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Abstract

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy, deriving from the neoplastic
transformation of hepatocytes, most often forced to long-lasting regeneration by the cirrhotic background. HCC is
an extremely aggressive tumor with still limited effective treatments, and is characterized by the presence of a very
complex and multifaceted tumor microenvironment (TME). Among the variety of cell types populating the TME of
HCC, cancer-associated fibroblasts (CAFs) are the most prevalent. CAFs are a specific population of fibroblasts in
a persistent state of activation, with a high level of heterogeneity, partly dependent on a wide range of cell origin,
which are endowed with a repertoire of functions, profoundly modulating the biology of the tumor. Given the close
relationship of HCC with cirrhosis, CAFs are paradigmatic of the role played by activated fibroblasts in promoting
the evolution of a chronic, non-resolving, fibro-inflammatory condition towards a neoplastic disease and its
aggressive phenotype. In this review, we will discuss the most recent findings regarding the interplay of CAFs with
the tumoral epithelial compartment, with the multiple cell elements of the TME (macrophages, neutrophils,
myeloid-derived suppressor cells, vascular cells), and with the extracellular matrix. Finally, we will address the
translational value of CAF manipulation in HCC to unveil possible ameliorations for the treatment of a still
worrisome disease.
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INTRODUCTION

The functional hallmark of progressive hepatic fibrosis evolving to cirrhosis, which represents the common
disease background in the majority of hepatocellular carcinoma (HCC), is represented by the activation,
proliferation, and accumulation of fibroblasts. This feature could be, in fact, found in more than 80% of
cases of HCC". Among the different etiologies of chronic liver disease with extensive fibrosis, inappropriate
alcohol consumption and steatotic liver disease associated with the metabolic syndrome (metabolic
dysfunction-associated steatotic liver disease, MASLD) are becoming the most frequent in Western
countries”. These metabolic etiologies are responsible for the continuous growth of incidence of HCC
reported in the last decade, though the success of vaccination programs and direct antiviral agents has
reduced the occurrence of HCC caused by viral infections (hepatitis B virus, HBV and hepatitis C virus,
HCV)!.

As a prototype of epithelial cancer related to fibrosis, HCC serves as a good model to dissect the intricate
role of fibroblasts, the main cell effector of fibrosis in the liver, from tumorigenesis to tumor progression.
When activated fibroblasts (myofibroblasts) accumulate in a setting, switching from persistent
inflammation to a malignant state, they are termed cancer-associated fibroblasts (CAFs)™. In HCC, CAFs
are the preponderant cell type hosted in a multicellular “ecosystem” called tumor microenvironment
(TME), which regulates a web of interactions of the tumoral component with different stromal cell
elements, including immune and vascular cells, surrounded by a perturbed extracellular matrix (ECM)"*.
Several lines of evidence support CAF’s ability to influence HCC progression in a multifaceted manner, not
only acting on the tumoral cells themselves, but also actively contributing to shaping the TME composition
and structure. In fact, by secreting a wide range of soluble factors (cytokines, chemokines, hormones,
growth factors), along with exosomes and extracellular vesicles (EVs), CAFs exert both direct and indirect
effects on tumoral hepatocytes, and on tumor growth and invasion, respectively. These effects are mediated
by ECM remodeling and the recruitment and modification of the biological functions of other cellular
elements of the TME"*. Given the close relationship of HCC with cirrhosis, it is tempting to envisage a key
role of fibroblasts in promoting the evolution of a chronic, non-resolving inflammatory condition towards a
neoplastic disease and its aggressive phenotype. The aim of this review is to provide the reader with updates
on the complex role of CAFs in HCC with the aim to unveil novel potential therapeutic interventions in a
disease yet penalized by very limited opportunities for effective treatments.

COMPOSITION OF THE TUMOR MICROENVIRONMENT IN HCC: CAFS ARE
ACCOMPANIED BY IMMUNE AND NON-IMMUNE CELLS

In HCC, CAFs populate the TME in association with a wide range of different cell types, which are
organized into both immune and non-immune compartments. In healthy conditions, the liver contains a
large number of immune cell elements, which generate a milieu conducive to tolerance towards the gut-
derived microbial components to preserve the homeostatic balance. In the malignant setting, both innate
and adaptive immune cells are recruited and acquire variable activation states within the TME. Thanks to
the advent of single-cell technologies, it has become clear that in HCC, TME is highly heterogeneous,
resulting in a diversity of cell communications that variably sustain tumor invasion. Neutrophils,
monocytes, macrophages (both monocyte-derived and tissue-resident), dendritic cells, myeloid-derived
suppressor cells (MDSC), natural killer (NK) cells, T and B cells infiltrate in the TME and may exert either
immune suppressive or antitumor effects. In particular, MDSC, tumor-associated macrophages (TAM), and
regulatory T (Treg) cells sustain immune suppressive activities, and their increased number correlates with
tumor progression in HCC!'. Conversely, the cytotoxic cluster of differentiation (CD)8" and CD4" T cells
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displays a pro-inflammatory/Type 1 T helper (Th1) phenotype, and NK cells induce stimulatory immune
functions, including surveillance, identification, and killing of tumor cells. Their presence in the TME
warrants an effective immune response to cancer.Recently, the generation of a
tumor immune barrier (TIB) has been found to be associated with a favorable response to
immunotherapy"". In this respect, interactions between CAFs and macrophages represent an important
mechanism underpinning the formation of the TIB structure, which is preponderant at the tumor
boundary, where it impedes T cells from getting access to the tumor core'".

Within the non-immune compartment, endothelial cells (ECs) represent the most important element.
Indeed, hypervascularization is a hallmark of HCC and serves as a well-established criterion of early
detection in imaging studies. Besides actively contributing to angiogenesis, ECs collaborate in
procoagulatory and fibrinolytic mechanisms, which are instrumental to tumor progression by favoring
vascular invasion. Of note, portal vein thrombosis is a common finding in advanced HCC and a limitation
to curative approaches!?. Platelets are another important cell type deserving attention in the TME and have
been reported to act as regulators of tumorigenesis in HCC!'”\. Platelet cargo, adhesion and activation but
not platelet aggregation were identified as pivotal for hepatocarcinogenesis in MASLD; once recruited to the
tumor lesion by Kupffer cells, they affected intrahepatic immune cell trafficking"”..

In the following chapters, we will focus on the functional interactions undertaken by CAFs within the TME,
whereas the reader may refer elsewhere for studies reviewing the immune and vascular functions of TME in
HCC"*"). As a prerequisite for better understanding the wide CAF pleiotropy, we will first highlight the
concept that CAFs may originate from several different cell types and, therefore, exhibit a range of
activation states, resulting in a high level of heterogeneity that variably affects cancer development. Then,
after discussing the crosstalk of CAFs with the tumoral epithelial compartment, we will illustrate the CAF
interplay with each cell component of the TME, and the effects of CAFs on the ECM. Finally, we will
address the translational value of CAF manipulation in HCC.

CAF HETEROGENEITY

Although historically, CAFs have been regarded as a rather homogeneous population of constitutively
activated myofibroblasts, mounting data have demonstrated that instead, they are very heterogeneous in
terms of both cell origin and cell differentiation, leading to an extremely plastic and diversified system
whose multiple functions heavily influence the malignant behavior of the tumor. In the liver, the main cell
sources from which CAFs can originate are hepatic stellate cells (HSCs), portal fibroblasts (PFs), bone
marrow (BM)-derived cells (including fibrocytes and mesenchymal stromal cells), and cells undergoing
epithelial-to-mesenchymal transition (EMT) [Figure 1]".

Hepatic stellate cells

Several papers have identified HSCs as the cell population mainly contributing to the generation of CAFs.
HSCs are cells of mesenchymal origin, generally quiescent, which reside in the space of Disse, in close
contact with the liver sinusoids. Several stimuli are able to induce HSC activation and their differentiation
into myofibroblasts or CAFs. Myofibroblasts and CAFs are characterized by the expression of typical
markers such as alpha-smooth muscle actin (a-SMA) and fibroblast activation protein-alpha (FAP-a)".
Once activated, CAFs actively secrete ECM proteins, such as collagens, and mediators that act in a paracrine
fashion on other cells of the TME, as we will discuss later. Several factors released in the TME of HCC
induce CAF activation, such as interleukin (IL)-1 and platelet-derived growth factor (PDGF)-B, together
with oxidative stress*. Interestingly, the HCC cells themselves may also influence CAF differentiation by
secreting exosomes containing microRNA (miRNA)-21, which activates the Phosphatase and TENsin
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Figure 1. Heterogeneity of CAFs in HCC. CAFs dwelling in the TME of HCC can originate from different cell sources, including HSCs,
PFs, and bone marrow-derived cells (both fibrocytes and MSCs) or from epithelial structures undergoing EMT. These cell types, upon
inflammatory mediators, can activate or transdifferentiate into CAFs. Recent scRNA-seq experiments have demonstrated that the TME
of HCC contains different CAF subpopulations with different genetic signatures and biological properties that can help predict the
patient outcome. Using different scRNA-seq approaches, two different groups have been identified: (A) 4 (CAF_0, _1, _2, 3™ and (B)
3 (CAF_Ports, _VSMC, _HSC)™ respectively, in two different cohorts of HCC. CAF: cancer-associated fibroblast; HCC: hepatocellular
carcinoma; TME: tumor microenvironment; HSC: hepatic stellate cell; PF: portal fibroblast; MSC: mesenchymal stem cells; EMT:
epithelial-mesenchymal transition; Ports: portal; VSMC: vascular smooth muscle cells; scRNA-seq: single-cell RNA sequencing; a-SMA:
alpha-smooth muscle actin; FAP-a: fibroblast activation protein-alpha; NTPD2: nucleoside triphosphate diphosphohydrolase-2; IL:
interleukin; CD: cluster of differentiation; MHC II: major histocompatibility complex; c-Myc: cellular Myelocytomatosis; FGFRT:
fibroblast growth factor receptor 1, MMP2: metalloproteinase 2; CXCL12: C-X-C motif chemokine 12; VEGF: vascular endothelial growth
factor; TnC: Tenascin C. Figure partially made using biorender.com.

homolog deleted (PTEN)/3-phosphoinositide-dependent protein kinase-1 (PDK1)/AKT pathway. Once
activated, CAFs initiate a proangiogenic process by secreting vascular endothelial growth factor (VEGF)-A,
metalloproteinase (MMP)-2, MMP-9, basic fibroblast growth factor (bFGF), and transforming growth
factor (TGF)-a and -B, essential for tumor survival, growth, and metastatisation'..

Notably, several fate tracing-based studies have demonstrated that HSCs are the cell population that is
mainly involved in sustaining hepatic fibrogenesis following liver injury. A pioneering study by
Mederacke et al.””, using LratCre mice treated with carbon tetrachloride (CCl,), thioacetamide (TAA), bile
duct ligation (BDL), 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet, or with methionine-choline-
deficient (MCD) diet, in order to reproduce a broad spectrum of both acute and chronic liver diseases,
demonstrated that 82%-96% of the activated myofibroblasts generated by these models derived from HSCs.
More recently, using a fate tracing analysis coupled with single-cell RNA sequencing (scRNA-seq),
Woang et al. demonstrated that transcription factor 21 (Tcf21) is able to specifically mark quiescent HSCs.
Furthermore, in response to liver damage, these Tcf21 positive HSCs generate 62%-67% of the activated
fibroblasts that drive liver fibrogenesis in Tcf21-CreER (Cre-Estrogen Receptor fusion protein under the
control of Tcf21 gene promoter) mice intoxicated with CCl,. Moreover, this same cell population generates
about 85% of the CAFs that lay in close proximity to the tumor areas developing in mice upon CCl, and
diethylnitrosamine (DEN) treatment®. The ability of HSC to promote hepatocarcinogenesis, particularly
when embedded in a collagen-1-enriched ECM proficient to the aberrant transcriptional activation of the
transcriptional coactivator with PDZ-binding motif (TAZ) has been recently confirmed by Filliol et al.**.
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Portal fibroblasts

PFs are mesenchymal cells lying within the portal space, whereby they form a thin cell rim surrounding the
portal vasculature (portal vein and hepatic artery) and the bile ducts. The importance of PFs as a source of
CAFs in HCC is controversial, though some studies have shown their major contribution to myofibroblasts
in chronic liver diseases™. PFs can be distinguished from HSCs by the absence of lipid droplets and
vitamin-A"”*" and by the expression of specific phenotypic markers, such as ecto-ATPase nucleoside
triphosphate diphosphohydrolase-2 (NTPD2), elastin, fibulin-2, IL-6, mucin-16, and Thy1"?. Once
activated by mediators such as taurocholic acid and IL-25"", similarly to what happens for HSCs, PFs start
to express a-SMA and to secrete ECM proteins, such as collagen-1a1 and profibrotic mediators such as IL-
13, typically promoting liver fibrogenesis in chronic damage*”. Notably, in a cholestatic mouse model
(BDL mice), the percentage of PF-derived myofibroblasts exceeded 70% at 5 weeks after surgery””. An
elegant paper using fate-tracing analysis in multidrug resistance (Mdr2)” mice, an accepted model of
primary sclerosing cholangitis, expressing a collagen-green fluorescent protein (GFP) reporter,
demonstrated that the percentage of Thy1* PFs increases over time, from 26% at 4 weeks to 56% at 16 weeks
of age"®. Finally, though reaffirming the strong support of HSCs in sustaining fibrogenesis in hepatotoxic
models, such as after CCl, intoxication, a recent scRNA-seq work demonstrated that this is mainly true in
the advanced stages of fibrosis, while PFs play a more relevant role in the earlier stages™.

Bone marrow-derived cells

Besides HSC and PF, myofibroblasts can also originate from two bone marrow-derived populations,
fibrocytes and mesenchymal stem cells (MSCs). Data regarding the role of fibrocytes in the liver are actually
rather scarce. These cells originate from hematopoietic stem cells and express hematopoietic markers, such
as CD45, CD34, CD11b, major histocompatibility complex (MHC) II, and Ly-6G, together with typical
fibroblast markers, such as vimentin, fibronectin (FN), and collagen-1". Fibrocytes, once recruited at the
site of liver damage, upon TGF-B1 stimulation, become activated, increase the expression of a-SMA and the
secretion of collagen-1, and simultaneously decrease the expression of hematopoietic markers"**'. These
cells may represent varying percentages of the matrix-secreting cells, ranging, in mouse models, from 3% to
50%"". However, these studies are in stark contrast to more recent works taking advantage of in-vivo cell
tracing systems, which show that fibrocytes sparingly participate in fibrosis deposition***”. These conflicting
results call into question the real pathogenic value of this cell population, and claim the need for further
investigations. MSCs are multipotent cells that can differentiate into a large number of cell types, including
adipocytes, cartilage cells, as well as CAFs. These cells, once recruited to the site of damage by HCC cells,
stimulate tumor initiation and progression"”. Recent studies have highlighted the close interactions of MSC
with the TME in their transdifferentiation into CAF-like cells, featuring expression of a-SMA, vimentin,
cellular myelocytomatosis (c-Myc), MMP-2, VEGF, IL-6, fibroblast growth factor receptor 1 (FGFR1), IL-8,
C-X-C motif chemokine 12 (CXCL12), and tenascin-C (TnC), under the regulation of miR17-5P and
615-5p!*,

Epithelial-mesenchymal transition

EMT is a pathophysiological process in which epithelial cells reduce or lose the expression of typical
epithelial markers, such as cytokeratin (K)-8 and -18, E-cadherin, and epithelial cellular adhesion molecule
(EpCAM), in favor of mesenchymal phenotypic markers, such as vimentin, zinc finger protein SNAI1
(SNAIL), Twist, and a-SMA. In addition to these phenotypic changes, cells undergo functional changes,
such as the loss of cell polarization and the acquisition of motile and invasive properties*”. Three types of
EMT (types 1, 2, and 3) have been categorized and are involved in different physiological or
pathophysiological responses™. EMT type 1 is involved in fetal development and is responsible for the
generation of fetal mesenchymal structures starting from the primordial epithelium"”. EMT type 2 takes
part in organ repair/regeneration mechanisms. During these processes, under the influence of various
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mediators, such as TGFp, PDGF, epithelial growth factor (EGF), FGF-2, and MMPs, wounded epithelial
cells transdifferentiate from a mature phenotype to mesenchymal-like cells losing typical epithelial
marchers, such as E-cadherin, EpCAM, cytokeratins and zonula occludens-1 (ZO-1), to acquire in turn a
mesenchymal phenotype, characterized by the ex novo expression of vimentin, FN, N-cadherin, SNAIL,
Twist, S100A4 and others"”. Concomitantly, these cells gain the ability to dismantle the basal lamina, and to
secrete profibrotic mediators or ECM proteins different from the physiologically represented laminin and
collagen-IV. Finally, EMT type 3 occurs in tumorigenesis and metastasis. The activation of an EMT
program is found in a large variety of tumors, including breast, lung, colon, and liver®. Due to EMT,
epithelial cells acquire mesenchymal-like phenotypic and biological properties that allow transdifferentiated
neoplastic cells not only to respond to the trophic effect of the cell populations present in the TME, but also
to acquire motile and invasive properties, thereby favoring tumor metastasis®***. Although several studies
indicate that overexpression of EMT signatures in neoplastic cells correlates to a worse outcome for HCC
patients®*, the data supporting a full EMT conversion are, so far, actually conflicting. In fact, while first
lineage-tracing studies in CCl,-treated AlbCre;R26RstoplacZ double-transgenic mice demonstrated that up
to 40% of FSP-1* myofibroblasts derived from tumor hepatocytes*, following studies using triple transgenic
mice expressing ROSA26 stop beta-galactosidase (beta-gal), albumin Cre, and collagen o(I)-GFP or Alfp-
Cre x Rosazé6-yellow fluorescent protein (YFP) mice treated with BDL, CCl4, and DDC, failed to confirm
this observation">*.

CAF subpopulations in HCC

Recent scRNA-seq-based studies have addressed the presence of several subpopulations of CAFs with
markedly different immunophenotypic traits within the TME of HCC [Figure 1]. Taking this approach,
Yu et al. have recently shown that the CAF populations of 10 HCC patients clustered into four subsets
(CAF_o, CAF_1, CAF_2, and CAF_3)"". Importantly, these genetically distinct CAF subclasses were able to
estimate the survival probability of patients with HCC. In fact, in subsets from 0 to 2, a high CAF score
identified patients with a better survival probability compared with a low CAF score, except for the CAF_3
subset. Moreover, the different CAF subsets were indicative of a better response to chemotherapy
treatments combined with programmed death-ligand1 (PD-L1) blockade. Similarly, another recent work by
Chiavarina et al. subcategorized CAFs of 9 HCC patients in three subpopulations, called CAF_Ports
(portals), CAF_VSMCs (vascular smooth muscle cells), and CAF_HSCs harboring specific signatures
typical of the cell type from which they derived, which display peculiar biological features'®. In particular,
CAF_Ports were characterized by the expression of prolargin, whose high expression is correlated with a
better clinical outcome.

Notably, recent scRNA-seq studies performed in pancreatic ductal adenocarcinoma* and in lung
cancer*” have identified a further CAF subpopulation, the antigen-presenting CAF (apCAF). This CAF
subtype, unlike other CAF subsets that exert protumorigenic effects, seems to counteract tumor
progression. By expressing MHC class II and CD74, apCAFs activate CD4" T cells in an antigen-specific
manner, leading to a significant tumor-suppressive effect. Therefore, the identification of apCAFs in HCC
might further dissect the pleiotropic functions of CAFs in its complex TME.

Although these data are preliminary and require further validation, overall, they suggest the idea that CAFs
are central in sustaining the pathogenesis and shaping the aggressiveness of HCC, regardless of their cellular
origin. To address this concept, we will dissect the diverse ability of CAFs to engage in intimate cross-
talking with the tumor compartment and with the multiple components of the TME (vascular structures,
immune cells, and ECM) in HCC. These interactions are mediated by a broad spectrum of signals, mutually
exchanged, and include cyto- and chemokines, growth factors, morphogens, matrix remodeling enzymes,
and vesicles.
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CAF INTERACTIONS WITH THE TUMORAL HEPATOCYTES: EFFECTS ON STEMNESS
AND METABOLIC REPROGRAMMING

The propensity of CAFs to interact with tumor hepatocytes has been demonstrated in different stages of
malignant transformation, involving either tumor initiation or tumor progression. The gain of stem cell-like
properties is a key feature of tumorigenesis, but is also relevant for tumor progression by promoting
chemoresistance, metastatization, and recurrence. Several studies highlight the concept that CAFs can
promote a highly plastic, stem cell-like niche of cancer cells (cancer stem cells, CSC) in HCC cells, actively
contributing to tumor growth and invasion by secreting a range of soluble factors. The list of CAF-secreted
factors stimulating pro-invasive functions in HCC cells and the relative activated pathways is summarized
in Table 1.

Among these, some show unique mechanisms acting through intricate axis, which may create positive loops
involving other cell types of the TME, and deserve detailed discussion to underline their utility as
biomarkers or therapeutic targets. Cardiotrophin-like cytokine factor-1 (CLCF1) released by CAFs
increased CXCL6 and TGF-B secretion by HCC cells acting on the ciliary neurotrophic factor receptor.
CXCLé6 and TGF-p have both autocrine and paracrine effects. Autocrinally, they drive tumor stemness,
while paracrinally, they promote intratumoral infiltration and polarization of tumor-associated neutrophils
(TAN) that induce tumor angiogenesis and further stimulate stemness. In turn, HCC cell-derived CXCL6
and TGF-p cooperatively enhance CAF expression of CLCF1 via ERK1/2, leading to a feedforward loop that
sustains HCC aggressiveness™. The translational significance of this working model is supported by the
correlation of CLCF1/CXCL6/TGEF-B cascade with tumor stage and poor outcome in HCC, thus behaving as
a putative prognostic biomarker™. It is also worth mentioning that TGF-a, another cytokine secreted by
CAFs" and other cell types, including tumor hepatocytes™' and macrophages'*”, cooperate with TGF-§ in
promoting hepatocarcinogenesis. Using an in-vivo model of HCC, Baek et al.l” suggest that the activation
of the TGF-a-Ras-MAPK signaling coupled with TGF-p downregulation is responsible for the development
of HCC through the loss of the Raf kinase inhibitor protein (RKIP), the decrease of p21, the increase of
cyclin E levels. Notably, TGF-o, sharing the 35%-40% sequence homology and having a similar
tridimensional structure to EGF, is able to bind EGFR, inducing a sustained proliferative response'®?,
increased angiogenesis™ and acquisition of stem cell traits in HCC cells through an EGFR-mediated
pathway"”.

Activation of Notch signaling is a hallmark of cancer stemness frequently found in HCC (30% of cases), and
represents a target of several paracrine cues originating from CAFs (IL-6, lysine-specific demethylase
(LSD1), stanniocalcin-1 (STC1)). A recent work provides evidence that STC1, a glycoprotein abnormally
overexpressed by CAFs in a variety of cancers (colorectal, lung, and breast), activates Notch1 signaling to
induce stemness of HCC cells, and Notch1 directly upregulates STC-1 expression in CAFs to unleash an
amplifying circuit. Nonetheless, serum levels of STC1 correlate with the worst clinical outcome of HCC
patients, suggesting it may have tumoral biomarker properties"'’.

Stromal-derived cartilage oligomeric matrix protein (COMP), a soluble pentameric glycoprotein, originally
described for its hepatic pro-fibrogenic actions, stimulates EMT and stemness features in HCC cells by
interacting with CD36 to activate phosphatidylinositol 3-kinase (PI3K)/AKT and mitogen-activated protein
kinase (MEK)/extracellular-signal-regulated kinase (ERK)". Of note, COMP can be secreted by CAF, and
this mechanism can be hampered in a paracrine manner by Resolvin D1 (RvD1), an endogenous anti-
inflammatory lipid mediator derived from DHA upon lipoxygenase, which can be released by inflammatory
cells in the TME of HCC. COMP-suppressing effects of RvD1 are mediated by formyl peptide receptor-2
(FPR2)/reactive oxygen species (ROS) to abrogate forkhead box protein M1 (FOXM1) recruitment to the
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Table 1. List of soluble factors secreted by CAFs inducing pro-invasive phenotype in HCC

CAF-secreted factors Signaling pathways Effects on HCC cells Ref

HGF Stem-like features [
MET-STEM v

ERK1/2-FRAT-HEY1

IL-6 STAT3/Notch Stem-like features 518
]

LSD1 Notch3 Stem-like features 59
]

CLCF1 CXCL6/TGF-B [

Stem-like features ]

Neutrophils recruitment

STC1 Notch1 Stem-like features Ew
]
COMP/CD36 [
PI3K/AKT EMT-like features v
MEK/ERK HCC cell proliferation and metastatization
CCL5 HIF1o/ZEB1 [
EMT-like features ?3

HCC cell metastatization

CCL2,CCL5,CCL7,CXCL1,CXCL6 Hh/TGF-B HCC cell metastatization 5[54
1
CXCLN circUBAP2/miR-4756/IFIT1 HCC cell migration Es
]
TGF-B TGF-B/SMAD HCC cell proliferation 25
1
TGF-a TGF-a/EGFR Stem-like features t

COMP promoter. Thus, RvD1 holds potentialities for therapeutic intervention in HCC**l,

Interest in the metabolic interplay between tumors and the stromal reaction has been growing in the last few
years. It is renowned that CAFs (playing in a catabolic state) and HCC cells (anabolic state) are reciprocally
coupled by exchanging a range of metabolic signals, mediated by exosomes harboring miRNA, ROS and
energy-rich metabolites, like lipids and amino acids. This functional interaction aims at providing tumor
cells with nutrients to support their highly demanding needs, and thus, a subset of tumor cells with a closer
spatial relationship with CAFs may take a selective advantage due to their pro-invasive capabilities.
Perturbation of glycolysis in cancer cells is a paradigmatic example of this concept. A reciprocal metabolic
reprogramming with lactate rather than glucose utilization in response to a decreased expression of the
glucose transporter protein type 1 (GLUT-1) by cancer cells has been originally shown in breast cancer
cells’. Then, it was confirmed in other tumor settings, leading to the concept of ‘metabolic asymmetry’,
which enables cancer cells to proliferate and migrate in energy-deprivation conditions*. Activation of
hypoxia-inducible factor 1 (HIF-1), typically found in HCC, may mediate this lactate shuttle!”. Metabolic
asymmetry with inhibition of mitochondrial oxidative phosphorylation and stimulation of both aerobic and
anaerobic glycolysis has been described in HCC cells, and found to be regulated by CAF-derived
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chemokyne ligand (CCL) 20 secretion modulated by myeloid differentiation primary response 88 (MYD88)
and by exosomes harboring amino acids, lipids and tricarboxylic acid"***”. However, compared to studies
conducted in other cancer cell types (breast, ovarian), the ability of CAFs to regulate metabolism in HCC
cells, including lipid and oxidative metabolism in addition to glucose metabolism, is less understood and
represents an area ripe for further investigation.

CAF INTERACTIONS WITH THE COMPONENTS OF TME

Tumor immune microenvironment

TIME is a comprehensive definition that brings together all the immune cells within the TME, which are
involved in the generation of a TIB in HCC". Among them, TAMs, TANs, and MDSC are the most
influenced by CAFs in HCC™' [Figure 2].

Tumor-associated macrophages

TAMs are macrophages, typically M2-like phenotype, infiltrating different solid tumors (breast, pancreas,
liver, and others) where they stimulate pro-invasive functions, such as proliferation, metastasis, tumoral
angiogenesis, and chemoresistance”””. Several studies have pointed out CAF capability not only to attract
macrophages to the tumor site, but also to skew them from the M1/pro-inflammatory to the M2/pro-
fibrogenic and cancer-related phenotype. Indeed, CAFs recruit monocytes from the bloodstream through
several redundant pathways by activating the CXCL12/C-X-C Motif Chemokine Receptor 4 (CXCR4)""/
signaling pathway, and by overexpressing endosialin. By binding to its receptor CDé8, endosialin induces
the recruitment of macrophages”. Endosialin also promotes the M1-M2 shift by activating the growth
arrest-specific protein 6 (GASe) pathway™. In addition to Gase, CAFs also overexpress the plasminogen
activator inhibitor 1 (PAI 1), another mediator of the M1-M2 transdifferentiation”. Furthermore, this
phenotypic shift can be induced by CAFs through the secretion of numerous other mediators, such as IL-6,
IL-10, IL-13, and TGF-p"*”". Notably, the presence of M2 macrophages has a strong impact on several
malignant features of HCC, such as cell proliferation, tendency to metastasis, and induction of stem-like
signatures. Indeed, TAMs secrete a wide array of cyto- and chemokine mediators, such as IL-6"", IL-8"",
CXCLg"™, and CCL2"", which stimulate tumor cell invasiveness and migration, and IL-23, which stimulates
tumor vascular invasion®). Furthermore, TAMs interact with osteopontin to promote the increase in CSC
markers, such as SRY-box transcription factor 2 (Sox2) and octamer-binding transcription factor 4 (Oct4)

82]

through an integrin avB3-nuclear factor kappa B (NF-xB)-HIF-1a-dependent pathway!

Tumor-associated neutrophils

TANSs are a subpopulation of pro-tumorigenic neutrophils whose presence inversely correlates with the
survival of patients with HCC", partly related to their ability to exacerbate cancer cell invasiveness and
chemoresistance, for example, to Sorafenib™. Although elucidating the role of TANSs has become a theme
of interest, data regarding the action of CAFs on TANs are, however, still limited. Recent data indicate that
CAFs indirectly promote TAN recruitment to the tumor site. These effects are mediated by their secretion
of CLCF1, which enables HCC cells to produce CXCL6 and TGF-p. These factors have a dual action: the
active recruitment of neutrophils and their phenotypic switch from N1 (pro-inflammatory/anti-
tumorigenic) to N2 (anti-inflammatory/pro-tumorigenic)™. Furthermore, TANs secrete high amounts of
trophic mediators for HCC cells, such as CCL2 and CCL17"?, and induce the expression of miR-301b-3p by
HCC cells, which regulate the NF-kB-mediated secretion of CXCLs5. In turn, CXCL5 recruits to the tumor
area and activates further TANs"™, locking them in a mechanically self-sustaining pro-invasive loop.

Mpyeloid-derived suppressor cells
MDSCs encompass a heterogeneous group of bone marrow-derived immune cells belonging to the myeloid
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Figure 2. Central role of CAFs involved in modification of the TME. By secreting a range of cytokines and chemokines, CAFs are able to
recruit cells of the TIME in a direct (monocytes and MDSCs) and indirect (TAN) route. TAN are recruited around the tumor cells
through the action of CAF-secreted CLCF1 that, in turn, induces the secretion of the chemotactic mediators CXCL5, CXCL6, and TGF-B
by HCC cells. Besides monocyte recruitment, CAFs induce a M1-M2 switch of macrophages. Furthermore, CAFs are actively involved in
angiogenic processes by secreting PGF, VEGF, and Ang-1. Finally, CAFs are able to modify the composition of the ECM surrounding
tumor cells by secreting MMP9 and downregulating the expression of decorin. CAF: cancer-associated fibroblast; ¢: macrophage; HCC:
hepatocellular carcinoma; TAN: tumor-associated neutrophil; ECM: extracellular matrix; MDSC: myeloid-derived suppressor cells;
Gasé6: growth arrest-specific protein 6; PAl 1: plasminogen activator inhibitor 1; IL: interleukin; TGF-p: transforming growth factor ;
CLCF1: cardiotrophin-like cytokine factor-1, MMP-9: metalloproteinase 9; CXCL12: C-X-C motif chemokine 12; CCL2: chemokine ligand
2; PGF: placental growth factor; VEGF: vascular endothelial growth factor; Ang-1: angiopoietin 1, EZH2: enhancer of zeste homolog-2;
VVASH?1: vasohibin 1. Figure partially made using biorender.com.

lineage with a marked ability to suppress immunity, thereby displaying a tumor-favoring activity. CAFs are
able to recruit MDSCs both through the secretion of interleukins, such as IL-6 and IL-33"*, and through
the CCL2/C-C chemokine receptor type 2 (CCR2) axis®”. MDSCs show strong immunosuppressive
functions due to their capacity to dampen the cytotoxic activity of NK cells and enhance immune
checkpoint signaling, along with the expression of PD-L1"". Notably, the inhibition of the CCL2 signaling
pathway in Ccr2-defective mice disrupted MDSC recruitment and resulted in improved HCC outcomes in
mice™.

CAF interaction with vascular structures

The ability of CAFs to play an active role in promoting tumor-associated angiogenesis by recruiting vascular
cells is well-established. This has been particularly demonstrated in cholangiocarcinoma, where CAFs have
been observed to contribute to lymphangiogenesis™’. A significant increase in the microvascular density
(MVD) of blood vessels is typical of HCC"?, unlike what occurs, for example, in cholangiocarcinoma®’. As
aforementioned, several growth factors involved in tumor angiogenesis, including placental growth factor
(PGF), Angiopoietin-1 (Ang-1), and VEGF, are secreted by CAFs. Huynh et al.*” observed that after
activation, mucosal fibroblasts overexpressed CD90 and a-SMA and transitioned into CAFs in several types
of tumors. CD90 and a-SMA were found to be highly expressed and colocalized in the stroma of HCC
tissues and isolated CAFs. Previous studies demonstrated a profound correlation between CD90 and PGF
enriched-CAFs with tumor angiogenesis markers (CD31, CD34, and CD105), pointing to the role of CAFs
in facilitating angiogenesis'”. Notably, some studies demonstrated a strong association between CAFs and
poor prognosis in several types of cancer, including HCC". In-vitro studies performed by Liu et al.
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demonstrated that patients-derived CAFs and LX-2 cells both overexpressed PGF and PGF expression
closely correlated with MVD in human HCC sections™. Furthermore, in a model of nude (nu/nu) mice
xenotransplanted with human HCC cells and CAF, Lin et al. showed that silencing of Ang-1 in CAFs
significantly reduced the MVD evaluated as CD34" morphometry in the tumor area”. Furthermore, VEGF
secretion by CAFs is a key mechanism of HCC neo-angiogenesis. Using both in-vivo and in-vitro models,
Huang et al. demonstrated that CAF-derived VEGF increased the expression of enhancer of zeste homolog-
2 (EZHz2). Acting as a tumor suppressor gene by repressing the expression of vasohibin-1 (VASH1), EZH2,
in turn, stimulated the proliferation of ECs. Conversely, inhibition of the VEGF/EZH2 axis led to up-

regulation of VASH1, which decreased tumor-associated angiogenesis"*.

Besides tumor-associated angiogenesis, portal vein tumor thrombosis (PVTT) might also depend on CAFs’
abilities to interact with vascular structures and stimulate invasive properties of HCC cells, though studies
devoted to this theme are hitherto lacking. PVTT is a common complication of HCC, mostly in advanced
stages, and its occurrence limits its suitability for curative treatments. Moreover, the range of soluble factors
released by CAFs in the TME can also be responsible for cancer-associated thrombosis (CAT), and in this
respect, elucidation of underlying molecular mechanisms acting through chemokine-activated Hedgehog
and TGEF-B pathways may help to identify patients at a higher risk of thrombosis and select appropriate
candidates for thromboprophylaxis®®. Although the role of CAFs in CAT remains unclear, recent studies
have shown that CAFs exacerbate CAT in several types of cancers”. In addition, an increased metastatic
burden has been correlated in various cancer types with the expression of podoplanin (PDPN), a cell-
surface mucin-like glycoprotein that is well conserved across species and serves a wide variety of functions.
PDPN is upregulated in certain types of tumor cells, including CAFs, to promote cancer progression”. To
exert its functions, PDPN utilizes other proteins, such as C-type lectin-like receptor-2 (CLEC-2), through
which it induces platelet aggregation, and mediates the adhesion of cancer cells to platelets. Activated
platelets, in turn, protect cancer cells in circulation and facilitate the extravasation of cancer cells at the
metastatic niche. The exact mechanism by which PDPN induces thrombosis in cancer cells is not known.
However, in the study by Sasano et al.””,, PDPN-expressing EV's released from PDPN* ovarian cancer cells
caused venous thrombosis more frequently than PDPN™ EVs, and PDPN-expressing EVs resulted in
thrombi with more platelets compared with thrombi induced by PDPN" EVs. Therefore, PDPN and CLEC-
2 may be regarded as promising molecular links between CAFs and CAT, and the hypothesis that CAFs
exacerbate CAT through the PDPN/CLEC-2 axis is gaining increasing consideration®. In the recent study
conducted by Shirai et al. in a lung cancer mouse model®”, PDPN/CLEC-2 targeting was harnessed to
develop an anti-CAT strategy. In this study, CAFs actually contribute to CAT by their massive PDPN
expression induced by the TME. Interestingly, they observed that both direct cell-cell interaction and EV-
mediated interaction with platelets were able to induce CLEC-2-dependent platelet aggregation and finally
promote venous thrombosis. However, these are only preliminary data and the exact pro-thrombotic roles
of CAFs in HCC are far to be determined, also based on the well-established concept that several factors
collaborate in CAT pathogenesis.

CAFs and ECM remodeling

ECM components provide the three-dimensional (3D) scaffold that, beyond the well-established role in
liver development, is crucial to direct cellular responses to hepatic damage, especially in the progression to a
malignant state".In the healthy liver, ECM is composed of collagens
(I III, IV - the most expressed, and V), laminins (particularly p2), FN, nidogen-1 and -2, perlacan, decorin,
and several integrins'®. Following liver damage, liver repair is activated in a stereotyped manner and
variably influences the ECM composition, giving rise to the fibrogenic response, which, over time, can
result in cirrhosis. It is important to note that changes in the ECM profile are not only quantitative but also
qualitative, and affect tumor initiation and progression"*"'*”., Liver myofibroblasts and CAFs are pivotal in
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perturbing ECM composition owing to their ability to secrete essential structural proteins, such as collagen
and FN, as well as their degrading enzymes, such as MMPs"*>'*. A study in two mouse models of HCC,
PDGFC transgenic (Tg) and Pten null mice, demonstrated that ECM composition changes dramatically
during the process of hepatocarcinogenesis, and in particular for collagens types I, IV, VI, VII, X, XIV, XV,
XVI, and XVIII". Furthermore, the aberrant deposition of collagen-I in HCC is able to promote
proliferative, migratory and EMT responses of HCC cells. Finally, CAFs cultured on a collagen-I matrix
gain the proclivity to oversecrete MMP-9, endowed with protumorigenic functions. FN is another ECM
protein, which is specifically secreted by HSCs and accumulates in fibrosis of both cirrhosis and HCC"*.. By
binding to several integrins, such as integrin a5p1, a3p1, a8f1, and avp3, FN exerts proliferative and invasive
stimuli through the activation of MEK/ERK and PI3K/Akt signaling pathways"*'”. ECM-regulated
pathways are also relevant to sustain vascular invasion in HCC. CAFs contribute to this mechanism by
losing their ability to secrete decorin. A progressive down-regulation of decorin is detected from normal to
tumor tissue, and even more when PVTT develops. Interestingly, a decreased expression of decorin
correlated to the worst outcome in HCC"*¥. In-vitro, decorin impinges on HCC cell invasion and migration
by down-regulating integrin p1, thereby identifying a decorin-integrin p1 axis originating from CAFs as a
key mechanism of microvascular invasion"*”. Another ECM protein deregulated in HCC is laminin-5.
Unlike decorin, laminin-5 expression is extremely low in healthy liver, but is progressively upregulated in
HCC"”. Like FN, laminin-5 binds to different integrins to stimulate a variety of biological responses in
HCC cells, including proliferation via integrin a6p4 and 3p1"'* and EMT via integrin a3p1 and aep1'.

Periostin (POSTN) is an interesting example of ECM protein de novo expressed in HCC and secreted by
CAFs. As other ECM proteins do, POSTN activates signaling pathways downstream of several integrins to
which it binds, e.g., avB3, avp5, and a6p4. In particular, by activating the integrin f1/AKT/glycogen synthase
kinase 3p (GSK-3B)/B-catenin/transcription factor 4 (TCF4)/Nanog cascade, POSTN promotes stemness in
HCC cells""”. TnC is also an ECM protein that is upregulated in scarring liver damage and markedly
increases in HCC"". Similar to other CAF-derived ECM components, TnC holds prognostic significance,
as a higher expression of TnC is associated with lower survival rates in HCC"'*\. In addition, perturbation of
ECM may also exert mechanical effects dependent on the increase in tumor milieu stiffness, which further
stimulates not only tumor growth through the activation of the Hippo pathway"', but also chemoresistance
and disease relapse by inducing stem-like traits in HCC cells""..

CAF TARGETING FOR HCC TREATMENT

Based on what was discussed, CAFs may be regarded as putative targets amenable to intervention in solid
tumors, including HCC. The main strategies pursued by researchers aimed at CAF manipulation can be
ascribed to three fundamental approaches: (A) the depletion of CAFs using surface markers; (B) the
inhibition of protumorigenic paracrine signaling pathways induced by CAFs; and (C) targeting of CAF
precursors, by inhibiting the activation of PFs and HSCs.

Depletion of CAFs

There are no specific markers uniquely expressed by CAFs in HCC and other solid tumors. For example, o
SMA is commonly expressed by multiple cell types of mesenchymal origin, and its targeting could be
detrimental to treatment. Currently, the membrane protein most widely used to selectively delete CAFs is
FAP-o, which, as mentioned above, is an endopeptidase typically expressed by myofibroblasts at the
membrane level in the activated but not in the quiescent state. Currently, this approach, although tested in
several cancer types, such as breast and lung cancer, or melanoma, has not been studied for the HCC
treatment!"”. In addition to selective targeting of membrane proteins, another line of treatment has been the
utilization of BCL2 homology 3 (BH3) mimetics, such as Navitoclax, which induces apoptosis of CAFs but
not of non-tumoral myofibroblasts. However, this approach has been shown to be beneficial in mouse
models of CCA”""", but not of HCC.
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Targeting of protumorigenic mediators secreted by CAFs

Another widely used approach of potential interest for the treatment of HCC is based on the use of small
molecules able to inhibit the paracrine effects of CAFs on tumor cells (proliferation, invasion, stemness,
EMT). To inhibit CAF-induced tumor growth, some efficacy has been shown by T0901317, a liver X
receptors (LXR) agonist!", and by LY2109761, an inhibitor of the TGF-p/mothers against decapentaplegic
homolog (SMAD) pathway", both halting HCC cell proliferation. Other compounds have instead been
shown to be effective by inhibiting motility, such as anti-CCL2, CCL5, and CCL7 antibodies"* or RvD1!*.
The latter, together with IL-6 neutralizing antibodies, has also shown the ability to hamper stemness in
HCC!™.

Inhibition of fibroblast activation

Preventing activation of CAF precursors, i.e., HSCs and PFs, is another strategy that is potentially
exploitable. For this purpose, various drugs, even those considered for drug repositioning, have been
proposed, such as Metformin"*", Dorsomorphin'?" and Sibrotuzumab'*?, and shown promising results in
mouse models of HCC, though they are waiting to be evaluated in clinical trials. Finally, good results
in-vitro have also been obtained with a derivate of genistein, 7-difluoromethoxyl-5,4"-di-n-octylgenistein
(DFOG), which inhibits the FOXMa1 signaling mediating the crosstalk between HSCs and CSCs to suppress
stemness features and hepatocyte growth factor (HGF) secretion by HSCs!"*.

CONCLUSIONS AND FUTURE DIRECTIONS

Available evidence indicates that the role of CAFs in HCC has been hitherto less elucidated compared to
that reported in CCA, in which the typical desmoplastic reaction has drawn great attention. However, in
HCC, CAF effects extend well beyond tumor invasiveness and are likely to play a role in tumor initiation as
well. Despite the large body of data regarding the cellular and molecular pathogenesis of HCC, it is rather
surprising that there are many important nuances in the multiple functions of CAFs that have yet to be fully
understood. The advent of scRNA-seq, with its high-resolution capacity to analyze the molecular signatures
of individual cells, has enabled the discrimination of different subtypes of CAFs, revealing their extensive
heterogeneity in HCC. A vast range of interactions between CAFs and tumor cells and multiple other cell
types and structural components (vessels, ECM) within the TME are becoming increasingly evident,
unveiling a multitude of functions, which are frequently pro-tumorigenic but may also be anti-tumorigenic.
Among the mechanisms elicited by CAFs to incite HCC progression, PVTT and CAT will deserve
consideration by future studies, and possibly provide valuable insights well beyond HCC, given CAT
relevance as a leading cause of morbidity and mortality in several types of malignancies. Currently,
strategies of intervention aimed at CAFs are still very preliminary but with auspicious potentialities. Starting
from observations derived from other cancer types, CAF manipulation might improve the response of
current treatment modalities, such as immunotherapy and anti-angiogenesis, which in HCC have been
quite disappointing so far compared with results obtained in other malignancies. However, the main
limitation of current approaches specifically designed for CAF manipulation is the difficulty in
discriminating them from normal fibroblasts. The advent of new and powerful technologies, such as
scRNA-seq and artificial intelligence, could be of paramount importance to identify specific markers
enabling selective targeting of CAFs, and thus make intervention more effective on pro-tumorigenic
activities. Moreover, we believe that dissecting further the variety of phenotypes of CAFs in HCC will
provide an asset to devise novel prospects of combination therapies, by adding existing or experimental
compounds to immune checkpoint blockade or, eventually, to loco-regional treatments as well to improve
their efficacy. In particular, although clinical trials involving the use of immunotherapy or targeted therapy
to selectively reduce this cellular component in the TRS are currently not planned neither for HCC nor for
other cancer types, preclinical findings support their attractivity as potential therapeutic targets. The ability
to manipulate the presence of CAFs and their biological properties would provide a great opportunity to
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attenuate the aggressive behavior of HCC and, consequently, ameliorate the outcome of these patients.
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