly,

long non-coding RNAs (lncRNAs) also appear to play a crucial role in

macrophage-mediated tumorigenesis in HCC. For instance, lncRNA

COX-2 has been shown to suppress immune evasion and metastasis by

inhibiting macrophage polarization towards the M2 phenotype (109).

Collectively, these findings highlight the multifaceted interplay between

macrophages, EMT, and miRNAs/lncRNAs in HCC progression.

Targeting these interactions holds promise for developing novel
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therapeutic strategies to impede tumor growth, metastasis,

and immunosuppression.

3.4.5 Angiogenesis
TAMs orchestrate a potent pro-angiogenic cytokine milieu, with

VEGF emerging as a key conductor. Profusely secreted by TAMs

within the HBV-HCC microenvironment, VEGF acts as a potent

chemoattractant and mitogen for endothelial cells, ultimately driving

their assembly into functional neovasculature. IL-1 signaling exerts

pro-angiogenic effects by amplifying the expression of VEGF and other

angiogenic factors through the MAPK/JNK pathways (110).

Additionally, HIF-1a upregulation, triggered by IFN-g in MSCs, acts

as a key mediator of increased VEGF expression, leading to enhanced

tumor angiogenesis (111). Moreover, IL-8 triggers HCCmetastasis and

colonization via PKC/ERK1/2-mediated upregulation of matrix

metalloproteinase 9 (MMP9) (112). Previously, TNF-a was

implicated in suppressing tumor angiogenesis; however, recent

investigations suggest a more nuanced role, revealing its potential for

pro-angiogenic activity within the tumormicroenvironment (113). The

downregulation of miR-325-3p and subsequent upregulation of

CXCL17 in HCC tissues not only directly promote angiogenesis but

also align with the observed ability of TAMs to manipulate the

chemokine landscape and facilitate blood vessel formation (114, 115).

This convergence of independent mechanisms (miR-325-3p/CXCL17

and TAM activity) suggests potential synergy in promoting HCC

angiogenesis, warranting further investigation. Targeting both

pathways, via miR-325-3p upregulation or CXCL17/TAM inhibition,

could offer novel therapeutic strategies to disrupt HCC

neovascularization and impede tumor growth.

The cunning HBV X protein (HBx) emerges as a master

manipulator in TAM-mediated angiogenesis (116). Interacting with

TAMs via the Toll-like receptor 4 (TLR4) pathway, HBx activates the

NF-kB signaling cascade, culminating in heightened VEGF production

and amplification of the pro-angiogenic symphony (117).

Furthermore, the hepatitis B virus preS2 domain has been shown to

promote angiogenesis in HCC by transactivating the VEGFA promoter

(118). In the intricate dance of HBV-related HCC, the viral X protein

(HBx) emerges as a multifaceted conductor, wielding its influence over

a diverse repertoire of cellular processes. Notably, HBx exhibits a

distinct talent for regulating the expression of key cytokines and

chemokines, including IL-6, IL-18, and CXCL12 (119). These factors

exert profound downstream effects, orchestrating a symphony of

cellular events critical for tumor progression. CXCL12, a key player

in the angiogenic ballet, guides the recruitment and assembly of

endothelial cells, paving the way for the intricate vasculature that

fuels tumor growth and metastasis.

In the hypoxic tumor microenvironment, TAM-driven

angiogenesis is further fueled as hypoxia promotes TAM

infiltration and polarization towards a pro-angiogenic phenotype

(120). Hypoxia-inducible factor-1 (HIF-1), a key regulator of

cellular adaptation to low oxygen, upregulates pro-angiogenic

factors in both TAMs and tumor cells, establishing a cyclic

relationship of hypoxia-driven angiogenesis (121).
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4 CD8+ T cells as adaptive immune
response against HBV-related HCC

4.1 CD8+ T cells in controlling
HBV infection

CD8+ T cells, integral effectors of the adaptive immune

response, play a pivotal role in the control of HBV infection, a

condition intricately linked to the development of HCC (14). Their

arsenal features potent effector mechanisms: Recognizing HBV-

infected hepatocytes through viral antigen presentation on MHC-I

molecules, CD8+ T cells unleash a lethal barrage of granzymes and

perforin, effectively lysing the virus-harboring cells (122). The

central memory T cells (TCM), on the other hand, reside in

secondary lymphoid tissues and serve as a long-lived reservoir of

HBV-specific memory, enabling a swift and robust recall response

upon re-exposure to the virus. TEFF cells, with a shorter lifespan

and limited proliferative capacity, are the most potent cytotoxic

cells but also exhibit increased susceptibility to apoptosis (123).

Beyond direct killing, CD8+ T cells orchestrate the immune

response through cytokine secretion. IFN-g restricts viral

replication, while IL-2 fuels further T cell proliferation and

recruitment. Additionally, chemokines released by CD8+ T cells

and other immune cells attract additional immune cells to the site of

infection, amplifying the antiviral response (124). The efficacy of T

cell response is contingent upon highly specialized TCRs,

meticulously honed to recognize specific HBV-derived peptides

presented on MHC-I molecules. The presence of divergent viral

genotypes and immune escape mechanisms necessitate a diverse

repertoire of TCRs for broad-spectrum viral control (125).

Therefore, CD8+ T cells stand as a frontline defense against

HBV, wielding a sophisticated toolbox to quell viral replication

and maintain immune homeostasis. However, within the hostile

HCC microenvironment, their effectiveness can be significantly

compromised, setting the stage for the next chapters of

the narrative.

During acute and chronic HBV infection, HBeAg is frequently

expressed (126) and has been widely regarded as a key

immunomodulator for promoting host innate and adaptive

immune tolerance during chronic HBV infection through diverse

mechanisms, such as down-regulation of toll-like receptor (TLR)

expression, modulation of macrophage function, and induction of

MDSC activation (127). Previously findings demonstrate that liver

sinusoidal endothelial cells (LSECs) also switch from a tolerogenic

state to an immunogenic state upon stimulation with HBV e

antigen (HBeAg) (128). Moreover, within inflamed hepatic

environments, LSECs undergo a remarkable phenotypic transition

from tolerogenic facilitators to potent immunogenic players,

triggering robust activation of cytotoxic effector CD8+ T cells,

and orchestrating a potent anti-inflammatory response (129, 130).

Recent findings provide compelling evidence that HBeAg acts not

only as an immunosuppressor but also as a driver of LSEC

maturation, thereby potentiating anti-HBV CTL function within

the intrahepatic immune microenvironment. Co-culture of

activated effector T cells with HBeAg-exposed liver sinusoidal

endothelial cells (LSECs) results in significantly elevated IFN-g
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This suggests that HBeAg enhances the antigen-presenting function

of LSECs, facilitating robust T-cell activation during HBV infection.

LSEC-mediated T cell activation relies on upregulated TNFa and

IL27 expression within these non-lymphoid players (127).

Furthermore, In vivo studies of an HBV-replicating mouse model,

where TNFa blockade significantly impairs HBV-specific CD8+ T

cell immunity and delays viral clearance (128). These findings

collectively paint a fascinating picture of the dynamic interplay

between HBeAg, LSECs, and CD8+ T cells in HBV infection.

HBeAg, once considered solely a suppressor, exhibits the

unexpected ability to activate LSECs and ignite robust anti-viral

CTL responses through TNFa and IL27-mediated pathways.

Understanding this nuanced dialogue within the hepatic

microenvironment holds immense potential for developing novel

therapeutic strategies aimed at boosting anti-HBV immunity and

achieving viral clearance.
4.2 CD8+ T cells and antitumor role

CD8+ T cells play a crucial role in the antitumor immunity

against HCC arising from hepatitis B virus (HBV) infection.

Cytotoxic T lymphocytes (CTLs), identified by their surface

expression of CD8 co-receptor, are central players in the

antitumor immune response. As the most prevalent T cell subset

in many tumors, CD8+ T lymphocyte infiltration (TIL) levels have

emerged as a significant prognostic factor, with high infiltration

often correlating with improved clinical outcomes (131). The

functional characteristics of CD8+ T cells, particularly cytokine

secretion (IL-2, TNF-a, IFN-g) and cytolytic granule presence

(granzyme B), are intricately tied to their anti-tumor activity

(132). Previous studies in colorectal cancer and lymphoma have

revealed a positive correlation between CD11c upregulation on

tumor-infiltrating CD8+ T cells and their tumoricidal efficacy. This

suggests that CD11c expression may serve as a valuable marker for

identifying potent cytotoxic T lymphocytes within the tumor

microenvironment, potentially predicting the effectiveness of anti-

tumor immunotherapy (133). Recently, a study suggests that CD11c

+CD8 T cells in HBV-related HCC possess anti-tumor potential

and that GB+CD11c+CD+ T cells are associated with disease

progression in patients (134). Unraveling the complex story of

CD11c and granzyme B within HBV-related HCC has the potential

to identify potential therapeutic targets, and decipher distinct roles

in HBV-related HCC progression and prognostic tools, pushing the

tide toward improved clinical outcomes for patients.
4.3 CD8+ T cell exhaustion and inhibitory
receptor (IR)

The complex process of CD8+ T cell exhaustion presents a

powerful obstacle to effective viral control and tumor immunity in

HBV-related HCC. This dysfunctional state arises from a complex

interplay of mechanisms, encompassing chronic antigen exposure-

induced dysregulation of signaling pathways and transcriptional
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reprogramming, upregulation of co-inhibitory receptors and their

ligands, altered cytokine profiles with both reduced effector and

persistent pro-inflammatory responses, and metabolic

reprogramming favoring inefficient glycolysis over robust

oxidative phosphorylation as depicted in Figure 3 (135, 136).

Understanding these intricate mechanisms is crucial for devising

effective therapeutic strategies aimed at reinvigorating exhausted T

cells and unleashing their anti-tumor potential in HBV-

associated HCC.

Persistent antigenic stimulation in chronic infections and tumor

microenvironments triggers molecular and cellular pathways that

culminate in a dysfunctional state of T cells known as exhaustion

(137, 138). Various viral pathogens, including HCV and HBV,

exhibit a well-documented correlation with T lymphocyte

exhaustion (139). CD8+ T cell exhaustion, manifested by

functional impairment and quantitative reduction, serves as a key

driver of CHB progression (140). Exhausted CD8+ T cell subsets

exhibit a graded spectrum of phenotypic and functional alterations

depending on their differentiation state (138). Inhibitory receptors

(IRs) slowly rise in T cells, indicating functional exhaustion (14).

The coordinated upregulation of multiple inhibitory receptors

(IRs), including programmed cell death protein-1 (PD-1), T cell

immunoglobulin and mucin domain-3 (TIM-3), cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4), lymphocyte-

activation gene 3 (LAG-3), T cell immunoreceptor with Ig and

ITIM domains (TIGIT), CD244 (2B4), and CD160, constitutes a

defining characteristic of human CD8+ and CD4+ T cell exhaustion

(23, 141–143). Two independent studies have convincingly

established a link between HBV-specific CD8+ T cells and

enhanced IR expression, suggesting a potential mechanism for T
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cell dysfunction in chronic HBV infection (144, 145). Multiple lines

of evidence suggest a significant upregulation of PD-1 expression on

CD8+ T cells in all clinical phases of HBV infection, encompassing

AHB, CHB, HCC, and acute-on-chronic liver failure (ACLF) (146–

148). A novel study demonstrates that CD8+ T cells in individuals

with CHB exhibit a distinct phenotype characterized by high levels

of PD-1, TIM3, and CTLA4 expression (140). Furthermore, the

involvement of additional inhibitory pathways, encompassing

immunoregulatory cells, immunosuppressive cytokines, and

inhibitory mediators, in T cell exhaustion needs further

investigation, as their precise roles remain less well-characterized.

Understanding the complex interplay between T cell exhaustion,

immune checkpoints, and ICI therapy in HBV-related HCC holds

immense promise for developing more effective and personalized

treatment strategies. This battlefield may be fraught with challenges,

but armed with knowledge and advanced therapies, we may yet turn

the tide against this formidable foe.

Inhibitory receptors other than PD-1 has also significant role in

HBV-related HCC CD8+ T cell exhaustion such as (TIM-3, CTLA-

4, LAG-3, and TIGIT). TIM-3 is recognized as a critical IR on CD8+

T cells. It binds to its ligand, Galectin-9, leading to T-cell

dysfunction. Studies have consistently shown elevated TIM-3

expression on CD8+ T cells isolated from HBV-infected patients

across various clinical phases, including CHB, AHB, LC, and HCC,

compared to healthy controls (145, 149). This overexpression of

TIM-3 on CD8+ T cells is functionally linked to their impairment,

encompassing diminished proliferation, reduced cytokine

production (IL-2, IFN-g , and TNF-a), and heightened

susceptibility to apoptosis (150). Notably, research suggests a

correlation between TIM-3 expression and disease severity (151).
FIGURE 3

Illustrates the dual nature of CD8+ T cells in the context of HBV-HCC. It is establishing a balance between viral management, anticancer activity,
and exhaustion against cancer.
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Additionally, another study revealed a positive correlation between

the percentage of TIM-3+CD8+ T cells and HBV DNA load, further

supporting the potential role of TIM-3 in regulating the immune

response during HBV infection (145). CTLA-4 (CD152)

upregulation on HBV-specific CD8+ T cells has been implicated

in increased expression of pro-apoptotic proteins, such as B-cell

lymphoma-2 (BCL-2) interacting mediator of cell death (BIM),

ultimately leading to T cell apoptosis (152, 153). LAG-3 (CD223)

also represents a significant IR significantly expressed on CD8+ T

cells in patients (141). Notably, downregulated LAG-3 expression

has been linked to suppressed IFN-g secretion from CD8+ T cells in

CHB and HCC patients. Furthermore, TIGIT, another inhibitory

receptor (IR) belonging to the immunoglobulin superfamily, has

been implicated in CD8+ T cell dysfunction in HBV infection (154).

Co-expression of PD-1 and TIGIT on these cells has been associated

with an exhausted phenotype, characterized by an increased

apoptosis rate, expression of exhaustion-related TFs (Eomes/T-

bet), and decreased cytokine production (155). Notably, TAMs

have been shown to express Nectin (ligand) and contribute to the

suppression of CD8+ T cells in HCC patients.
5 Interplay between TAMs and CD8+
T cells in HBV-related HCC

The complex interplay between TAMs and CD8+ T in HBV-

related HCC cells significantly shapes the TME, impacting disease

progression and therapeutic outcomes. For patients with HCC, the

secret to unlocking innovative immunotherapies lies in the intricate
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dance between immune activation and suppression as shown

in Figure 4.
5.1 TAM-mediated CD8+ T cell dysfunction
through surface molecules

TAMs often exhibit a pro-tumorigenic M2-like phenotype,

characterized by the production of immunosuppressive cytokines

and enzymes that hinder the antitumor activity of CD8+ T cells. IL-

10 directly suppresses the activation and function of CD8+ T cells,

downregulating their effector functions and cytokine production

(156). IL-10 exerts a dual immunosuppressive effect: directly

repressing genes encoding cytotoxic mediators like perforin,

granzyme, and cytotoxins in CD8+ T cells, and indirectly

inhibiting their activation by stimulating the expansion of

regulatory T cells (Tregs) and suppressing the antigen-presenting

functions of dendritic cells (DCs) (157, 158). Furthermore, TAMs

themselves are influenced by signaling pathways like the

phosphorylation of LAMTOR1, which interacts with Exo70 and

other components to enhance the secretion of TGF-b1, which secret
fuels a positive feedback loop, promoting TAM polarization

towards a more immunosuppressive phenotype, marked by an

increase in Tregs and a decrease in CD8+ T cells within the HCC

tumor microenvironment (159). On the other hand, a potential

counterpoint to this immunosuppression exists. The MAGE-A3

protein can act as a tumor antigen, presented by mature DCs, which

can stimulate the maturation of CD8+ cytotoxic T lymphocytes

(CTLs) specific for MAGE-A3. These MAGE-A3-specific CD8+
FIGURE 4

This figure highlights the interplay between TAMs and CD8+ T cells in the TME of HBV-related HCC. TAMs suppress CD8+ T cell function by several
mechanisms such as direct and indirect macrophage events, arginine deprivation, and hypoxia.
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CTLs then possess the ability to directly kill HCC tumor cells,

offering a potential avenue for immunotherapy. Further studies are

needed to explore how to manipulate TAM polarization and

leverage the anti-tumor potential of MAGE-A3-specific CD8+

CTLs for the development of novel therapeutic strategies in HCC.

TAMs can directly inhibit CD8+ T cell activity by expressing

inhibitory ligands that bind to receptors on T cells, essentially

putting the brakes on their immune response. TAMs emerge as the

dominant PD-L1 source and immune modulators in tumors (160).

TAM-derived PD-L1 expression significantly impacts CD8+ T cell

function and response to anti-PD1/PDL1 therapy (161).

Intriguingly, the TME, especially in highly immune-active HBV-

related HCC tumors, appears to dynamically regulate TAM PD-L1

expression by several stimuli including cytokines like IL-10 and IL-

27, signaling pathways such as TGF-b/PKM2, and classical M1

macrophage activation involving TNF-a/NFkB and MAPK

pathways (74, 162). These stimuli often activate STAT1 and

STAT3 signaling pathways, with STAT3 playing a particularly

role in activation of IL-10, which further promote the expression

of PD-L1 in Tregs and TAMs (163). Interestingly, TAMs have also

been shown to take up tumor cell-derived PD-L1 for further

expression (164). Beyond PD-L1, TAMs express novel checkpoint

molecules like SLAMF7 and VISTA/PSGL1, potentially offering

targets to modulate their immunomodulatory functions and drive

T-cell exhaustion (165). CLEVER-1 and B7-H4 expression

specifically marks suppressive TAMs, correlating with impaired

cytokine production and dysfunctional T-cell activity (166).

Targeting these various pathways offers promising avenues for

therapeutic interventions to enhance anti-tumor immunity.

TAMs can express ligands for TIGIT, an inhibitory receptor

expressed on CD8+ T cells, its interaction with ligands can lead to T

cell exhaustion in various cancers including colorectal cancer (167).

Additionally, the expression of TIGIT on CD8+ T cells is associated

with pathogenesis and progression in patients with HBV-related

HCC (155). These findings collectively support the idea that

interactions between TIGIT and its ligands, which TAMs can

express contribute to T cell exhaustion.
5.2 TAM-mediated arginine deprivation

Arginine, an essential amino acid, fuels critical functions in

CD8+ T cells, impacting their proliferation, activation, and

cytotoxic capacity (168). In the context of HBV-associated HCC,

this vital resource becomes scarce due to a complex interplay within

the tumor microenvironment. TAMs, abundant in HCC, express

arginase, an enzyme that depletes arginine. This depletion directly

hinders CD8+ T cell proliferation as they rely on arginine for

metabolic processes (169). Furthermore, arginine is a substrate for

nitric oxide (NO) production, a crucial molecule in CD8+ T cell-

mediated cytotoxicity. Arginine depletion may also indirectly affect

immune checkpoint regulation, potentially influencing molecules

like PD-1/PD-L1 that modulate CD8+ T cell activity (170). In

essence, arginase-1 acts as a competitor to nitric oxide synthase

(NOS) for the limited pool of L-arginine, creating a
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microenvironment that starves CD8+ T cells of this essential

amino acid and dampens their anti-tumor potential (171).

Beyond starvation, arginine depletion exerts a multifaceted

detrimental effect on CD8+ T cells. Studies have demonstrated its

capacity to hinder the production of IL-2 and subsequent

proliferation upon TCR stimulation, a critical hallmark of T-cell

activation (172, 173). This functional impairment is thought to be

partially mediated by the downregulation of CD3z, a proximal

signaling molecule within the TCR pathway. Furthermore, chronic

exposure to high levels of HBV viremia exacerbates this

dysfunction, driving CD8+ T cells toward an exhausted state

(174). This exhaustion manifests as a terminally differentiated

phenotype and shortened telomeres, ultimately compromising

their anti-tumor potential. These observations suggest a

therapeutic avenue: strategies to replenish arginine or modulate

its metabolism could bolster CD8+ T cell responses in HBV-HCC.

This might involve targeting TAMs to curb their arginase

expression or exploring methods to limit other arginine-depleting

mechanisms, ultimately enhancing antitumor immunity.
5.3 TAM-mediated hypoxia and its impact
on CD8+ T cell immunity

High oxygen consumption in oxidative phosphorylation can

induce hypoxia in the TME, which inhibits the function of T cells in

multiple ways (175). Notably, TAM-mediated hypoxia in HBV-

HCC TME directly inhibits CD8+ T cell function, particularly by

promoting prolonged interactions that lead to exhaustion.

Additionally, hypoxia induces CD39 expression on exhausted T

cells, leading to the generation of immunosuppressive adenosine

(176). Furthermore, the acidic pH of a hypoxic TME has been

shown to downregulate the expression of TCR and IL-2Ra,

consequently inhibiting T cell function (177). Interestingly, this

inhibition can be reversed using proton pump inhibitors. Reactive

oxygen species (ROS) represent one of several factors known to

modulate the functional phenotypes of macrophages, such as the

M1 and M2 polarization states (178). Following activation, T cells

undergo a metabolic shift from oxidative phosphorylation to

aerobic glycolysis. This metabolic reprogramming prioritizes the

generation of ATP to meet their heightened energy demands while

minimizing the production of ROS. However, in response to the

metabolic constraints imposed by the TME, activated T cells exhibit

a metabolic shift. They preferentially activate the AMPK/PGC1

pathway while suppressing the HIF-1a and MYC pathways, leading

to a downregulation of glycolysis (179, 180). This metabolic

reprogramming, however, has detrimental consequences. The

subsequent overproduction of ROS and resultant mitochondrial

stress ultimately culminate in T-cell exhaustion (181). One

approach to target TAMs in HBV-related HCC is through the use

of dimethyl formamide (DMF), which can significantly inhibit the

tumor invasion-promoting ability of TAMs in the co-culture system

(182). DMF functions by reducing ROS production in TAMs,

leading to a decrease in tumor metastasis and an increase in T-

cell infiltration into the tumor (182).
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6 Therapeutic strategies

6.1 CD8+ T cells in HBV-related HCC

In the context of HBV-related HCC, targeting CD8+ T cells

represent a promising therapeutic strategy, with a particular focus

on immune checkpoint inhibitors (ICIs). Checkpoint blockade,

particularly targeting the PD-1/PD-L1 pathway, represents a

pivotal immunotherapeutic strategy in chronic viral infections

(183). Multiple studies have demonstrated that blocking this

inhibitory interaction on CD8+ T cells restore their function, as

evidenced by increased proliferation, cytotoxicity (perforin,

granzyme), and secretion of antiviral cytokines such as IL-2, IL-

12p70, IFN-g, TNF-a, IL-6 as shown Table 1 (184, 185).

Additionally, PD-1/PD-L1 blockade reduces IL-10 production

and enhances T-cell sensitivity to apoptosis (186). However, Tang

et al. observed no significant impact of PD-1 blockade on CD8+ T

cell function in CHB patients (187). Similarly, Gehring et al.

demonstrated that PD-1/PD-L1 blockade increased the number of

CD8+ T cells in HCC patients, but did not restore IFN-g and TNF-

a production (188). Notably, CD8+ T cell exhaustion levels and

frequencies were a major determinant of responsiveness to PD-1

blockade; also, PD-1 inhibition is unable to restore the higher

frequencies of severely exhausted CD8+ T cell activity (189).

Conversely, several studies have shown that blocking PD-1

together with other inhibitory receptors (IRs) such as TIM-3,

LAG-3, CTLA-4, BTLA, and CD244 or stimulating CD137

(CD137L), results in more effective effects compared to blocking a

single receptor (142, 190–192). Regarding this, Bengsch et al. have

demonstrated that the reaction to blocking antibodies is highly

variable and that PD-1 blocking is linked to the strongest effects on

T cell responses when compared to other IRs like CTLA-4, TIM-3,

2B4, and BTLA blockage due to PD-1’s dominant expression on T

cells (193). Remarkably, as expected, PD-1/PD-L1 inhibition

reduced the activity of CD8+CXCR5+ T cells with exhausted

resistance (194). The evidence suggests that combination of PD-1

blockade with targeting additional inhibitory molecules for further

investigation is a potential approach to improve exhausted T

cell function.

Similar to PD-1, TIM-3 is another inhibitory receptor expressed

in T cells. Several studies have demonstrated that the inhibition of

TIM-3 leads to the reversal of various functions of CD8+ T

lymphocytes, including proliferation, cytokine generation, and

cytotoxicity, while also reducing early apoptosis (195, 196). In

CHB patients, an upregulation of Gal-9 expression in NK cells

has been observed. This Gal-9 interacts with the T cell exhaustion

marker, TIM-3, leading to the suppression of cytotoxic CD8+ T cell

activity (150). Interestingly, Nebbia et al. investigated the relative

effectiveness of blocking Tim-3 versus PD-1, another immune

checkpoint receptor. Their findings demonstrated that blockade

of the Tim-3 pathway exhibited superior therapeutic efficacy

compared to PD-1 blockade (197). These results contrast with

Bengsch et al. and Martin et al. who reported similar or greater

efficacy of PD-1 blockade (193). Further research is needed to figure

out the comparative efficacy of anti-TIM-3 versus anti-PD-1
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blocking and to investigate any potential synergy between these

methods when used in conjunction with other immunomodulatory

strategies. The comprehensive review has the potential to enhance

therapy regimens for better clinical outcomes in individuals

with CHB.
6.2 TAMs in HBV-related HCC

TAMs, often displaying an immunosuppressive M2-like

phenotype, contribute to establishment of an immune-tolerant

microenvironment in HCC. Immune checkpoint inhibitors, such
TABLE 1 Advances in checkpoint inhibitor in HBV-HCC.

Therapeutic
Strategy

Target
Mechanism

Potential
Benefit in
HBV-

related HCC

Reference

PD-1 Checkpoint
Inhibitor

CD244 Checkpoint
Inhibitor

PD-1/CD137
Combination
Therapy

BTLA Checkpoint
Inhibitor

PD-1 Blockade
with Intermediate

T
cell Differentiation

Blocks PD-1
receptor on CD8+
T cells, promoting
T cell activation
Blocks CD244

receptor on CD8+
T cells, promoting
T cell activation
and restoration

independent of the
PD-1 pathway

Blocks PD-1 and
activates CD137

signaling on CD8+
T cells

Blocks BTLA
inhibitory receptor
on CD8+ T cells
PD-1 blockade in
patients with

HBV-specific CD8
+ T cells exhibiting

intermediate
differentiation

Enhanced anti-
tumor T cell

response against
HBV-infected
hepatocytes

Restored T cell
function and
potential for

enhanced anti-
tumor T cell

response against
HBV-infected
hepatocytes
Enhanced

activation and
responses of
intrahepatic

HBV-specific T
cells

Restoration of
antiviral T cell
responses and
improved T cell
function in HBV

infection
Potential for
enhanced
therapeutic
response

(184)
(192)
(186)
(209)
(193)

TIM-3 Checkpoint
Inhibitor

TIM-3 and PD-1
Combination
Blockade
Galectin-
9 Blockade

Blocks TIM-3
receptor on CD8+
T cells, promoting
T cell proliferation

and antiviral
cytokine secretion
Blocks TIM-3 and
PD-1 receptors on

CD8+ T cells
Blocks Gal-9 on

NK cells,
preventing

interaction with
TIM-3 on CD8+

T cells

Enhanced anti-
tumor T cell

response against
HBV-infected
hepatocytes

Potentially greater
restoration of
functional
antiviral
responses

compared to PD-
1 blockade alone

Potentially
restores anti-
tumor T cell
function and
enhances

antiviral response

(197)
(195)
(150)
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as those targeting PD-1 and its ligand PD-L1, have emerged as key

modalities to disrupt TAM-mediated immunosuppression (198).

Pharmacological inhibitors that block the PD-1/PD-L1 pathway

have been demonstrated to increase T-cell cytotoxicity and activity,

and dramatically slow the growth of HCC tumors (198). While PD-

1/PD-L1 checkpoint blockade has shown promise, its effectiveness

remains limited. Interestingly, research suggests that anti-PD-1

therapy not only reduces immunosuppression but also promotes

M1 macrophage polarization, enhancing antitumor effects (199).

Beyond PD-1/PD-L1, CD47 is another potential target, as its

interaction with SIRPa on macrophages facilitates tumor escape

(200). Blocking CD47 can reverse this immunosuppressive effect.

Furthermore, M1 macrophage polarization strategies, such as

Listeria-based vaccines, can work synergistically with PD-L1

blockade to re-sensitize T cells to immunotherapy (201).

Adoptive cell therapy using M1-like CAR macrophages (CAR-

Ms) offers an exciting avenue, demonstrating potent antitumor

activity even in presence of immunosuppressive M2 macrophages

(202). On the other hand, drug delivery systems like MC3 lipid

nanoparticles can effectively target the liver and promote M1

polarization, reducing the side effects associated with systemic

immunotherapy (203). As chronic HBV infection often

contributes to CD8+ T cell exhaustion, combination therapies

involving ICIs and agents that specifically target TAMs are being

explored to synergistically enhance therapeutic efficacy. While

challenges such as response durability and identifying optimal

combination regimens remain, the targeting of TAMs and CD8+

T cells, particularly through immune checkpoint inhibition,

represents a compelling avenue for advancing the treatment

landscape of HBV-related HCC. These combined approaches

highlight the potential of TAM manipulation as a cornerstone of

effective HCC immunotherapy.
7 Challenges and future directions

The complex interplay between TAMs and CD8+ T cells within

the HCC microenvironment, particularly in CHB infection, presents a

significant barrier to effective immunotherapy. M2-like TAMs actively

suppress antitumor immunity through immunosuppressive factors,

hindering the function of CD8+ T cells, critical for HCC control. The

secretion of immunosuppressive cytokines and expression of inhibitory

molecules by TAMs can impede the functionality of CD8+ T cells,

critical effectors in the antitumor immune response. Furthermore,

chronic HBV infection exacerbates this by driving CD8+ T cell

exhaustion (97). Overcoming these immune evasion mechanisms is

crucial. Identifying reliable biomarkers that reflect TAM polarization,

CD8+ T cell exhaustion, and the overall immune landscape holds

immense potential. Such biomarkers could not only improve our

understanding of the TAM-CD8+ T cell interplay but also pave the

way for the development of personalized immunotherapies tailored to

the unique immunological profile of each patient.

Reprogramming TAMs towards an antitumorigenic M1-like

phenotype and overcoming CD8+ T cell exhaustion are crucial

challenges in developing effective immunotherapies for HBV-related

hepatocellular carcinoma (HCC). Studies have shown that the drug
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tadalafil (TA) inhibits M2 polarization and polyamine metabolism in

TAMs, potentially reshaping the immunosuppressive tumor

microenvironment (204). Additionally, the emergence of inhibitory

receptors like PD-1 on CD8+ T cells contribute to exhaustion,

particularly in CHB and HCC patients (23). Furthermore, the

oncogenic reprogramming of HCC methionine recycling has been

linked to T-cell exhaustion, suggesting that targeting tumormetabolism

could enhance HCC immunity (205). Understanding the differential

TME characteristics between true and de novo HCC recurrences can

guide the development of tailored immunotherapy strategies (206). In

HBV-related HCC, overcoming immune cell evasion involves targeting

immunosuppressive mechanisms like LAG3, TIM3, and metabolic

adaptations to enhance CD8 T cell response for improved outcomes.

Studies highlight the role of the TME in HCC progression and immune

evasion (21). Notably, MYC oncogene amplification in HCC leads to

immune-checkpoint expression, hindering immune surveillance and

response, which is reversed by combined PDL1 and CTLA4 blockade

(207). Additionally, the interaction between CD3+C1q+TAM andCD8

+ CCL4+ T cells influence T cell immunity in HCC, suggesting

potential strategies to regulate the immunosuppressive TME (21).

Furthermore, targeting the thioredoxin reductase (Trx) system with

butaselen (an organoselenium-containing compound) promotes NK

and T cell activity in the TME, inhibiting the immune escape of HCC

cells and enhancing the efficacy of PD-1 blockade (208). These findings

collectively emphasize the importance of targeting immunosuppressive

pathways and metabolic adaptations to improve CD8 T cell responses

in HBV-related HCC.

Deciphering the intricate interplay between TAMs and CD8+ T

cells within the HBV-related HCC microenvironment is crucial for

overcoming the current hurdles in immunotherapy. Future research

should prioritize unraveling the molecular pathways governing

TAM-CD8+ T cell crosstalk through integration of high-

throughput omics technologies and advanced molecular profiling.

This deeper understanding will facilitate the identification of

specific targets to disrupt immunosuppressive signals from TAMs

and develop strategies to rejuvenate exhausted CD8+ T cells.

Furthermore, the development of non-invasive imaging

techniques can provide dynamic insights into the spatial and

temporal aspects of this interplay, aiding in the discovery of novel

biomarkers for patient stratification and the design of personalized

therapeutic approaches tailored to the unique immunological

landscape of each patient. By addressing these knowledge gaps

and fostering a multifaceted approach, researchers can pave the way

for development of more effective immunotherapies to combat

HBV-related HCC.
8 Conclusion

Immunotherapy has transformed the treatment of certain

cancers, but its effectiveness in hepatocellular carcinoma (HCC) is

limited by the immunosuppressive tumor microenvironment. CD8+

T cells, which are key immune system effector cells, play an important

role in antitumor immunity. However, in HCC, their activity is

frequently restricted by an immunosuppressive microenvironment

driven by tumor-associated macrophages (TAMs).
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Manipulating TAM polarization towards an antitumoral

phenotype, reducing immunosuppressive TAMs, or enhancing

CD8+ T cell function by disrupting TAM-mediated suppression

shows potential for enhancing HCC treatment strategies.

Advancements in single-cell spatial technologies offer exciting

possibilities to further investigate the intricate interplay between

CD8+ T cells and TAMs. By analyzing the transcriptional profiles of

these cell types within their precise locations in the tumor

microenvironment, researchers can gain unprecedented insights

into the complicated communication and regulation occurring at

the cellular level. This knowledge can help to develop more targeted

and effective HCC immunotherapies.
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et al. Mitochondrial arginase-2 is a cell−autonomous regulator of CD8+ T cell function
and antitumor efficacy. JCI Insight. (2019) 4(24):e132975. doi: 10.1172/
jci.insight.132975

173. Costa JP, de Carvalho A, Paiva A, Borges O. Insights into immune exhaustion
in chronic hepatitis B: A review of checkpoint receptor expression. Pharm (Basel).
(2024) 17(7):964. doi: 10.3390/ph17070964

174. Yao J, Ji Y, Liu T, Bai J, Wang H, Yao R, et al. Single-cell RNA sequencing shows
T-cell exhaustion landscape in the peripheral blood of patients with hepatitis B virus-
associated acute-on-chronic liver failure. Gut Liver. (2024) 18:520–30. doi: 10.5009/
gnl220449

175. Yuen VW, Wong CC. Hypoxia-inducible factors and innate immunity in liver
cancer. J Clin Invest. (2020) 130:5052–62. doi: 10.1172/JCI137553

176. Vignali PDA, DePeaux K, Watson MJ, Ye C, Ford BR, Lontos K, et al. Hypoxia
drives CD39-dependent suppressor function in exhausted T cells to limit antitumor
immunity. Nat Immunol. (2023) 24:267–79. doi: 10.1038/s41590-022-01379-9

177. Chen S, Gao Y, Wang Y, Daemen T. The combined signatures of hypoxia and
cellular landscape provides a prognostic and therapeutic biomarker in hepatitis B virus-
related hepatocellular carcinoma. Int J Cancer. (2022) 151:809–24. doi: 10.1002/
ijc.v151.5

178. Mo W, Liu S, Zhao X, Wei F, Li Y, Sheng X, et al. ROS scavenging nanozyme
modulates immunosuppression for sensitized cancer immunotherapy. Adv Healthc
Mater. (2023) 12:e2300191. doi: 10.1002/adhm.202300191

179. Blagih J, Coulombe F, Vincent EE, Dupuy F, Galicia-Vazquez G, Yurchenko E,
et al. The energy sensor AMPK regulates T cell metabolic adaptation and effector
responses in vivo. Immunity. (2015) 42:41–54. doi: 10.1016/j.immuni.2014.12.030

180. Smith MG, Panchal H, Mailloux A. Abstract 2994: Hypoxia blocks the
presentation of tumor antigens to CD8+ T cells. Cancer Res. (2023) 83:2994.
doi: 10.1158/1538-7445.AM2023-2994

181. Scharping NE, Rivadeneira DB, Menk AV, Vignali PDA, Ford BR, Rittenhouse
NL, et al. Mitochondrial stress induced by continuous stimulation under hypoxia
rapidly drives T cell exhaustion. Nat Immunol. (2021) 22:205–15. doi: 10.1038/s41590-
020-00834-9

182. Li Y, Jia Y, Xu Y, Li K. DMF activates NRF2 to inhibit the pro-invasion ability of
TAMs in breast cancer. Front Oncol. (2021) 11:706448. doi: 10.3389/fonc.2021.706448

183. El Banna YY, Abo Ayana R, Nasr M, Helmy MW. PD-1/PD-L1 axis inhibitors
as promising strategy for management of hepatocellular carcinoma: expectations,
boundaries and pitfalls. J Med Res Institute. (2023) 44:1–8. doi: 10.21608/
jmalexu.2023.323222

184. Kamal MA, Badary HA, Omran D, Shousha HI, Abdelaziz AO, El Tayebi HM,
et al. Virtual screening and biological evaluation of potential PD-1/PD-L1 immune
checkpoint inhibitors as anti-hepatocellular carcinoma agents. ACS Omega. (2023)
8:33242–54. doi: 10.1021/acsomega.3c00279

185. Pelizzaro F, Farinati F, Trevisani F. Immune checkpoint inhibitors in
hepatocellular carcinoma: current strategies and biomarkers predicting response and/
or resistance. Biomedicines. (2023) 11(4):1020. doi: 10.3390/biomedicines11041020

186. Fisicaro P, Valdatta C, Massari M, Loggi E, Ravanetti L, Urbani S, et al.
Combined blockade of programmed death-1 and activation of CD137 increase
responses of human liver T cells against HBV, but not HCV. Gastroenterology.
(2012) 143:1576–85 e4. doi: 10.1053/j.gastro.2012.08.041

187. Tang ZS, Hao YH, Zhang EJ, Xu CL, Zhou Y, Zheng X, et al. CD28 family of
receptors on T cells in chronic HBV infection: Expression characteristics, clinical
significance and correlations with PD-1 blockade. Mol Med Rep. (2016) 14:1107–16.
doi: 10.3892/mmr.2016.5396

188. Gehring AJ, Ho ZZ, Tan AT, Aung MO, Lee KH, Tan KC, et al. Profile of tumor
antigen-specific CD8 T cells in patients with hepatitis B virus-related hepatocellular
carcinoma. Gastroenterology. (2009) 137:682–90. doi: 10.1053/j.gastro.2009.04.045
Frontiers in Immunology 18
189. Ferrando-Martinez S, Snell Bennett A, Lino E, Gehring AJ, Feld J, Janssen HLA,
et al. Functional exhaustion of HBV-specific CD8 T cells impedes PD-L1 blockade
efficacy in chronic HBV infection. Front Immunol. (2021) 12:648420. doi: 10.3389/
fimmu.2021.648420

190. Schurich A, Khanna P, Lopes AR, Han KJ, Peppa D, Micco L, et al. Role of the
coinhibitory receptor cytotoxic T lymphocyte antigen-4 on apoptosis-Prone CD8 T
cells in persistent hepatitis B virus infection. Hepatology. (2011) 53:1494–503.
doi: 10.1002/hep.24249

191. Ye B, Li X, Dong Y, Wang Y, Tian L, Lin S, et al. Increasing LAG-3 expression
suppresses T-cell function in chronic hepatitis B: A balance between immunity strength and
liver injury extent. Med (Baltimore). (2017) 96:e5275. doi: 10.1097/MD.0000000000005275

192. Raziorrouh B, Schraut W, Gerlach T, Nowack D, Gruner NH, Ulsenheimer A,
et al. The immunoregulatory role of CD244 in chronic hepatitis B infection and its
inhibitory potential on virus-specific CD8+ T-cell function. Hepatology. (2010)
52:1934–47. doi: 10.1002/hep.23936

193. Bengsch B, Martin B, Thimme R. Restoration of HBV-specific CD8+ T cell
function by PD-1 blockade in inactive carrier patients is linked to T cell differentiation.
J Hepatol. (2014) 61:1212–9. doi: 10.1016/j.jhep.2014.07.005

194. Khanam A, Tang LSY, Kottilil S. Programmed death 1 expressing CD8(+)
CXCR5(+) follicular T cells constitute effector rather than exhaustive phenotype in
patients with chronic hepatitis B. Hepatology. (2022) 75:690–708. doi: 10.1002/
hep.32210

195. Liu F, Zeng G, Zhou S, He X, Sun N, Zhu X, et al. Blocking Tim-3 or/and PD-1
reverses dysfunction of tumor-infiltrating lymphocytes in HBV-related hepatocellular
carcinoma. Bull Cancer. (2018) 105:493–501. doi: 10.1016/j.bulcan.2018.01.018

196. Wu W, Shi Y, Li S, Zhang Y, Liu Y, Wu Y, et al. Blockade of Tim-3 signaling
restores the virus-specific CD8(+) T-cell response in patients with chronic hepatitis B.
Eur J Immunol. (2012) 42:1180–91. doi: 10.1002/eji.201141852

197. Nebbia G, Peppa D, Schurich A, Khanna P, Singh HD, Cheng Y, et al. Upregulation
of the Tim-3/galectin-9 pathway of T cell exhaustion in chronic hepatitis B virus infection.
PloS One. (2012) 7:e47648. doi: 10.1371/journal.pone.0047648

198. Zhu Y, Yang J, Xu D, Gao XM, Zhang Z, Hsu JL, et al. Disruption of tumour-
associated macrophage trafficking by the osteopontin-induced colony-stimulating
factor-1 signalling sensitises hepatocellular carcinoma to anti-PD-L1 blockade. Gut.
(2019) 68:1653–66. doi: 10.1136/gutjnl-2019-318419

199. Shigeta K, Datta M, Hato T, Kitahara S, Chen IX, Matsui A, et al. Dual
programmed death receptor-1 and vascular endothelial growth factor receptor-2
blockade promotes vascular normalization and enhances antitumor immune
responses in hepatocellular carcinoma. Hepatology. (2020) 71:1247–61. doi: 10.1002/
hep.30889

200. Xiao Z, Chung H, Banan B, Manning PT, Ott KC, Lin S, et al. Antibody
mediated therapy targeting CD47 inhibits tumor progression of hepatocellular
carcinoma. Cancer Lett. (2015) 360:302–9. doi: 10.1016/j.canlet.2015.02.036

201. Xu G, Feng D, Yao Y, Li P, Sun H, Yang H, et al. Listeria-based hepatocellular
carcinoma vaccine facilitates anti-PD-1 therapy by regulating macrophage polarization.
Oncogene. (2020) 39:1429–44. doi: 10.1038/s41388-019-1072-3

202. Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, et al. Human
chimeric antigen receptor macrophages for cancer immunotherapy. Nat Biotechnol.
(2020) 38:947–53. doi: 10.1038/s41587-020-0462-y

203. Wang Y, Tiruthani K, Li S, Hu M, Zhong G, Tang Y, et al. mRNA delivery of a
bispecific single-domain antibody to polarize tumor-associated macrophages and
synergize immunotherapy against liver Malignancies. Adv Mater. (2021) 33:
e2007603. doi: 10.1002/adma.202007603

204. Wang X, Zhang Q, Zhou J, Xiao Z, Liu J, Deng S, et al. T cell-mediated targeted
delivery of tadalafil regulates immunosuppression and polyamine metabolism to
overcome immune checkpoint blockade resistance in hepatocellular carcinoma. J
Immunother Cancer. (2023) 11(2):e006493. doi: 10.1136/jitc-2022-006493

205. Hung MH, Lee JS, Ma C, Diggs LP, Heinrich S, Chang CW, et al. Tumor
methionine metabolism drives T-cell exhaustion in hepatocellular carcinoma. Nat
Commun. (2021) 12:1455. doi: 10.1038/s41467-021-21804-1

206. Chen S, Huang C, Liao G, Sun H, Xie Y, Liao C, et al. Distinct single-cell
immune ecosystems distinguish true and de novo HBV-related hepatocellular
carcinoma recurrences. Gut. (2023) 72:1196–210. doi: 10.1136/gutjnl-2022-328428

207. Dhanasekaran R, Hansen AS, Park J, Lemaitre L, Lai I, Adeniji N, et al. MYC
overexpression drives immune evasion in hepatocellular carcinoma that is reversible
through restoration of proinflammatory macrophages. Cancer Res. (2023) 83:626–40.
doi: 10.1158/0008-5472.CAN-22-0232

208. Su X, Yin H, Bai M, Liu J, Liu R, Zeng H, et al. A novel trxR1 inhibitor regulates
NK and CD8+ T cell infiltration and cytotoxicity, enhancing the efficacy of anti-PD-1
immunotherapy against hepatocarcinoma. J Immunol. (2023) 210:681–95.
doi: 10.4049/jimmunol.2200389

209. Cai G, Nie X, Li L, Hu L, Wu B, Lin J, et al. B and T lymphocyte attenuator is
highly expressed on intrahepatic T cells during chronic HBV infection and regulates
their function. J Gastroenterol. (2013) 48:1362–72. doi: 10.1007/s00535-013-0762-9
frontiersin.org

https://doi.org/10.1111/imr.2017.276.issue-1
https://doi.org/10.1007/s00262-021-02886-8
https://doi.org/10.1016/j.pharmthera.2021.107986
https://doi.org/10.3389/fimmu.2020.00938
https://doi.org/10.3389/fimmu.2020.583084
https://doi.org/10.1089/ars.2016.6811
https://doi.org/10.1089/ars.2016.6811
https://doi.org/10.1172/jci.insight.132975
https://doi.org/10.1172/jci.insight.132975
https://doi.org/10.3390/ph17070964
https://doi.org/10.5009/gnl220449
https://doi.org/10.5009/gnl220449
https://doi.org/10.1172/JCI137553
https://doi.org/10.1038/s41590-022-01379-9
https://doi.org/10.1002/ijc.v151.5
https://doi.org/10.1002/ijc.v151.5
https://doi.org/10.1002/adhm.202300191
https://doi.org/10.1016/j.immuni.2014.12.030
https://doi.org/10.1158/1538-7445.AM2023-2994
https://doi.org/10.1038/s41590-020-00834-9
https://doi.org/10.1038/s41590-020-00834-9
https://doi.org/10.3389/fonc.2021.706448
https://doi.org/10.21608/jmalexu.2023.323222
https://doi.org/10.21608/jmalexu.2023.323222
https://doi.org/10.1021/acsomega.3c00279
https://doi.org/10.3390/biomedicines11041020
https://doi.org/10.1053/j.gastro.2012.08.041
https://doi.org/10.3892/mmr.2016.5396
https://doi.org/10.1053/j.gastro.2009.04.045
https://doi.org/10.3389/fimmu.2021.648420
https://doi.org/10.3389/fimmu.2021.648420
https://doi.org/10.1002/hep.24249
https://doi.org/10.1097/MD.0000000000005275
https://doi.org/10.1002/hep.23936
https://doi.org/10.1016/j.jhep.2014.07.005
https://doi.org/10.1002/hep.32210
https://doi.org/10.1002/hep.32210
https://doi.org/10.1016/j.bulcan.2018.01.018
https://doi.org/10.1002/eji.201141852
https://doi.org/10.1371/journal.pone.0047648
https://doi.org/10.1136/gutjnl-2019-318419
https://doi.org/10.1002/hep.30889
https://doi.org/10.1002/hep.30889
https://doi.org/10.1016/j.canlet.2015.02.036
https://doi.org/10.1038/s41388-019-1072-3
https://doi.org/10.1038/s41587-020-0462-y
https://doi.org/10.1002/adma.202007603
https://doi.org/10.1136/jitc-2022-006493
https://doi.org/10.1038/s41467-021-21804-1
https://doi.org/10.1136/gutjnl-2022-328428
https://doi.org/10.1158/0008-5472.CAN-22-0232
https://doi.org/10.4049/jimmunol.2200389
https://doi.org/10.1007/s00535-013-0762-9
https://doi.org/10.3389/fimmu.2024.1472430
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Tumor-associated macrophages and CD8+ T cells: dual players in the pathogenesis of HBV-related HCC
	1 Introduction
	2 Crosstalk of immune cells with TAMs and CD8+ T cells
	2.1 Immune cells interaction with TAMs and CD8+ T Cells
	2.1.1 Neutrophil interactions with TAMs and CD8+ T cells
	2.1.2 NK cell interactions with TAMs and CD8+ T cells
	2.1.3 DC cell interactions with TAMs and CD8+ T cells


	3 TAMs as an innate immune response against HBV-related HCC
	3.1 TAMs origins and activation in HBV-related HCC
	3.2 Macrophage polarization (M1 to M2)
	3.3 TAMs marker in HBV-related HCC
	3.4 TAMs functions in tumor microenvironment
	3.4.1 Promoting tumor cell proliferation and survival
	3.4.2 Suppressing anti-tumor immunity
	3.4.3 Invasion and metastasis
	3.4.5 Angiogenesis


	4 CD8+ T cells as adaptive immune response against HBV-related HCC
	4.1 CD8+ T cells in controlling HBV infection
	4.2 CD8+ T cells and antitumor role
	4.3 CD8+ T cell exhaustion and inhibitory receptor (IR)

	5 Interplay between TAMs and CD8+ T cells in HBV-related HCC
	5.1 TAM-mediated CD8+ T cell dysfunction through surface molecules
	5.2 TAM-mediated arginine deprivation
	5.3 TAM-mediated hypoxia and its impact on CD8+ T cell immunity

	6 Therapeutic strategies
	6.1 CD8+ T cells in HBV-related HCC
	6.2 TAMs in HBV-related HCC

	7 Challenges and future directions
	8 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


