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Abstract: Hepatocellular carcinoma (HCC) is the most common liver cancer as well as the most preva-
lent cause of death in the adult patient population with cirrhosis. The occurrence of HCC is primarily
caused by chronic liver inflammation that might occur because of a viral infection, non-alcoholic fatty
liver disease (NAFLD), or various lifestyle-associated factors. The objective of this review was to
summarize the current knowledge regarding the microenvironment of HCC, indicating how immune-
and non-immune-cell stroma might affect the onset and progression of HCC. Therefore, in the follow-
ing narrative review, we described the role of tumor-infiltrating neutrophils, bone-marrow-derived
cells, tumor-associated mast cells, cancer-associated fibroblasts, tumor-associated macrophages,
liver-sinusoidal endothelial cells, lymphocytes, and certain cytokines in liver inflammation and the
further progression to HCC. A better understanding of the HCC microenvironment might be crucial
to introducing novel treatment strategies or combined therapies that could lead to more effective
clinical outcomes.

Keywords: hepatocellular carcinoma; HCC; immune stroma; tumor-infiltrating neutrophils; bone-
marrow-derived cells; tumor-associated mast cells; cancer-associated fibroblasts; tumor-associated
macrophages; liver-sinusoidal endothelial cells; lymphocytes

1. Introduction

Liver cancer is a big challenge for today’s medicine, being the sixth most commonly
diagnosed cancer worldwide [1]. An increased occurrence of hepatocellular carcinoma
(HCC) (70% of all diagnosed HCC) is reported in Asia, probably due to the sanitary
conditions and a higher number of hepatitis B virus (HBV) infection incidents [2]. Although
the most common type of liver cancer is metastasis of colorectal cancer, HCC represents
80% of all primary liver malignancies with a total of 747,000 cases of HCC globally in
2019 [3,4]. This aggressive cancer is the most frequent primary liver tumor which originates
in hepatocytes. Due to personal predispositions and exposure to different carcinogens,
the response of the immunological system can be promoted. Consequent inflammation
caused by hepatic stellate cells and natural killer cells may lead to hepatic cell death and
promote the occurrence of liver cirrhosis and fibrosis. The occurrence of recurring liver
cell repopulation and the constant impact of toxic and carcinogenic factors might affect
the proper function of hepatocytes and lead to HCC development [5,6]. Furthermore, the
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metabolic microenvironment also plays an important role in HCC immune evasion. Tumor
cells respond to environmental stressors, such as energy competitiveness, suppressive
metabolites, and hypoxia, by undergoing metabolic adaptations to survive apoptosis.
Such mechanisms may potentially be significant contributors to HCC progression [7].
Early stages of HCC are usually asymptomatic and may be found in routine imaging
examinations often commissioned for different reasons. Patients with more advanced
stages of HCC may present symptoms such as jaundice, weight loss, malaise, fever, ascites,
or even hepatic encephalopathy [8,9]. The diagnosis of HCC can be based on specific
symptoms revealed in radiological examinations. Due to ongoing angiogenesis in a lesion,
HCC presents more arterial vascularization than the surrounding liver tissue in a CT, which
is called a “wash-in effect”. The portal supply gradually decreases, resulting in less portal
blood within the lesion relative to the encompassing liver tissue during the venous phases,
which is called a “wash-out” [9]. Another factor that can be useful during HCC diagnostic
processes is the alpha-fetoprotein (AFP). Although its sensitivity in detecting the early
stages of HCC may be helpful in case of inconclusive radiological situations [10], a liver
biopsy is the surest procedure for an HCC diagnosis. However, due to its invasiveness,
it is commissioned only in concrete cases [11]. The therapy for HCC consists of different
types of treatment. Liver transplantation, tumor resection, or transarterial embolization
(TACE) are common types of surgical treatment methods for HCC [10,12,13]. Also, a
combined therapy involving atezolizumab (anti-programmed death-ligand 1 (PD-L1)) and
bevacizumab (anti-vascular endothelial growth factor (VEGF)) presents acceptable effects
in HCC treatment [14].

2. HCC Etiology

As mentioned above, HCC is primarily related to inflammatory processes, cirrhosis,
and fibrosis of the liver. Such pathological mechanisms may develop due to different
risk factors and toxic substances. Alcohol consumption is one of the biggest factors in
cirrhosis development and a subsequent HCC occurrence [15]. Taniai M presented that
the risk of cirrhosis becomes significant with drinking 20 g/day of alcohol for 10 years in
women and 60-80 g/day of alcohol for 10 years in men [16]. Viral infections might also
contribute to HCC development, including chronic infections of HBV, hepatitis C virus
(HCV), and hepatitis D virus (HDV) [17]. McGlynn et al. reported that an inflammatory
response due to an HBV infection and the integration of viral DNA can lead to chronic
necrosis, cirrhosis, and, consequently, the development of HCC [17,18]. To eradicate HBV,
a robust response of CD4* T and CD8" T cells might be generated. HBV-specific CD8*
T lymphocytes have antiviral efficacy through either destroying the infected hepatocytes
directly or generating TNF-oc and IFN-y. Moreover, T cells co-stimulate B cells, which then
results in the production of antibodies against the HBV surface antigen (HBsAg), HBV
core antigen (HBcAg), and HBV antigen (HBeAg). All these actions lead to a limitation of
the HBV infection and viral expansion. However, it might not lead to a regression of the
infection and, instead, result in a chronic HBV infection, during which continuous immune
responses may lead to recurrent liver injuries and its reconstruction. Such mechanisms
might potentially become factors contributing to HCC onset [19,20]. HCV RNA does
not integrate with the human genome but can cause chronic infection which also plays a
significant role in HCC development [18]. Obesity may also correlate with an increased risk
of HCC onset [21]. Metabolic abnormalities associated with poor eating habits may lead to
the development of diseases such as metabolic-dysfunction fatty liver disease (MAFLD)
which replaced the term of non-alcoholic fatty liver disease (NAFLD) in 2020 due to its
more appropriate definition. A MAFLD diagnosis is based on the same criteria as hepatic
steatosis, which means >5% of hepatocytes have lipid vacuoles when no other significant
cause is present, but it adds dysregulatory factors that may disrupt homeostasis and proper
liver functions. The MAFLD criteria classify type 2 diabetes and overweight or obesity with
ethnic-specific body mass index (BMI) categories as the metabolic risk drivers. In addition
to type 2 diabetes and overweight/obesity, there is another dysregulatory route included
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in the process of MAFLD development. People with a correct body weight are obligated to
present two of the seven risk factors for a diagnosis to be made. These seven risk factors
include: blood pressure, waist circumference, plasma high-density lipoprotein cholesterol,
plasma triglycerides, insulin resistance score, prediabetes, and plasma high sensitivity
C-reactive protein [21,22]. The term NAFLD, defined as the inherence of hepatic steatosis
in more than 5% of hepatocytes with the absence of significant alcohol consumption
and without other liver disease, is still frequently used in the literature in relation to
HCC [23,24]. Another important factor of HCC onset is toxins, especially aflatoxin B1
produced by Aspergillus fungi. Consumption of aflatoxin Bl impacts genetic mutations
and may accelerate the process of carcinogenesis. The promutagenic effect of aflatoxin
B1 on human DNA leads to its destabilization and mutation in the p53 suppressor gene.
A P53 suppressor gene mutation is known as a common genetic abnormality in HCC
development [25,26]. Immunosuppression might contribute to HCC development. The
coinfection of HIV and HBV without proper therapy might advance the cirrhosis of the
liver and lead to a faster HCC development [27,28].

3. Hepatocellular Carcinoma Microenvironment
3.1. Tumor-Infiltrating Neutrophils (TINs)

Currently accepted theories indicate that neutrophils exhibit plasticity in cancer,
thereby depending on various factors in the tumor microenvironment or the blood and bone
marrow, they may develop pro-tumor or anti-tumor properties [29,30]. The significance of
tumor-infiltrating neutrophils (TINs) in various cancer types, inter alia, biliary, esophageal,
gastric, breast, or renal cell carcinoma has been explored, which revealed a wide range of
mechanisms affecting tumor metastasis, disease progression, prediction therapeutic out-
come, or prognosis [31-36]; however, TINs validity in the hepatocellular carcinoma appears
to not be sufficiently investigated yet [37]. Lin et al. (2021), in their systematic review and
meta-analysis, demonstrated that a high baseline neutrophil-to-lymphocyte ratio (NLR)
leads to a poor prognosis or a recurrence in patients with HCC. Authors concluded that the
NLR may be an efficient prognostic factor for HCC, but observations were performed for
East Asian region populations where the incidence of HCC is higher [38].

Interestingly, Lee and Hong revealed a paucity of significant correlations between
TINs and clinical outcomes in patients with early-stage HCC undergoing radical resection.
Authors have suggested that TINs may fulfill an important prognostic role in the more
advanced HCC stages [37].

3.2. Bone Marrow-Derived Cells (BMDCs)

It has been demonstrated that human hepatic cells in adults may originate from bone
marrow stem cells or circulating stem cells, indicating that damaged liver tissue might be
potentially replaced by stem cells-derived hepatocytes. Chronic inflammation could induce
liver infiltration by hematopoietic stem cells [39]. The key pathogenetic mechanisms of
HCC are associated with liver injury and inflammation, which leads to the recruiting of
bone marrow-derived cells (BMDCs) to participate in liver repair [40]. There were studies
that described inconsistent results regarding the impact of bone marrow-derived mesenchy-
mal stromal cells on tumor growth and the metastatic potential of HCC [41-46]. Hence, it
was speculated that BMDCs behavior was dependent on the tumor microenvironment [41].
Barone et al. (2014) investigated the entanglement of BMDCs in hepatocarcinogenesis
using transgenic mice infected with HBV. In their experimental model, the authors revealed
that BMDCs do not participate in tumorigenesis, but they infiltrate inflammatory liver
areas in the vicinity of the HBsAg encoding gene (HBs-Eg)-positive cells. To follow the
BMDCs’ fate, a transplantation of bone marrow cells acquired from wild-type (without
a tendency towards cancer) male mice were implemented into female HBV transgenic
mice of the same age developing hepatocarcinoma. Thereby, a Y-chromosome originating
from the BMDCs was detected. The Y-chromosome-positive cells appeared to not be ob-
served in the neoplastic liver nodules during the remarking time. Interestingly, authors
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observed the phenomenon of cell fusion of the BMDCs and hepatocyte lineage, revealing
Y-chromosome /HBs-Eg/hepatocyte nuclear factor 1 (HNF1)-positive cells. A selection of
healthy BMDCs from wild-type donors was marked and an evaluation of their capability
for hepatocarcinogenesis depending on the HCC microenvironment was performed [47].
Conversely, Chen et al. by exploiting a diethylnitrosamine (DEN)-induced HCC model,
demonstrated that BMDCs may be an origin of HCC. Wild-type male mice were exposed
to DEN after bone marrow transplantation from matched, green fluorescent protein (GFP)-
expressing, transgenic male mice. A large amount of HCC cells obtained from recipients
appeared to be positive for GFP. The origin of the HCC cells from the transplanted BMDSs
was further confirmed by single-cell sequencing. Furthermore, to seal previous findings,
researchers transplanted female mice bone marrow into male mice and subsequently, they
exposed recipients to DEN for 16 weeks. Interestingly, all examined HCC cells originated
from female donors and did not embody the Y chromosome [40]. The distinct results of the
above-mentioned studies may ensue from the onset of the actions of the tumorigenic factor,
because the hepatitis B virus-induced nodule formation occurred before the bone marrow
transplantation, while the DEN HCC induction took place after stem cell grafting. Interest-
ingly, Mansour et al. (2022), in their murine model, observed that BMDC transplantation
after HCC induction by DEN caused liver regeneration and ameliorated liver function [48].
Bayo et al. revealed that the migration of BMDCs towards the HCC milieu is conditioned on
the production of IL-8/CXCLS, growth-regulated oncogene (GRO)/CXCL 1-2-3, and monocyte
chemotactic protein-1 (MCP-1)/CCL2 by the HCC microenvironment; however, there was
no impact on HCC aggressiveness. Furthermore, the secretion of chemokines by HCC-
stimulated BMDCs was observed, which promotes the recruitment of cellular components
such as endothelial cells, fibroblasts, and peripheral blood mononuclear cells into the
tumor milieu [44]. Moreover, the migration of mesenchymal stromal cells towards HCC
may be triggered by the autocrine motility factor produced by an HCC tumor [49]. The
contemporary blockage of receptors for CXCL1, and CXCL2 and of the autocrine motility
factor resulted in the inhibition of more than 60% of mesenchymal stromal cell migration
towards HCC in the experimental model [50].

Owing to their ability to the specifically migrate towards HCC, the therapeutic poten-
tial of the BMDCs was explored, especially as cellular drugs or gene carriers [41,49-52].
A recent study by Yu et al. conducted on cell lines and mouse models, revealed that
BMDCs may be donors of extracellular vesicle (EV)-encapsulated microRNA-375, which has
been described as a cancer suppressor [53,54]. Researchers demonstrated that EV-derived
microRNA-375 inhibited HCC cells proliferation, enhanced tumor cell apoptosis in vitro,
and repressed tumor growth in vivo. An investigation of the regulatory mechanism showed
that microRNA-375 up-regulation leads to decreased HOXB3 gene expression with a further
inhibition of the Wnt/3-catenin pathway, leading to a restraint of malignant HCC cell
phenotypes [53].

3.3. Tumor-Associated Mast Cells (TAMCs)

The mast cells (MCs) content in the HCC tissue appeared to be increased in comparison
to the pericarcinomatous hepatic tissue [55]. Furthermore, tumor-associated mast cells
(TAMCs) may increase tumor angiogenesis [55-57]. As a proangiogenic factor released
from mast cells, secretory granules were explored such as tryptase—a serin protease
acting inter alia through protease-activated receptor-2 (PAR-2) [56,58,59]. Ammendola
et al. (2016) demonstrated that MCs positive to tryptase (MCT*) and endothelial cells
positive to PAR-2 are strongly associated with each other and with microvascular density
formation in HCC, indicating that tryptase inhibition may hamper angiogenesis and it
may be a therapeutic target for HCC [56]. Moreover, MCs positive to tryptase are the main
source of IL-17 production in the HCC microenvironment. The higher content of intra-
tumoral MCT* and IL-17-producing cells predictably significantly decreased the overall
survival (OS) of patients with HCC [60]. The peri-tumoral inflammatory microenvironment
may be crucial for HCC recurrence after resection [61-63]. Ju et al. (2009) explored the
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importance of peri-tumoral MCs to HCC outcomes after curative resections. Increased peri-
tumoral MC infiltration was associated with inferior clinical outcomes and an increased
5-year recurrence incidence rate. High peri-tumoral MC density was strongly related
to an increased early (2-year) recurrence rate [61]. Interestingly, the recent study by Ali
et al. (2024), investigating the usefulness of QuPath software(v0.5) for the pathological
assessment of immunohistochemical stained HCC slides, revealed that the elevated area
fraction (AF) of mast cells in the inner margins and peri-tumor areas was associated
with longer, disease-free survival (DFS) rates, and an elevated AF of MCs in the inner
margin was also associated with favorable overall survival (OS) rates. The AF of MCs
was elevated in all evaluated regions of interest, including the tumor center, inner margin,
outer margin, and peri-tumor area. The MCs were significantly more abundant in all
regions of interest compared to natural killer (NK) cells and immature dendritic cells
(iDCs). Researchers concluded that TAMCs in the HCC microenvironment contributed
to an improved prognosis for patients with HCC who had undergone curative resection,
indicating that, owing to the inclusion of only resectional cases, the study population was
not representative of the general HCC population. The QuPath software appeared to be a
relevant tool for whole-slide image (WSI) analysis, providing repeatable quantitative data
in a digital HCC pathological analysis and yielding prognostic information for TAMCs in
resectable HCC [64]. Zhang et al. (2021) created a prognostic model for genes associated
with high and low infiltration of MCs in HCC. The authors divided MCs into high- and
low-risk groups. Interestingly, TAMC'’s content appeared to be inversely correlated with the
risk score. In the study, HCC transcriptome data were acquired from The Cancer Genome
Atlas (TCGA) and the model was verified by two independent datasets. Ultimately, owing
to the cost reduction, the model used two genes (KIF2C and G6PD) that, based on the
available literature, play a valid role in tumorigenesis [65].

3.4. Liver-Sinusoidal Endothelial Cells (LSECs)

Liver-sinusoidal endothelial cells (LSECs) remain a unique type of highly specialized
vascular cells forming liver sinusoids, which create an interface between the flowing intesti-
nal blood, hepatocytes, and hepatic stellate cells. LSECs are characterized by the highest
permeability among all endothelial cells in a mammalian body [66,67]. It is currently well
established that along with HCC progression, LSECs shed their specific markers, including
the lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1), CD32b, stabilin-1, and
stabilin-2 [66,68]. Concurrently, LSECs exhibit an increased expression of integrins, pro-
moting HCC cell adhesion. LSECs intercellular adhesion molecule-1 (ICAM-1) expression
appears to be decreased in HCC, causing a reduction of leukocyte infiltration and adhe-
sion [66,67]. Furthermore, LSECs can also influence immune responses, entailing T-cell
tolerance to HCC antigens [66,69]. One of the crucial processes underlying the progression
from NAFLD or MAFLD through non-alcoholic steatohepatitis (NASH) to HCC is LSECs
capillarization, which manifests through the loosening of the fenestrations and develop-
ment of the basement membrane, which finally leads to pathological angiogenesis [70].
Manzi et al. (2016) revealed that the proliferation and migration of LSECs are regulated by
galectin-1(Gal-1); Gal-1 is a 3-galactoside binding protein that, through a glycosylation-
dependent mechanism, plays a key role in vascular biology, and exhibits overexpression
in the case of malignant tumors, affecting cell adhesion, and tumor-immune escape or
tumor progression [71-74]. In the study employing human HCC cell lines and LSEC lines,
named SK-HEP-1, it was observed that releasing Gal-1 from the HCC cells induced Gal-1
expression in the SK-HEP-1 cells and increased their proliferation and migration. Gal-1
also supported the adhesion of the HCC cells to LSECs. Furthermore, researchers demon-
strated that TGF-f3 may significantly increase the release of Gal-1 from HCC cells and it
may prompt Gal-1-dependent HCC cell adhesion to LSECs—which remains a key point of
tumor metastasis [71]. Yu et al. proposed a new therapeutic strategy for HCC, based on
a well-known drug—simvastatin—using nanotechnological to target LSECs [75]. It was
demonstrated previously that statins may protect LSECs and alleviate endothelial-stellate
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cell activity, causing vasoprotective and anti-fibrotic effects. As a key mechanism for the
aforementioned impressions, a transcription factor named Kruppel-like factor 2 (KLF2)
was considered for induction in the LSECs [76,77]. Yu et al. (2022) emphasized that a
poor prognosis in patients with HCC and fibrosis are associated with LSECs capillariza-
tion. Researchers showed that simvastatin increased the nitric oxide (NO) released from
LSECs through the KLF2-endothelial nitric oxide synthase (eNOS) pathway that led to
the deactivation of HSCs, alleviating the fibrotic processes associated with capillarization.
Furthermore, simvastatin increased CXCL16 expression in LSECs, while CXCL16 remains
a ligand for the CXCR6 receptor expressed by NK cells, causing the recruitment of natural
killer (NK) cells and leading to an anti-tumor immune-mediating response. In the HCC
murine model, simvastatin reduced LSEC capillarization and restrained tumor progression.
Authors concluded that LSEC-targeting simvastatin administered through nano delivery
appears as a promising therapeutic option for patients with HCC [75].

3.5. Tumor-Associated Macrophages (TAMs)

Monocytes and macrophages formation during cancer progression appears to be differ-
ent than the origin of monocytes and tissue-resident macrophages in the non-tumorigenic
state [78]. Cancer-related inflammation leads to the production of monocytes in the bone
marrow through mediators such as IL-6, the granulocyte-macrophage colony stimulating
factor (GM-CSF), or the granulocyte-colony stimulating factor (G-CSF) released by cancer
cells, but splenic hematopoietic stem cells and progenitor cells are also involved in this pro-
cess [78-81]. Formed monocytes infiltrate the tumor and in the tumor milieu they differenti-
ate into tumor-associated macrophages (TAMs) [80]. Liver macrophages consist of resident
Kupffer cells settled in the blood sinuses and monocyte-derived macrophages, which are
recruited mainly during inflammation. HCC cells release various cytokines that cause the
alteration of liver macrophages into TAMs, which reveal two distinct polarization states:
M1 and M2, both interconvertible, depending on the tumor microenvironment [81-83].
M1-TAMs are classically activated through lipopolysaccharide, IFN-y, tumor necrosis factor
(TNF), GM-CSF, or Toll-like receptor (TLR) ligands, and exhibit pro-inflammatory and
anti-cancer properties, releasing various cytokines [82]. M1-TAMs are frequently present
in the peri-tumoral area, while M2-TAMs appear often in the HCC tissue [81]. M2-TAMs
are alternatively activated through IL-4, IL-10, IL-13, TGF-3, colony-stimulating factor 1
(CSF-1), or prostaglandin E2 (PGE2), and, differently than M1-TAMs, reveal immunosup-
pressive properties, promoting tumor growth, angiogenesis, and metastasis [82,84]. In the
process of metastasis, the involvement of M2-TAMs-secreted exosomes was considered,
which contain inter alia miR-23a-3p that upgrade the epithelial-mesenchymal transition
(EMT), increase vascular permeability, and promote angiogenesis [85]. In a recent study,
Hao et al. (2022), using single-cell RNA-sequencing, demonstrated that the apolipoprotein
C1 (APOC1) gene exhibits overexpression in TAMs derived from HCC tissues, and further
authors revealed that APOC1 inhibition entails the transformation of the TAMs from an M2
phenotype to an M1 phenotype through a ferroptosis pathway as indicated in the altered
genes expression which is distinctive for ferroptosis. APOC1 down-regulation induces the
reduction of M2-TAMs, B cells, and CD4" T cell levels in HCC, with simultaneous growth
in M1-TAMs, NK cells, and CD8" T cells restraining tumor growth and invasion. Moreover,
APOCI1 is inversely correlated with PD1/PD-L1 expression in HCC, leading to a boosted
sensitivity during anti-PD1 therapy [86]. Tan et al. (2023) revealed that triggering a receptor
expressed on myeloid cells 2 (TREM2)-positive TAMs negatively influenced CD8* T cells
infiltration of HCC after transarterial chemoembolization (TACE), indicating the possible
cause of recurrence and HCC progression following TACE [87]. The TREM2 gene encodes
the surface anti-inflammatory receptors distinctive for the myeloid lineage that negatively
affects the Toll-like receptor (TLR)-mediated response and appears to be an important
component of immune TME [88]. TREM2 overexpression at TAMs in HCC led to a poor
prognosis, while TREM2 down-regulation enhanced CD8* T cell infiltration, hindering
tumor growth. It was also found that TREM2-positive TAMs produced a greater amount
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of galectin-1, which influences PD-L1 overexpression in tumor vessels, and attenuates
CD8" T cell infiltration. Authors concluded that TREM2 down-regulation may improve the
results of anti-PD-L1 therapy in HCC by increasing the anti-tumor CD8*T cells’ action, and
indicated that targeted anti-TREM2 immunotherapy may improve therapeutic outcomes
after TACE, which itself remains a promising HCC treatment strategy [87].

3.6. Cancer-Associated Fibroblasts (CAFs)

The origin of cancer-associated fibroblasts (CAFs) in HCC remains unclear and cur-
rently available evidence shows that CAFs may emanate from HSCs, parenchymal cells that
underwent an epithelial-mesenchymal transition, BMDCs, portal fibroblasts, or mesothelial
cells. CAFs, by releasing various cytokines and factors negatively affect an HCC prognosis,
increasing tumor growth, angiogenesis, and epithelial-mesenchymal transition, and allevi-
ating HCC immune surveillance [89]. Activated CAFs produce extracellular matrix (ECM)
components such as laminin, fibronectin, fibrillar collagen, and proteoglycans, affecting
mechanically and biochemically the ECM properties, e.g., the stiffness that prompts HCC
invasion or anti-tumor drug resistance [90-92]. Among CAFs releasing cytokines, CCL5
or CXCL11 exacerbate HCC malignancy and promote metastasis; further, proteins such
as the hepatocyte growth factor (HGF) or follistatin-like protein 1 (FSTL-1) also reveal
prometastatic abilities, while the blockage of the aforementioned factors improved HCC
outcomes presented in the experimental models [90,93-96]. Also, CAFs inextricably create
crosstalk with diverse immune cell types in the TME, causing the inter alia inhibition of
NK cell and T-cell activity against HCC through various secreted mediators, e.g., PGE2,
indoleamine 2,3-dioxygenase (IDO), or IL-6, and thereby lead to immunosuppression that
favors HCC development and invasion [90]. Liu et al. (2023) recognized a tumor immune
barrier (TIB) in an HCC tumor, located spatially near the tumor borders and consisting
of CAFs, that secreted phosphoprotein 1 (SPP1)-positive macrophages and their products
which may negatively affect immunotherapy efficacy. Delving into the molecular mecha-
nisms, researchers showed that under hypoxic conditions, SPP1 expression on macrophages
was increased and SPP1-positive macrophages affect CAFs leading to ECM remodeling
through changes in the expression of collagen, matrix metalloproteinases, or chemokine
genes, with a subsequent TIB forming that restrains immune cell infiltration into an HCC
tumoral core. The experimental block of SPP1 significantly strengthened the efficiency of
anti-PD1 immunotherapy, limited CAF infiltration, and exacerbated the infiltration and
cytotoxic effect of CD8* T cells in the mouse model of HCC, indicating the destruction of
the TIB structures [97]. Interestingly, Eun et al. (2023) revealed that CAF-derived SPP1
overexpression is responsible for the resistance of HCC to tyrosine kinase inhibitors (TKI).
An increased plasma SPP1 level in patients with advanced HCC treated with TKI was
recognized as an independent predictor of unfavorable progression-free survival (PFS) and
overall survival (OS) rates. Authors concluded that the CAF-derived SPP1 blockade might
be a potential therapeutic target to alleviate TKI resistance in HCC treatment, whereas
measurement of the plasma SPP1 level before TKI chemotherapy might predict responses
to the planned treatment [98].

3.7. Lymphocytes

Tumor-infiltrating lymphocytes (TILs) in the HCC encompass the group of diverse
immune cells such as CD8" T cells, CD4* T cells, Tregs, NK cells, or B cells that affect HCC
progression through compound immunological mechanisms and interactions with various
cells and TME [99]. The TILs density in tumor tissue provides a strong prognostic value;
more abundant TIL infiltration and thereby high TIL density in the tumor area is associated
with longer overall survival (OS) rates and disease-free survival (DFS) rates in patients with
resectable HCC [100,101]. Overall, CD8" T cells, CD4" T cells, NK cells, and B cells reveal
anti-tumor properties, while Tregs, similar to fibroblasts, M2 macrophages, or MDSCs, pro-
mote HCC progression [99]. CD8" T lymphocytes remain the crucial effectors of immune
cells and, through an interaction between their T cell receptor (TCR) and the major histo-
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compatibility complex (MHC-I) antigen on tumor cells, they excrete granzyme B or perforin
to exterminate HCC cells [99,102]. The density of high tissue-resident (CD103*) CD8" T
cells correlates significantly with favorable OS rates in patients with HCC. Furthermore, a
higher CD103*CD8*T cells/total CD8*T cells ratio in HCC tissues links negatively with
the advanced pathological HCC stages [102]. Immunotherapy remains an available option
in the advanced HCC stages; however, therapeutic results are not always satisfactory [103].
It was recently demonstrated that low-dose radiotherapy (LDRT), in combination with
anti-PD-L1 and anti-VEGFA (vascular endothelial growth factor A) therapy, ameliorates the
anti-tumor response through the activation of CD8* exhausted-like T cells (CD8* Tex) in
the tumoral core [104]. CD8* Tex are formed gradually during HCC development through
the decline in effector function or the ability to proliferate, which alleviates the anti-tumor
immune response [104,105]. LDRT elicits inflammation in the tumor area and improves
CD8* Tex function and their cytolytic capacity. LDRT may also contribute to the reduction
of the Treg/T-cell subset ratio. The mechanism of HCC sensitization to anti-PD-L1 and
anti-VEGFA therapy by LDRT likely relies on the recruitment of stem-like progenitor CD8*
T(p)ex located in the draining lymph nodes and transported to the tumoral core through the
chemokine (C-X-C motif) ligand 10/chemokine (C-X-C motif) receptor 3 (CXCL10/CXCR3)
axis. CD8" Tpex reveals the capability for regeneration, expansion, and differentiation [104].
In opposition to CD8* T cells, regulatory T lymphocytes (Tregs) mainly provide an immuno-
suppressive tumor microenvironment; however, NK cells with an exhausted status that lost
their cytotoxicity or a small number of memory B-cells in the activated state may also create
an immunosuppressive HCC landscape. A gene set enrichment analysis (GSEA) revealed
that Tregs paradoxically present an intensified metabolism in the HCC microenvironment
through gluconeogenesis, glycolysis, the starch and sucrose metabolism, or the glutathione
metabolism. An overexpression of inhibitory checkpoints, such as CTLA4, TIGIT, TNFRSF4,
and TNFRSF9 distinctive for Treg lymphocytes, may lead to the formation of a new tar-
geting therapy restoring anti-cancer immunity [106]. Gu et al. (2022) revealed that lactate,
being a plentiful tumor cell metabolite, influences Treg cells by promoting tumorigenesis
via the lactylation of a membrane-organizing extension spike protein (MOESIN) at Lys
72, which enhances MOESIN interplay with the TGF-{3 receptor I and TGF-f signaling
pathways in TME. An anti-lactate treatment strategy may improve anti-tumor outcomes in
HCC, which has been explored in regard to anti-PD-1 therapy [107].

3.8. Hepatic Stellate Cells (HSCs)

Hepatic stellate cells (HSCs) make up approximately 10 percent [108] of the total liver
cell population. HSCs are mesenchymal cells, localized in the periaqueductal space (Disse
space), and are the main fibrogenic cell type in a damaged liver [109]. At rest, hepatic
stellate cells store more than 80% of the vitamin A accumulated in the liver as cytoplasmic
lipid droplets [110,111]. Injury to the liver by, for example, viruses or bacteria, followed by
the activation of the immune system, the secretion of cytokines, including the transforming
growth factor- (TGFf(3), or the release of reactive oxygen species (ROS) are signals for
the activation of hepatic stellate cells [112]. Activation is related to vitamin A metabolism
and there is a decrease in the retinoic acid concentration within the stellate cells [113]. The
activation of HSCs requires an induction of pro-fibrin genes such as ACTA 2, COL1A1,
and PDGFRB from the resting state of the cell cycle to the DNA synthesis phase. This is
regulated by E-type cyclins: cyclin E1 and cyclin E2 [114]. The activated HSCs produce
an ECM at the site of the injury and initiate the process of fibrosis, and liver fibrosis,
which is an important risk factor for the development and progression of HCC [115-117].
Increasing evidence suggests that activated hepatic stellate cells may play a key role in the
release of cytokines including interleukin-6 (IL-6) and take an active role in tumorigenesis
(Figure 1) [114,118].
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Figure 1. The role of hepatic stellate cells in the microenvironment of hepatocellular carci-
noma. The figure was created with stock.adobe.com (accessed on 28 June 2024). Abbreviations:
ECM—extracellular matrix, HSC—hepatic stellate cell, ROS—reactive oxygen species, and TGF
B—transforming growth factor-f. |— reduction in concentration.

3.9. Myeloid-Derived Suppressor Cells (MDSCs)

Myeloid-derived suppressor cells (MDSCs) are immature populations of cells derived
from the bone marrow [119]. They give rise to monocytes, dendritic cells, macrophages,
and granulocytes. MDSCs recognize foreign pathogens, destroy them, and take control of
the inflammatory response that takes place in the body [120]. Increasing evidence suggests
that MDSCs are essential contributors to the development of HCC in a T-lymphocyte-
dependent or independent manner [119]. MDSCs suppress an immune response through
the production of arginase 1, nitric oxide, and reactive oxygen species or by secreting
interleukin-10 (IL-10). MDSCs reduce the tissue availability of arginine and cysteine, which
are essential for T-cell proliferation and impede cytotoxicity and the development of NK
cells, resulting in tumor escape from immune surveillance [121]. A study conducted in
a hospital in China, which ran from April 2017 to January 2019, involved 48 patients.
The subjects were divided into three groups, patients diagnosed with HCC, 16 patients
with a chronic HBV infection, and 21 healthy patients as a control. The relationship
between MDSC, HCC, and markers of liver damage was then analyzed. It appeared
that MDSCs have an important role in the process of escalation from an HBV infection
to the development of cancer, as HBV induces the expansion of MDSCs which leads
to T-cell depletion and the persistence of chronic inflammation. It was shown that an
elevated percentage of MDSCs in the blood of cancer patients positively correlates with
the progression of the cancer process and a worse prognosis [122]. It was also shown
that MDSC levels were significantly higher in patients with HCC compared to a group of
healthy individuals (Figure 2) [123].
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3.10. Tumor-Associated Neutrophils (TANs)

Tumor-associated neutrophils (TANs) play a key role in cancer development, par-
ticularly the development of hepatocellular carcinoma. The presence of inflammation
is an integral part of tumor development. A study conducted at Zhongshan Hospital
investigated the effect of TANs on the development of HCC in vitro and in vivo. TANs
were co-cultured with HCC cells. TANs were found to promote HCC growth using CCKS8.
Moreover, studies have shown that TANs secrete the bone morphogenetic protein BMP2
and transforming growth factor-f32 (TGF-f32), which promote the expression of miR-301b-3p
in HCC cells [124]. TANs exhibit two phenotypes: anti-tumor N1 and pro-tumor N2.
Tumor-related inflammatory stimulation shapes the neutrophil phenotype. Type I inter-
ferons support the production of TANs with anti-cancer activity (N1). ROS also influence
the anti-tumor activity of neutrophils, leading to direct apoptosis of cancer cells. The pro-
tumorigenic role of neutrophils results from the expression of the granulocyte-macrophage
colony-stimulating factor (GM-CSF) and the tumor necrosis factor (TNF) in peri-tumoral
tissues within HCC, enhancing the immunomodulatory effect of neutrophils and leading
to the suppression of T lymphocytes [125,126]. It was shown that the accumulation of
acetyl-Co-A induces an increase in the expression of the CXCL1 gene, which recruits TANs
and leads to the formation of extracellular neutrophil traps, which promote the metastasis
of hepatocellular carcinoma [127]. Neutrophils also have a pro-angiogenic effect that may
promote metastasis. Under the influence of CXCL1/MIP-2, they release the vascular en-
dothelial growth factor A (VEGE-A), through which they modulates tumor growth. TANs
also release matrix metalloproteinase-9 (MMP-9), which causes the release of VEGF from
the ECM [128]. Moreover, CXCR2 is a receptor important for neutrophil recruitment. Re-
search conducted by Jack Leslie et al. (2022) showed that therapy with a CXCR2 antagonist
and anti-PD1 led to a reduction in the size of the HCC tumor, which proves the important
role of neutrophilia in its development [129].

3.11. Tumor-Associated Endothelial Cells (TAECs)

Tumor-associated endothelial cells (TAECs) are components of the tumor microenvi-
ronment and play a role in angiogenesis [130]. HCC itself is a highly vascularized tumor
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that metastasizes through the hematogenous route. The functioning of endothelial cells
depends mainly on the glycoinositol anchored in the cell—CD109. It occurs in the en-
dothelial cells of the tumor and is non-cancerous in origin. It was shown that patients
with low CD109 expression experienced more frequent tumor recurrences and shorter
survival rates [131]. The neoplastic capillaries were severely twisted, immature, and had
an irregular diameter. The tumor endothelial cells (TECs) tended to proliferate rapidly, and
their basement membrane was discontinuous. In the microenvironment, TECs showed high
instability and increased reactivity to proangiogenic factors [132]. TAECs are an important
component of the tumor microenvironment. They display the following stem cell markers:
CD90, Sca-1, MDR1 ALP, and Oct-4. They support tumor growth and metastasis [31]. They
contain organelles of the tissue plasminogen activator (tPA) and organelles containing
type 2 chemokines, which are responsible for the secretion of, among others, interleukin-6
(IL-6) and tPA [130]. TAECs support tumor growth and spread by creating blood vessels.
The discontinuous basement membrane of TECs means that they can easily separate and
metastasize in other places [133,134].

3.12. Extracellular Matrix (ECM)

The extracellular matrix (ECM) under normal conditions consists of collagens, gly-
cosaminoglycans, and proteoglycans. It also includes cytokines, growth factors, proteases,
and integrins [130]. ECM synthesis occurs through ALK4/SMAD?2/3 signaling activated by
endoglin (CD105) [135,136]. ECM promotes the development of HCC through fibrosis [137].
The activation of stromal cells and excessive ECM deposition leads to increased integrin
signaling and a stiffening of the liver tissue [138]. In a healthy liver, type IV collagen is
the most abundant component of the ECM among the collagens [139]. Type I collagen
plays a major role in the hepatocellular tumor microenvironment. Other ECM proteins are
involved in the development of HCC, such as tenascin-C (TNC). There is an increase in
TNC during chronic liver fibrosis [140].

3.13. Dendritic Cells (DCs)

Dendritic cells (DCs) induce an immune response. They are responsible for antigen
presentation to T lymphocytes. A relationship between dendritic cells and the devel-
opment of hepatocellular carcinoma has been demonstrated [141], and the number of
tumor-associated DCs may serve as a prognostic factor in HCC, particularly in relation to
tumor recurrence or the presence of metastases [142]. DCs have anti-cancer and pro-tumor
effects. The first action results from the induction of an immune response involving T
lymphocytes, and in the second scenario, a tolerance to tumor cells may develop by in-
hibiting receptor ligands, especially for PD1, which reduces the immune response [143].
CDs release cytokines, especially interleukin-12 (IL-12), which determine the polarization
of emerging T helper lymphocytes. Therefore, DCs are becoming more and more widely
used in the treatment of HCC. In a study conducted in China, mice in which HCC tumor
cells were introduced were implanted with anti-PD-L1 antibodies and DCs on day seven,
after the injection of tumor cells. The DCs were derived from each mouse’s bone marrow.
The mice were then monitored to determine their length of survival, tumor volume was
measured, histopathology was performed, and DC and lymphocyte levels were checked.
The effectiveness of the DC vaccine in HCC therapy was based on the ability of the DCs
to activate the T lymphocytes, while the use of anti-PD-L1 antibodies may have enhanced
the anti-tumor response. Depending on the dose of both vaccines, the mouse survival
time increased from 56 days to 86 days. Mice treated with dendritic cells in combination
with anti-PD-L1 had a significantly reduced tumor volume compared to the control group.
Moreover, a relationship was noticed: the higher the dose of anti-PD-L1, the smaller the
tumor volume [144]. In the HCC microenvironment, DCs are often suppressed by various
mechanisms, such as the production of immunosuppressive cytokines by tumor cells and
the presence of other immunosuppressive cells, such as TAMs and MDSCs. These mech-
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anisms lead to the impaired ability of DCs to effectively present antigens and activate T
cells, which contributes to the tumor evading the immune response [145].

3.14. Cytokines

Inflammation is one of the factors leading to the development of hepatocellular carci-
noma. In response to inflammation, cytokines mediate the migration of immune cells to
damaged cells. Significantly high levels of cytokines, interleukin-5 (IL-5) and interleukin-6
(IL-6), were reported in the patients diagnosed with hepatocellular carcinoma compared
to the healthy patients [146]. A pretreatment IL-6 level may be a prognostic indicator for
patients with advanced HCC. At the Cancer Institute of China, Yi Dong Lin et al. conducted
an approximately 2-year follow-up of 63 patients with advanced hepatocellular carcinoma.
The relationship between circulating cytokine levels and prognosis was investigated in the
patients with advanced hepatocellular carcinoma treated with radiotherapy in combination
with monoclonal antibody therapy. Two groups of patients were distinguished—with low
levels of IL-6 (10/47) and high levels (37/47). The risk of death in the low IL-6 group was
significantly lower compared to the high group. AFP levels decreased by 58.5% in the low
IL-6 group compared to the pretreatment levels, while they increased by 176.8% in the
high IL-6 group [147]. The transforming growth factor 31 (TGF (31) plays an important
role in liver fibrosis through, among other things, the activation of fibroblasts [148,149].
Moreover, the level of the transforming growth factor (TGF) increases significantly in a
damaged liver, as a result of inflammation for example, and promotes the regeneration and
dysplasia of hepatocytes. But it also inhibits the activation of leukocytes, which leads to
the inhibition of the immune response and, paradoxically, may lead to the development of
cancer [150]. Transforming growth factor « (TNF-«) is also believed to promote the devel-
opment of hepatocellular carcinoma. In healthy liver cells, its expression is low, but when
inflammation develops under the influence of other cytokines, the level of TNF-« increases
significantly, resulting in the proliferation and dysplasia of hepatocytes [151]. A study
by Jinget al. shown that inhibition of TNF-& may contribute to reducing the incidence of
HCC. Moreover, TNF-« affects the activation of hepatic progenitor cells (HPCs), which are
involved in liver repair and also contribute to carcinogenesis [152]. Serum interleukin-34
(IL-34) is correlated with liver inflammation and fibrosis in patients with chronic hepatitis B.
Interleukin-32 (IL-32) is crucial in local invasion or distant metastasis perhaps by inhibiting
the activity of NK cells against HCC, and NK cells have a protective function against
liver fibrosis; there are studies on the use of invariant natural killer T in therapies for
HCC [153-155]. Another research team reported a correlation between a circulating IL-32
and the area of VEGF staining in HCC tissues, suggesting that IL-32 may also enhance HCC
development by increasing angiogenesis [153]. In a meta-analysis by Pan et al., CXCL8
concentrations were shown to be significantly higher in HCC patients [156]. A study by
Wang et al. (2019) showed that CXCL 1/2/3/5/8 may serve as a therapeutic target for the
treatment of HCC [157].

4. Conclusions

Inflammatory processes, cirrhosis, and liver fibrosis are significant in the development
of HCC, and they are impacted by various variables including alcohol, HBV, HCV, and HDV
infections, obesity, toxins, and mutations in the P53 suppressor gene. The above-mentioned
cell types and environmental factors are important in the development of HCC and may
be targeted for future treatment (Table 1). Understanding how they interact and how they
affect the growth of a tumor may aid in the creation of HCC treatment plans that are more
successful. To enhance the predictive and therapeutic biomarker landscapes and enhance
the efficacy of HCC treatment, scientific investigations into the molecular mechanisms
underlying the disease’s etiology are essential. Therapy that targets a particular cell type or
cytokine may be introduced, which could greatly increase therapeutic efficacy and raise the
chance of survival for HCC patients. Therefore, it is crucial to do more scientific research in
this field to create cutting-edge, potent treatment plans in the fight against HCC.
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Table 1. Brief summary of the described immune and non-immune cell stroma as the microenvi-
ronment of HCC. Abbreviations: TINs—tumor-infiltrating neutrophils, HCC—hepatocellular carci-
noma, BMDCs—bone marrow-derived cells, TAMCs—tumor-associated mast cells, MCs—mast cells,
LSECs—liver-sinusoidal endothelial cells, TAMs—tumor-associated macrophages, CAFs—cancer-
associated fibroblasts, TILs—tumor-infiltrating lymphocytes, NK—natural killer, HSCs—hepatic
stellate cells, MDSCs—myeloid-derived suppressor cells, TANs—tumor-associated neutrophils,
TAECs—tumor-associated endothelial cells, ECM—extracellular matrix, DCs—dendritic cells.

Component

Significance/Effect Publication

TINs

There is a lack of significant correlation between TINs and clinical outcomes in patients
with early-stage HCC. High baseline neutrophil-to-lymphocyte (NRL) ratio associate with [37,38]
poor prognosis in patients with HCC.

BMDCs

Liver injury and inflammation preceding HCC development recruit BMDCs. Damaged
liver cells may be replaced by BMDCs and BMDCs-derived hepatocytes may participate in
hepatocarcinogenesis. Specific migration of BMDCs towards HCC cells may be exploit
clinically to use BMDCs as cellular drugs or gene carriers.

[39,40,47,52,53]

TAMCs

Through tryptase releasing, TAMCs enhance tumor angiogenesis. High peritumoral MCs
infiltration is associated with poor clinical outcomes and higher recurrence rate after HCC [56-58,61]
resection.

LSECs

LSECs promote HCC cells adhesion through increased expression of integrins, reduce
leukocyte infiltration and adhesion, or cause T-cell tolerance to HCC antigens that leads to [66,67,69-71]
HCC progression. LSECs capillarization leads to pathological angiogenesis in HCC.

TAMs

Cancer-related inflammation recruit monocytes that infiltrate HCC milieu and differentiate
into TAMs.

In HCC milieu TAMs reveal two interconvertible polarization states: M1 exhibiting
anti-tumor properties and M2 promoting tumor growth, angiogenesis and metastasis.

[78,80-82,84]

CAFs

CAFs release various cytokines in HCC milieu causing HCC progression and alleviating
HCC immune surveillance. They produce extracellular matrix components prompting HCC [89-92]
invasion and causing anti-tumor drug resistance.

TILs

CD8+ T cells, CD4+ T cells, NK, and B cells manifest anti-tumor properties, while Tregs
cause HCC progression. Increased TILs infiltration in the HCC tumor area associates with [99-101]
longer overall survival and disease-free survival in patients with resectable HCC.

HSCs

Activated HSCs produce extracellular matrix (ECM) at the site of injury and initiate the
fibrosis process. Liver fibrosis is an important risk factor for the development and [115-117]
progression of HC.

MDSCs

MDSCs contribute to tumour escape from immune surveillance by reducing T-lymphocyte
proliferation and inhibiting NK cell growth. They suppress the immune response by
producing arginase 1, nitric oxide and producing reactive oxygen species or secreting
interleukin-10 (IL-10).

[119,121]

TANs

Tumour-associated neutrophils show two phenotypes: anti-tumour N1 and pro-tumour N2.

Neutrophils with the N2 phenotype enhance the immunomodulatory effect of HCC. The

pro-tumour role of neutrophils is due to the expression of granulocyte-macrophage [124-126]
colony-stimulating factor (GM-CSF) and tumour necrosis factor (TNF) in peritumour

tissues within HCC. Using CCKS, they promote HCC growth.

TAECs

TAECs exhibit the following stem cell markers: CD90, Sca-1, MDR1 ALP and Oct-4. They
promote tumor growth and spread by, among other things, promoting blood vessel [31,133,134]
formation.

ECM

ECM promotes the development of HCC through fibrosis. [137]

DCs

DCs increase the body’s tolerance to the presence of cancer cells by inhibiting receptor

ligands, particularly for PD1, resulting in a reduced immune response. [141]

Cytokines

Inflammation is one of the factors leading to the development and progression of HCC.
Patients diagnosed with HCC had significantly higher levels of proinflammatory cytokines, [146]
including interleukin IL-6 (IL-6) and interleukin IL-5 (IL-5).
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