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ABSTRACT: Liver cancer ranks as the sixth most common cancer globally, with hepatocellular carcinoma
(HCC) being its predominant form, accounting for 90% of cases. HCC is closely linked to chronic
inflammation and fibrosis driven by factors such as hepatitis B and C, alcoholic liver disease, and metabolic
dysfunction-associated steatotic liver disease (MASLD). In the liver, persistent regenerative responses
trigger activation of hepatic stellate cells (HSCs), collagen deposition, and fibrosis, which collectively pave
the way for carcinogenesis. For patients diagnosed in the early stages of liver cancer, curative options such
as surgical resection or liver transplantation may be viable. However, the majority of cases are diagnosed
at advanced stages, rendering surgical intervention unsuitable. Systemic treatments for advanced liver
cancer often show limited efficacy, highlighting the importance of understanding liver cancer’s
development processes to enhance early diagnosis and therapeutic strategies. This review delves into the
molecular mechanisms underpinning the progression of liver cancer, tracing the pathological continuum
from hepatitis to cirrhosis and ultimately to liver cancer. It explores the immune responses activated during
this transition, particularly focusing on inflammatory responses and their central roles. Furthermore, it
highlights the significance of inflammatory cytokines and HSCs in liver fibrosis, which creates a
microenvironment conducive to cancer development. The review also examines immune regulation and
cell signaling in the tumor microenvironment, offering insights into the transformation from hepatitis to
liver cancer and paving the way for improved treatment strategies.

Keywords: Hepatitis; Liver fibrosis; Liver cancer; Inflammatory microenvironment; Immune regulation;
Cell signal transduction

1. Introduction

Liver cancer arises from abnormal fibrotic tissue proliferation and liver cell damage, leading to gene
mutations and altered gene expression [1]. It ranks as the sixth most common cancer worldwide [2], with a
five-year survival rate stands of 18%. HCC accounts for 90% of primary liver cancers [3] and is notably
prevalent in China, which contributes to 47% of new global cases [3]. Viral infections, particularly hepatitis
B virus (HBV), are the leading risk factors, responsible for approximately 50% of HCC cases [4]. Other
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risk factors include metabolic dysfunction-associated steatotic liver disease (MASLD) and chronic alcohol
consumption, among others [5]. Local treatments such as liver transplantation, radiofrequency ablation, and
transarterial chemoembolization can extend the survival of patients with early-stage tumors by 5 to 10 years
[6]. However, for advanced-stage liver cancer, systemic therapies generally yield survival times of less than
2 years [7]. Sorafenib, a tyrosinase inhibitor, has been employed to treat HCC by reducing hepatic fibroblast
proliferation, activation, and survival, as well as liver fibrosis through inhibition of the PDGFRB, ERK,
and AKT pathways. Despite its efficacy, drug resistance often emerges during treatment [8]. For patients
previously treated with sorafenib, regorafenib has been approved as a subsequent therapeutic option, albeit
with a modest survival extension of 2—3 months [9]. In the context of immune checkpoint inhibitor (ICI)
therapies for HCC, PD-L1 expression remains the most widely used predictor [10]. However, monotherapy
with ICIs targeting PD-1/PD-L1 pathways has demonstrated limited success. Recent studies have suggested
that combination therapies can overcome resistance to monotherapy by targeting tumors and evading
immune responses via multiple pathways. For example, the combination of atezolizumab (a PDLI1
monoclonal antibody) and bevacizumab (a VEGF monoclonal antibody) (T + A) has been shown to prolong
overall survival (OS) and progression free survival (PFS) in patients with unresectable HCC [11].
Nonetheless, the heterogeneity of molecular subtypes in HCC leads to varied treatment responses, posing
significant challenges to therapeutic effectiveness [12]. Additionally, systemic therapies can induce severe
side effects, further complicating the management of metastatic tumors.

The liver, a vital organ in the human body, plays a central role in immune regulation and phagocytosis,
supported by a self-defense mechanism network involving various y liver immune cells. These include
natural killer T (NKT) cells, natural killer (NK) cells, Kupffer cells (KCs; macrophages), yo T cells, and
liver-resident cells [ 13]. These immune properties enable the liver to maintain homeostasis, induce immune
tolerance, and monitor tumors. Consequently, protecting liver health is essential for overall well-being.
However, the liver is frequently subjected to various injuries, triggering a cascade of pathophysiological
reactions [14]. Hepatitis, liver fibrosis, and liver cancer represent a trilogy of liver diseases [15], each
closely interconnected. Hepatitis involves an immune response where the body initiates complex regulatory
mechanisms and immune regulatory responses to address liver tissue damage. Current treatments for
hepatitis vary by type. For instance, viral hepatitis B is currently treated with oral entecavir, tenofovir, and
interferon combination therapy [16], while hepatitis C is managed with sofosbuvir and velpatasvir [17].
Autoimmune hepatitis often requires immunosuppressants, including glucocorticoids and azathioprine [18].
Liver fibrosis is a self-repair response following chronic inflammation, characterized by diffuse fibrous
tissue and abnormal extracellular matrix (ECM) (especially collagen) deposition [19]. However, persistent
inflammation and regeneration in the liver promote abnormal proliferation of parenchymal cells [20]. This
inflammatory microenvironment not only produces inflammatory mediators that enable tumor cells to
evade immune responses but also weakens the immune system’s ability to recognize and eliminate tumor
cells, thus creating a favorable environment for tumor development. Recent studies have suggested that
liver fibrosis can be reversed by directly inhibiting ECM synthesis or promoting its decomposition [21].
Nevertheless, if these processes are not effectively managed, structural alterations in the liver can progress
to liver cancer [22].

Despite the well-established association among hepatitis, liver fibrosis, and liver cancer, the
mechanisms underlying this progression remain poorly understood. Current research has not yet fully
reversed this pathological development. Therefore, more in-depth studies are urgently needed to explore
the interconnections among these conditions, to prevent or delay their onset and progression. By compiling
comprehensive research findings and fostering rigorous academic discussions, we aim to shed light on this
intricate process and provide guidance for clinical treatment.
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2. Inflammatory Microenvironment and Liver Fibrosis
2.1. Immunological Response to Hepatitis

Damage by factors such as viral infections, excessive alcohol consumption, fat accumulation, and
autoimmune responses disrupts the liver’s stringent immune system, causing hepatocytes to release a class
of signaling molecules known as damage-associated molecular patterns (DAMPs) [23] (Figure 1). These
molecules comprise heat shock proteins (HSPs), high-mobility group box 1 protein (HMGBI1), and
mitochondrial DNA, among others [24]. These DAMPs serve as “alarm signals” in the immune system
owing to their capability to bind to pattern-recognition receptors (PRRs) on the surfaces of innate immune
cells (for instance, NK cells, dendritic cells, and macrophages) [25], thereby initiating the engagement of
inflammatory signaling pathways such as JAK/STAT, MAPK, and NF-kB pathways [26]. Subsequently,
these activated immune cells release inflammatory cytokines and chemokines through autocrine and
paracrine mechanisms [27]. Meanwhile, hepatocyte death in the form of necrosis, necroptosis, and
pyroptosis, coupled with inflammatory mediators secreted by infiltrating immune cells, exacerbated the
inflammatory response in the liver, thereby further activating hepatic stellate cells (HSCs) and KCs, which
initiate liver fibrosis and exacerbate liver injury [28].
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Figure 1. Liver inflammation injury triggers the immune response mechanism. When the liver suffers inflammatory damage, its
immune system is disrupted, triggering innate and adaptive immune responses. DAMPs signaling molecules released by liver
cells act as “alarm signals” and bind to PRRs on the surface of innate immune cells, activating the NF-kB inflammatory signaling
pathway and promoting the formation of NLRP3 inflammasomes. At the same time, APC cells in the liver (such as macrophages
and dendritic cells) engulf and digest antigens, degrade them into peptide segments using enzymes such as Cathepsin S, and bind
with MHC molecules to form MHC antigen complexes that are presented to the cell membrane surface. Subsequently, CD4" T
cells and CD8" T cells, respectively, recognize and bind to MHC class Il and MHC class I antigen complexes, differentiate into
helper T cells and cytotoxic T cells, and trigger humoral and cellular immune responses.

The liver possesses a dense network of phagocytic cells that sustains high tolerance in a non-
inflammatory state and promptly recognizes and responds to hepatocyte damage signals, which triggers the
initiation of pro-inflammatory cascades [29]. The physiological response of macrophages in wound injury
is crucial. Hepatic macrophages comprise ontogenetically and functionally distinct populations, including
embryo-derived liver-resident Kupffer cells and recruited monocyte-derived macrophages [30]. During
chronic liver injury, Kupffer cells rapidly respond to damage-associated and microbial signals, whereas
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circulating monocytes are recruited to the liver and differentiate into macrophage populations with
inflammatory, fibrogenic, tissue-remodeling, or immunoregulatory functions. Although macrophage
activation has traditionally been described using the M1/M2 classification, hepatic macrophages exhibit
heterogeneous, overlapping, and highly plastic functional states rather than two mutually exclusive
phenotypes [31]. Depending on the local microenvironment, these cells may produce inflammatory
mediators such as TNF-q, IL-1p, and IL-6, or express tissue-repair and immunoregulatory mediators such
as IL-10, TGF-B, and arginase-1 [32-34]. Through these context-dependent functions, hepatic macrophages
regulate inflammation, HSC activation, extracellular-matrix remodeling, and fibrosis resolution. As crucial
innate immune cells, NK cells also play a pivotal role in anti-inflammatory responses [35]. In chronic viral
hepatitis (HBV, HCV), apart from directly killing virus-infected cells, NK cells secrete IFN-y to induce the
differentiation of CD4" T cells into Thl cells, thereby enhancing cellular immune responses and exerting
antiviral effects [36].

2.2. Inflammatory Cytokines and Liver Fibrosis

Liver fibrosis is a complex pathological process involving the participation and regulation of multiple
cytokines. These inflammatory cytokines, secreted by activated cells within the hematopoietic and immune
systems, or during inflammatory responses, are highly active and multifunctional biomacromolecules,
encompassing peptides, glycoproteins, and proteins, with the capacity to regulate cellular differentiation
and proliferation [37].

IL-17, produced by T-helper cell 17 (Th17) [38], is primarily highly expressed in liver diseases such
as viral hepatitis and autoimmune hepatitis. In experimental models of liver fibrosis [39], mice with
deficiencies in IL-17A and IL-17RA demonstrate attenuated manifestations of fibrotic pathology [40]. IL-
17A stimulates KCs and HSCs to produce IL-6, TNF-a, and TGF- by binding to its heterodimer receptor
and activating the NF-kB- and STAT3-signaling pathways (Figure 2). The pro-inflammatory cytokine IL-
6 produced by KCs stimulates compensatory liver regeneration, which is a crucial factor in liver
carcinogenesis [41]. Multiple studies have demonstrated that when HBV induces an inflammatory response
in the body, the HBx protein upregulates the transcription level of IL-6 by activating the NF-kB pathway
[42]. Activated IL-6 can participate in the activation of the JAK/STAT signaling pathway, thereby
upregulating the expression of matrix metalloproteinases that mediate tumor invasion and metastasis, as
well as vascular endothelial growth factor which promotes tumor angiogenesis [43]. Persistent IL-
6/JAK/STAT3 signaling promotes hepatocyte survival, compensatory proliferation, angiogenesis, and
immune evasion. Although STAT3 activation induces negative regulators such as suppressor of cytokine
signaling 3 (SOCS3), prolonged inflammatory stimulation or impaired negative-feedback control may
sustain STAT3 activation, thereby contributing to the transition from chronic inflammation and fibrosis to
HCC [44]. Liver fibrosis is not merely a precursor to HCC but also creates a tumor-promoting niche through
persistent hepatocyte injury and regeneration, oxidative DNA damage, extracellular-matrix deposition and
stiffening, mechanotransduction, and progressive immune suppression. IL-22 exerts context-dependent
effects during liver disease. During acute or limited liver injury, IL-22-mediated STAT3 activation supports
hepatocyte survival, proliferation, and tissue repair. In contrast, persistent or excessive IL-22 signaling in
chronically inflamed or premalignant liver tissue may sustain STAT3 activation, promote the survival and
proliferation of transformed hepatocytes, and facilitate HCC growth and metastasis [45]. Therefore, the
effects of IL-22 depend on the disease stage, duration of exposure, cellular source, and surrounding
inflammatory microenvironment.
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Figure 2. The signaling roles of IL-6 in liver inflammation, injury, and repair. After IL-17 is secreted by TH17 cells, IL-17A
activates intracellular signaling pathways (e.g., NF-kB, MAPK) by binding to IL-17 receptors on the cell surface, thereby
regulating gene expression and promoting the production and release of inflammatory factors such as IL-6. Further exacerbating
inflammation and injury in the liver. IL-6 is produced, which binds to the membrane-bound IL-6 receptor (IL-6R) and
glycoprotein 130 (gp130) to form a signaling complex. This complex recruits and activates Janus kinase (JAK) via gp130, which
in turn phosphorylates and activates the STAT3 transcription factor. The activated STAT3 transcription factor enters the nucleus
and induces the transcription of IL-6-related target genes whose expression may further exacerbate the inflammatory response,
affect cell proliferation and survival, and thus exacerbate DNA damage or promote tumor progression under certain conditions.
In addition, during liver injury, Kupffer cells, macrophages that reside in liver tissue, respond positively and secrete large
amounts of IL-6. These IL-6 molecules, through a series of signaling mechanisms, not only promote the dedifferentiation and
reprogramming of hepatocytes in support of liver repair and regeneration processes.

TGF-B is a key mediator of the occurrence and development of liver fibrosis [46]. It is initially
synthesized as a precursor that undergoes intracellular cleavage by furin-like convertases. Following
cleavage, mature TGF-f remains non-covalently associated with the latency-associated peptide (LAP),
forming the small latent complex (SLC) [47]. The covalent association of the SLC with latent TGF-f-
binding protein (LTBP) generates the large latent complex (LLC), which is deposited in the extracellular
matrix [48]. Active TGF-B can be released from the latent complex through changes in pH, proteolytic
cleavage, or integrin-mediated activation. In particular, av-containing integrins, such as avp6 and avps,
recognize the RGD motif within LAP. Integrin-mediated cytoskeletal tension or protease-dependent
processing induces conformational changes in LAP, thereby exposing or releasing biologically active TGF-
B [49-51].

Active TGF-P binds to the TGF-f type Il receptor (TBRII), which recruits and phosphorylates the TGF-
B type I receptor (TPRI). Activated TPRI subsequently phosphorylates SMAD2 and SMAD3, which form
a complex with SMAD4 and translocate to the nucleus to regulate genes involved in HSC proliferation,
activation, and extracellular-matrix synthesis [52—-55]. Considering the important role of TGF-f in liver
fibrosis, several studies have investigated the therapeutic potential of targeting this pathway. Previous
approaches have included soluble TBRII, which competes with membrane-anchored TBRII for TGF-f
binding [53]. Other strategies indirectly suppress TGF-f signaling by targeting lysyl oxidase-like proteins
or integrins, thereby reducing TGF- activation and downstream profibrotic signaling [56,57].
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PDGF, as a powerful mitogen, exerts a significant stimulatory effect on HSCs [58]. It can not only
activate HSCs and promote their proliferation but also inhibit the activity of matrix metalloproteinases by
upregulating the expression of TIMP-1 [59]. This inhibitory effect reduces the degradation of ECM, thereby
promoting its excessive deposition in the liver, which exacerbates the progression of liver fibrosis. TNF-a
can indirectly promote the process of liver fibrosis by stimulating the inflammatory response and inducing
the production of other cytokines [60].

Although inhibition of IL-6, TNF-0, or TGF-B signaling has attenuated liver fibrosis in preclinical
models, its clinical translation remains limited. TNF inhibitors are not established treatments for liver
fibrosis and may increase the risks of serious infections, tuberculosis reactivation, and hepatitis B virus
reactivation, particularly in patients with advanced liver disease.

2.3. HSCs and Liver Fibrosis

HSCs are the primary mediators of inflammatory signaling and play a critical role in promoting liver
fibrosis [61] (Figure 3). Hepatocyte damage and death initiate an inflammatory response that activates
HSCs, leading to ECM secretion and deposition, which contributes to liver fibrosis. Activated HSCs not
only promote fibrosis but also exhibit an inflammatory phenotype, activating signaling pathways integral
to the progression from hepatitis to liver fibrosis and eventually cirrhosis.
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Figure 3. From hepatitis to liver cancer: Changes in liver structure and function. In liver cancer patients, the reason why cancer
cells can easily evade immune surveillance during this process is closely related to the complex changes in their own structure
and function. The metabolic function of the liver undergoes significant changes, especially the enhancement of the glycolytic
pathway, leading to a large accumulation of lactate in the body, providing the energy needed for the rapid growth of cancer cells.
The formation of regenerated nodules and pseudolobules in liver tissue, as well as the proliferation of fibrous tissue and vascular
regeneration, provides convenience for the spread and metastasis of cancer cells. The regeneration and remodeling of
extracellular matrix (ECM) in the liver microenvironment affect the adhesion and migration of immune cells, promoting the
growth and invasion of cancer cells. Dysfunction of hepatic immune cells, including the functional reprogramming and increased
heterogeneity of tumor-associated macrophages, the accumulation of MDSCs, and the production of tumor-promoting cytokines,
facilitates tumor immune escape.

In their quiescent state, HSCs constitute approximately 5—8% of the liver’s resident cells and are
located in the space of Disse [61]. They primarily store vitamin A and contribute to the maintenance of
liver sinusoidal homeostasis [62]. However, liver injury caused by viral infection, alcohol-associated liver
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disease, metabolic dysfunction-associated steatohepatitis (MASH), increased inflammatory cytokine
production, reactive oxygen species (ROS), metabolic reprogramming, or iron overload can activate HSCs
and promote their transition from a quiescent to an activated state [63]. Upon activation, HSCs lose their
vitamin A-containing lipid droplets [64], secrete large amounts of collagen, and transform into
myofibroblasts (MFBs) expressing a-smooth actin (a-SMA) [65]. The liver’s self-regenerative ability
drives MFBs to proliferate and migrate to sites of injury. As hepatitis progresses, chemokines and cytokines
such as platelet-derived growth factor and TGF-f act through autocrine and paracrine signaling to bind to
receptors on HSC:s, triggering intracellular signal transduction pathways and further activating HSCs [66].
This creates a feedback loop where activated HSCs secrete more chemokines and cytokines, exacerbating
the fibrotic process.

TGF-f is a potent mediator of HSC activation, existing in three isoforms [67]: TGF-B1, -2, and -3.
These isoforms share overlapping but distinct functions [68]. TGF-B1 binds to a receptor complex
comprising TBRII and ALKS, phosphorylating downstream targets, including signal transducer SMAD
(Sma and Mad-related family) family members SMAD2 and SMAD3 [69]. Phosphorylated SMADs
associate with co-SMADs, translocate to the nucleus, and regulate the transcription of target genes, thereby
influencing HSC proliferation and activation [70]. Additionally, TGF- promotes ECM remodeling by
inducing transcription of fibronectin and type I collagen [71]. Fibronectin’s splicing variants, ED-A and
ED-B, are critical for maintaining ECM homeostasis [72]. Studies have shown that inhibiting fibronectin
assembly with the inhibitor pUR4 improves liver function and reduces collagen accumulation in mouse
models of liver fibrosis [72,73]. Furthermore, type I collagen activation via Discoid Domain Receptor 2
(DDR?2) signaling directly contributes to HSC activation [74]. TGF-B-driven HSC activation markedly
increases the synthesis and secretion of procollagen and other extracellular-matrix proteins. This increased
secretory burden enhances the demand for protein folding and quality control in the endoplasmic reticulum,
thereby activating the unfolded protein response. In particular, activation of IREla and its downstream
signaling pathways may influence HSC survival, inflammatory activity, and collagen production. Persistent
endoplasmic-reticulum stress may therefore contribute to the maintenance of HSC activation and the
progression of liver fibrosis [75,76].

The resolution of liver fibrosis has increasingly been linked to the clearance of activated HSCs through
apoptosis, senescence [77], or their return to a quiescent-like state—a process termed inactivation.
Consequently, the inactivation of active HSCs has emerged as a promising therapeutic strategy for liver
fibrosis [78]. The zinc finger transcription factor GATA4 plays a crucial role in HSC phenotypes during
embryonic development. By binding to conserved GATA sites in the intron region of the endothelial PAS
domain protein 1 (EPAS1) gene, GATA4 inhibits EPAS1 expression, thereby regulating HSC activation
and liver fibrosis progression [79].

3. Tumor Microenvironment and Liver Fibrosis
3.1. Immunoregulation and HCC Development

Liver fibrosis is the liver’s response to chronic injury, cirrhosis, HCC, and hepatic failure if left
unchecked [80,81]. Cancer cells often evade immune surveillance during this process through several
mechanisms, including functional reprogramming and increased heterogeneity of tumor-associated
macrophages, accumulation of myeloid-derived suppressor cells (MDSCs), production of tumor-promoting
cytokines, dysregulation of the senescence-associated secretory phenotype, and alterations in gut
microbiota composition (Figure 4).
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Figure 4. Schematic diagram of WNT signaling activation. During the development of hepatocellular carcinoma (HCC), when
Wht signaling is aberrantly activated, the B-catenin-dependent signaling mechanism undergoes significant changes. Activation
of Wnt signaling promotes the proliferation and function of immune-suppressor cells (e.g., regulatory T cells, myeloid-derived
suppressor cells, efc.), and at the same time inhibits the activity of immune effector cells (e.g., natural killer cells, dendritic cells,
etc.), thus creating a microenvironment conducive to the immune escape of tumor cells. And inhibit the activity of immune
effector cells (e.g., natural killer cells, dendritic cells, etc.), thus creating a microenvironment conducive to immune escape of
tumor cells. This immune escape mechanism further enhances the self-renewal ability of tumor cells and their ability to resist
immune attack, which promotes the progression and deterioration of HCC.

As liver cancer develops, the body’s cellular immune capacity weakens, marked by reduced T-cell
production and impaired function [82]. Meanwhile, the proportion of immunosuppressive regulatory T cells
(T regs) increases [83]. Tregs play a pivotal role in promoting immune escape, with higher Treg infiltration
correlating with more aggressive tumors and poorer patient prognoses [84]. (NK) cells, essential
components of the antitumor immune system, experience diminished antitumor efficacy within the tumor
microenvironment (TME) due to the downregulation of activating receptors and upregulation of inhibitory
receptors. Moreover, immature or dysfunctional dendritic cells (DCs) exhibit strong antigen-capturing
capabilities but weak antigen-presenting abilities, thereby failing to activate T lymphocytes effectively [85].
This impaired immune function enables tumor cells to evade immune surveillance and metastasize.

During cirrhosis, HSC numbers and activity further increase, leading to extensive collagen fiber and
matrix component production. These changes drive irreversible liver damage and position HSCs as key
contributors to liver cancer progression. HSCs interact closely with tumor cells, promoting proliferation,
invasion, and metastasis through the secretion of growth factors and cytokines [86]. Direct cell contact and
the release of soluble mediators by HSCs further regulate tumor cell behavior [87]. Studies have recently
revealed that activated HSCs inhibit T-cell activity by upregulating fibrinogen-like protein 2 (FGL2)
expression, thereby disrupting the liver immune balance and facilitating tumor development [88]. Notably,
activated HSCs require substantial intracellular ATP for ECM production and secretion. Interestingly, mild
mitochondrial uncoupling agents, which reduce ATP and ROS levels, have demonstrated efficacy in
preventing HSC activation and proliferation in both mice and humans [89]. For example, antioxidants such
as butylated hydroxyanisole and N-acetylcysteine strongly inhibited ROS formation and liver cancer
progression [90]. HSCs contain retinoic acid droplets that inhibit fibrosis through RAR signaling [91].
However, PNPLA3 mutations reduce retinoic acid levels in HSCs, weakening RAR-mediated fibrogenesis
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control. This highlights PNPLA3 as a potential therapeutic target for MASLD-related fibrosis, steatosis,
and disease progression [92]. Moreover, HSCs diminish NK cell activity [93], thereby impairing the
antitumor response. They can also affect HCC development through ECM remodeling and various
mechanisms in the context of fibrosis. These cells interact with NKT cells, such as yoT cells or specific
CD8" T cells, which produce interferon-gamma (IFNy) to activate NK cells [94]. Despite their typically
tumor-inhibiting role, reduced NK activity due to HSCs undermines this antitumor mechanism,
emphasizing the complex role of HSCs in liver fibrosis and cancer progression.

Cancer-associated MDSCs are a heterogeneous population of bone marrow-derived cells that
effectively suppress T-cell responses and rapidly accumulate in chronic infections and cancer. HSCs
promote immune tolerance in the liver by secreting anti-inflammatory cytokines, such as TGF-p [95],
activating tissue regeneration pathways, and supporting the differentiation of inflammatory monocytes into
MDSCs [96]. During liver fibrosis—liver cancer progression, MDSCs produce various immunosuppressive
molecules, including arginase-1, nitric oxide synthase, and ROS [97]. These molecules inhibit T and NK
cell activities, thereby suppressing the body’s antitumor immune response. MDSCs can be broadly
classified into polymorphonuclear MDSCs (PMN-MDSCs, previously referred to as granulocytic MDSCs)
and monocytic MDSCs (M-MDSCs). In liver cancer patients, an increase was observed in the M-MDSC
subset in peripheral blood samples (n = 111) and tumor tissues (n = 12) [98]. In vitro coculture experiments
revealed that M-MDSCs can induce CD4"'CD25 Foxp3™ Tregs and suppress the cytotoxic activity and
cytokine production of autologous NK cells through a cell-contact-dependent mechanism involving NKp30,
an activating receptor expressed on NK cells [99]. Furthermore, in a coculture of human HSCs and
peripheral blood mononuclear cells, activated HSC-released factors activated the intrinsic p38 signaling
pathway in monocytes, promoting the expression of M-MDSC-specific genes [100]. Certain drugs or
therapeutic methods may reverse the immunosuppressive function of MDSCs. For instance, in a CCL4-
induced fibrotic HCC model, i-BET and anti-PD-L1 treatments improved antitumor activity by decreasing
M-MDSCs and increasing CD8" T cells, thereby elevating long-term survival [101]. In addition, combined
targeting of the PD-1/PD-L1 and VEGF axes may reduce MDSC- and Treg-mediated immunosuppression
and increase the infiltration of and antitumor activity of cytotoxic T lymphocytes [102]. These findings
demonstrate that MDSCs represent an important link between systemic myeloid-cell dysregulation and the
immunosuppressive microenvironment of HCC.

Importantly, the expansion and immunosuppressive activity of MDSCs and other myeloid-cell
populations during HCC development are not restricted to the liver. In advanced chronic liver disease and
HCC, cirrhosis-associated portal hypertension frequently causes splenic congestion and splenomegaly.
However, the spleen is not merely a passive organ affected by altered portal hemodynamics. Chronic
hepatic injury may reshape splenic immune-cell composition, enabling the spleen to serve as a reservoir
and source of inflammatory monocytes, macrophage precursors, and immunosuppressive cells such as
MDSCs. These spleen-derived cells may enter the circulation and migrate to the injured or tumor-bearing
liver, where they contribute to the accumulation of immunosuppressive macrophages and MDSCs, impair
antitumor T- and NK-cell responses, and promote angiogenesis and extracellular-matrix remodeling.
Conversely, damaged hepatocytes, activated HSCs, Kupffer cells, and monocyte-derived macrophages
release cytokines and chemokines that influence splenic immune-cell activation and mobilization. This
bidirectional spleen—liver communication may establish a self-reinforcing inflammatory circuit that further
enhances hepatic inflammation, fibrosis, and immune dysfunction. Therefore, the transition from chronic
hepatitis and fibrosis to HCC should be considered not only as a liver-localized process but also as a
systemic immune disorder involving communication between the liver and spleen [103].

Consistent with this systemic immune remodeling, hepatic macrophages undergo dynamic, context-
dependent functional reprogramming during the progression from chronic liver injury to HCC. Rather than
undergoing a simple binary transition from an M1 to an M2 phenotype, tumor-associated macrophages
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(TAMs) exhibit heterogeneous, overlapping, and reversible functional states shaped by their cellular origin,
tumor-derived cytokines, hypoxia, metabolites, extracellular-matrix signals, and interactions with other
immune cells. Individual TAM populations may simultaneously display inflammatory, immunosuppressive,
angiogenic, and tissue-remodeling properties. Through the secretion of IL-10, TGF-f, VEGF, CCL17, and
other mediators, TAMs suppress antitumor immune responses, recruit Tregs, increase the expression of
immune-checkpoint molecules, and promote HCC-cell proliferation, invasion, and metastasis. The
recruitment of spleen-derived and circulating monocytes may further contribute to the heterogeneity and
functional plasticity of TAMs in the HCC microenvironment.

In addition to the spleen—liver axis, gut-derived LPS can activate TLR4 signaling in TAMs and MDSCs,
thereby promoting inflammation and immunosuppression in HCC. In TLR4-deficient mice, reconstitution
with TLR4-expressing bone marrow cells restores carcinogen-induced liver inflammation and proliferation.
Similarly, TLR4 signaling and the intestinal microbiota play critical roles in promoting HCC progression,
whereas intestinal sterilization significantly reduces tumor burden, particularly during the later stages of
hepatocarcinogenesis [104].

In chronic hepatitis, the liver microenvironment undergoes various changes involving glucose, lipids,
and nucleotides. Alterations in the metabolic microenvironment are often observed along with the liver’s
immune response, creating opportunities for tumor cells to evade immune surveillance mechanisms. After
being fed a methionine- and choline-lacking diet, mice exhibited linoleic acid-mediated lipotoxicity, which
led to selective loss of hepatic CD4" T cells and promoted hepatocarcinogenesis [105]. Tumor cells adapt
to hypoxic conditions by phosphorylating hexokinase, increasing glycolysis, and relying on glutamine
metabolism to meet their excessive energy and anabolic demands for proliferation [106]. Persistent
alcoholic hepatitis compounds these issues, with fatty acid lipotoxicity and iron overload deposition [107],
synergistically enhancing ROS and reactive nitrogen species production. These reactive molecules disrupt
intracellular homeostasis, leading to dysfunction of DNA damage repair. Moreover, the metabolic
microenvironment influences tumor metastasis within the liver parenchyma. In a murine model of
metastatic colorectal cancer, cancer cells upregulate aldolase B in hepatocytes to promote fructose
metabolism, thereby supplying energy for cellular proliferation [108].

3.2. Cellular Signal Transduction and the TME

Chronic liver injury and inflammation trigger excessive proliferation of liver progenitor cells via a
ductal response to restore organ structure and function. However, during this proliferation, rapid cell
division can result in the accumulation of genetic mutations and the activation of carcinogenic signaling
pathways, ultimately conferring malignant potential to normal cells and leading to carcinogenic
transformation in the liver.

The vascular endothelial growth factor receptor (VEGFR) family plays a crucial role in cancer by
promoting neovascularization and metastasis. VEGFR has a three-part structure: an extracellular domain
for binding to VEGF, a transmembrane domain that anchors the receptor to the plasma membrane, and an
intracellular domain with tyrosine kinase activity. Upon binding to VEGF, VEGFR activates its
intracellular tyrosine kinase domain, thereby phosphorylating tyrosine residues and subsequently activating
multiple downstream signaling cascades [109].

During liver fibrosis, aberrant activation of the VEGF/VEGFR signaling pathway triggers downstream
cascades, including the PI3K/Akt and MAPK pathways. These pathways promote endothelial cell
proliferation and migration, induce excessive intrahepatic vascular network formation, and exacerbate liver
fibrosis. VEGF secreted by TAMs operates through paracrine and autocrine mechanisms involving the
VEGFR?2 signaling pathway, which is also utilized by cancer cells. In TAMs, VEGF depletion inhibits the
Akt/mTOR pathway [110], reduces VEGFR2 expression in glioma cells, and downregulates VEGF and
MMP-9 production in macrophages and cancer cells [111]. These factors are key downstream mediators of
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VEGF/VEGFR2 signaling [112]. Cytokines secreted by immunosuppressive TAM populations, such as
macrophages, have been reported to regulate the expression and activity of TNF through this pathway,
while VEGF secreted by TAMs activates the Nrf2 pathway in hepatoma cells. VEGF inhibition disrupts
the VEGF autocrine cycle in macrophages, inactivating the AKT/mTOR pathway [113] and reducing PD-
L1 expression in cancer cells [114]. Elevated VEGF levels are associated with tumor vascular invasion,
higher histological grades, and poorer clinical outcomes. By contrast, reducing VEGF levels can impair
TAM-induced cancer cell proliferation and migration [114], thereby diminishing the biological activity of
TAMSs. Molecularly targeted drugs approved by the FDA for advanced HCC, such as Sorafenib, Cabotinib,
and Ramuumab, primarily target the VEGFR signaling pathway. However, some drugs with similar anti-
angiogenic properties, such as Sunitinib [115], have demonstrated toxicity in HCC patients, highlighting
the risks of excessive VEGF signaling interference in cirrhosis [116].

B-catenin is a key regulator of the classical WNT signaling pathway and plays a pivotal role in cancer
cell proliferation, dedifferentiation, epithelial-mesenchymal transition, migration, and invasion. In
hepatobiliary development, B-catenin-dependent WNT signaling contributes to cell differentiation,
homeostasis, and repair (Figure 5). Dysregulation of this pathway exacerbates hepatic disorders and
promotes cancer progression. In normal cells, the Wnt-B signaling pathway is transiently activated
following cellular stimulation and inhibited by negative feedback mechanisms. However, in cancer,
particularly in HCC, these mechanisms may be disrupted, leading to sustained activation of the pathway
and thereby preserving cancer cell growth and survival. In the body, B-catenin levels are usually maintained
at a low level by degrading the destruction complex [117]. This complex comprises Axin, Adenomatous
Polyposis Coli, glycogen synthase kinase 33 (GSK3p), and casein kinase 1a (CK1la) [118]. The scaffold
protein Axin facilitates the protein complex assembly [119], mediating B-catenin phosphorylation first at
serine 45 by CKla, and then at serines 33 and 37 and threonine 41 by GSK3p [120]. With consecutive
phosphorylations, B-catenin is destabilized, resulting in its ubiquitination and subsequent proteasomal
degradation [20]. In HCC, with the abnormal activation of Wnt signaling B-catenin-dependent signal
transduction is initiated when WNT ligands bind to Frizzled receptors and low-density lipoprotein receptor-
related protein 5/6 (LRP5/6) receptors, forming a complex that further activates the cytoplasmic scattered
protein (Dsh/Dvl), thereby inhibiting GSK3p activity. GSK3p inactivation leads to excessive B-catenin
accumulation in the cytoplasm. B-catenin is then translocated to the nucleus, where it binds to the
transcription factors T-cell factor/lymphoid enhancer factor (TCF/LEF), thereby promoting tumor cell
proliferation, invasion, and survival [121]. Indeed, mice with activated B-catenin signaling are more
susceptible to diethylnitrosamine-induced hepatocarcinogenesis [122]. Additionally, p-catenin can
synergize with other oncogenes to drive HCC initiation and progression. Targeting Wnt/p-catenin signaling
may be a viable therapeutic option for HCC characterized by oncogenic B-catenin signals [123]. For
instance, Wnt is crucial for cancer immune surveillance. Treg cell recruitment to the TME by chemokines
secreted by tumor cells and innate immune cells [124] suppresses antitumor immune responses [125]. By
prioritizing TCF-1 activity over Foxp3, a key transcription factor in Treg cells, Wnt/B-catenin signaling
limits the immunosuppressive activity of these cells [126]. This suggests that when blocking Wnt signaling
is blocked in Treg cells, the production of negative immune regulators such as Foxp3, TGFf, and IL-10 is
reduced, thereby augmenting antitumor immune responses. These findings provide new insights and
immunotherapeutic approaches against liver cancer [127]. For example, inhibiting B-catenin signaling
prevents carcinogenesis and the accumulation of CD11b"Gr-1" MDSCs [128].
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Figure 5. The role of HSCs in the process of liver injury and repair. The initial phase of HSC activation consists of early events
in which the cell responds to a number of extracellular signals, including the rapid induction of growth factor receptors, the
development of contractile and fibrotic phenotypes, and the regulation of growth factor signaling. Main features; The extended
phase of HSC activation is characterized by the continuous amplification of the activated phenotype, which then stimulates the
HSC to respond to a variety of cytokines and growth factors, thereby enhancing their proliferation, contractility, fibrosis, and
matrix. Degradation and pro-inflammatory signaling contribute to scar formation. After liver damage is repaired, HSC clearance
pathways come into play. This mainly involves the self-destruction of cells via the apoptotic pathway and their return to an
inactive state, thereby ending their role in liver repair.
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Several agents targeting different components of WNT signaling have undergone preclinical or early-
phase clinical evaluation. These include ipafricept (OMP-54F28), a recombinant decoy receptor consisting
of the cysteine-rich domain of FZDS8 fused to a human IgG1 Fc fragment, and vantictumab (OMP-18R5),
a monoclonal antibody targeting multiple FZD receptors [73]. Other investigational agents include
porcupine inhibitors, such as WNT974, RXC004, and ETC-159 [129], the tankyrase inhibitor XAV939,
and compounds targeting -catenin-dependent transcription, such as PRI-724 and PKF115-584. However,
these agents remain investigational, and the FDA has approved no direct WNT-pathway inhibitor for the
treatment of HCC.

4. Conclusions and Outlook

Primary liver cancer is almost entirely driven by chronic inflammation. Chronic hepatitis, a significant
cause of this condition, is sustained by a complex interaction of various etiological factors. These factors
include the activation of immune cells in response to viral infections, the production of pro-inflammatory
cytokines by innate immune cells in response to chronic liver injury, and the effects of exogenous toxins
on liver cells, particularly hepatocytes. Over time, these events destabilize key regulatory mechanisms
involved in organelle function, metabolism, and cell cycle-related regulatory mechanisms, leading to
impaired DNA damage repair. Sustained regenerative responses further activate HSCs, which contribute to
collagen deposition, fibrosis, cirrhosis, and ultimately carcinogenesis. By precisely modulating and
remodeling signaling pathways in the liver’s inflammatory and metabolic microenvironment, such as Wnt-
B and VEGFR, and targeting molecular mechanisms driving liver fibrosis and nutrient supply, such as the
inflammatory microenvironment and HSC activation, we can promote better lymphocyte infiltration into
tumors. This helps restore immune surveillance and enhances the effectiveness of immune checkpoint
blockade, thereby ultimately inhibiting tumor growth and progression (Figure 6).

Tumor
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Figure 6. The process by which T cells kill tumor cells and the corresponding immunotherapy methods for each stage. The
innate immune system plays a central role in triggering and maintaining adaptive immune responses, tightly integrated into
various stages of the cancer immune cycle. When a tumor is detected, this signal activates innate immune cells, thereby promoting
the mobilization, migration, and infiltration of T cells into the tumor tissue. In current immunotherapy strategies, several therapies
specifically target the mobilization of T cells, including antibody therapies such as Anti-CTLA-4, Anti-CD137, and Anti-OX40.
In addition, tumor vaccines (such as Ifn—y—induced vaccines) and DC vaccines can more effectively present tumor antigens to T
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cells, triggering stronger immune responses. CAR-T cell therapy has a stronger ability to recognize and kill tumor cells, thereby
improving the efficacy of immunotherapy.

As of 2024, liver cancer treatment has largely focused on improving the TME and utilizing targeted
therapies to boost the tumor’s response to treatment. Microenvironment-based therapies aim to modulate
immune responses, promote angiogenesis, and improve cellular metabolism, whereas targeted therapies
focus on signaling pathways and cell-cycle regulation. A recent study demonstrated that blocking SPP1
(osteopontin) can reduce aSMA expression and enhance T lymphocyte infiltration into liver tumors. By
disrupting interactions between SPP1+ macrophages and other cells, such as malignant hepatocytes and
cancer-associated fibroblasts, alongside anti-PD-1 immunotherapy, therapeutic efficacy for liver cancer can
be significantly improved [130]. Moreover, the combination of Lenvatinib with an anti-PD-1 antibody has
shown promising results in Phase II clinical trials as a conversion therapy for patients with unresectable,
advanced-stage HCC. This combination approach represents a significant advancement in therapeutic
options for liver cancer.

With a deeper understanding of the molecular mechanisms underlying liver cancer progression and the
ongoing development of new molecular targeted drugs and immunotherapy strategies, a strong optimism
that precision medicine and personalized treatments for liver cancer will achieve breakthroughs. However,
to realize this potential, interdisciplinary collaboration and validation through further prospective clinical
trials will be essential.
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