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SUMMARY

The tumor microenvironment (TME) is influenced by a “disorganized” extracellular matrix (ECM) that sensi-
tizes cancer cells toward mechanical stress, signaling, and structural alterations. In hepatocellular carcinoma
(HCC), lack of knowledge about key ECM proteins driving the TME refractory to targeted therapies poses a
barrier to the identification of new therapeutic targets. Herein, we discuss the contributions of various ECM
components that impact hepatocytes and their surrounding support network during tumorigenesis. In addi-
tion, the underpinnings by which ECM proteins transduce mechanical signals to the liver TME are detailed.
Finally, in view of the bidirectional feedback between the ECM, transformed hepatocytes, and immune cells,
we highlight the potential role of the ECM disorganization process in shaping responses to immune check-
point inhibitors and targeted therapies. Our comprehensive characterization of these ECM components may
provide a roadmap for innovative therapeutic approaches to restrain HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most common ma-
lignancy and the fourth leading cause of cancer-related mortality
globally.” Multiple etiological factors are associated with the
development of HCC, including obesity, alcoholism, viral hepati-
tis, and non-alcoholic fatty liver disease (NAFLD), which can
progress to non-alcoholic steatohepatitis (NASH) that causes
chronic inflammation and fibrosis of the liver.” While viral hepati-
tis may progress to HCC without the presence of cirrhosis, the
majority of etiological factors cause cirrhosis prior to the onset
of HCC.?® Despite recent advancements in treatments for
HCC, such as surgical resection, tumor ablation, chemoemboli-
zation, liver transplantation, and the use of oral tyrosine kinase
inhibitors (TKIs), anti-vascular endothelial growth factor (VEGF)
agents, and immunotherapies, the 5-year survival rate for HCC
and intrahepatic bile duct cancer in the United States remains
low at only 20.8%." In this regard, apart from surgical resection,
TKIs were the only approved therapies for HCC until the recent
US Food and Drug Administration (FDA) approval of the combi-
nation therapy with the immune checkpoint inhibitors (ICls) ate-
zolizumab (anti-PD-L1), bevacizumab (anti-VEGF), durvalumab
(anti-PD-L1), and tremelimumab (anti-CTLA-4) for advanced un-
resectable or metastatic HCC.>® TKI therapy (sorafenib) has a
survival advantage of ~3 months over placebo as noted in the
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human dataset from SHARP (Sorafenib Hepatocellular Carci-
noma Assessment Randomized Protocol) clinical trial. Atezolizu-
mab plus bevacizumab has a survival advantage of ~6 months in
comparison with that of sorafenib, and the survival advantage for
durvalumab plus tremelimumab is ~2.5 months over sorafenib,
collectively improving the prognosis of patients with HCC.*>*°
However, the underlying reasons for resistance of HCC to cyto-
toxic chemotherapy and differential responses to immuno-
therapy in HCC remain unclear.

The extracellular matrix (ECM) is an essential part of the tumor
microenvironment (TME) and is composed of proteins, glycopro-
teins, and polysaccharides; the ECM acts as a reservoir of cyto-
kines and growth factors, maintains tissue morphology, and
regulates cellular behavior.'® The core ECM consists of over 300
macromolecules that can be stratified as collagens, proteogly-
cans, and glycoproteins. There are several regulatory mecha-
nisms and signaling pathways that can initiate degradation and re-
modeling of the ECM, and disruption of such mechanisms alters
the structure and function of the ECM which ultimately affects or-
gan homeostasis and functions."" In addition, the interstitial matrix
of the ECM serves as a “molecular sink” that binds to several sol-
uble growth factors and facilitates their controlled release with cor-
respondingimpacts on cellular signaling and behavior. The ECM is
now becoming increasingly recognized as a dynamic communica-
tive layer that actively instructs the underlying tissues to respond
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and adapt to environmental changes.'® In healthy tissues, the dy-
namic ECM supports physiological functions and limits tumori-
genesis.'? While ECM dynamicity is retained by several conditions
including aging, hypoxia, stress, wound injury, inflammatory dis-
eases, and cancer, the protective virtues are gradually lost with
the concomitant gain of pathological characteristics. The altered
mechanical and topographical parameters represented by the
disorganized ECM may also influence cell fate and functions via
defined mechanosignaling pathways.'® Intuitively, this highly re-
furbished ECM impacts amplification of growth factor signaling
pathways, inhibition of tumor suppressors, and promotion of
angiogenesis. On the other end of this oncogenic corruption
loop, cancer cells, stromal cells, including cancer-associated fi-
broblasts (CAFs), immune cells, epithelial cells, and mesenchymal
cells can actively interact with and modify the 3D organization of
the ECM (or its components), and these are thought to represent
the main effectors of tumor growth and progression.'*'®

The activation of stromal cells and the excessive deposition of
ECM leads to enhanced integrin signaling and stiffening of the liver
tissue in cirrhosis and eventually development of HCC.'® Clini-
cally, increased liver stiffness has been associated with greater
HCCrisks.'"~'® However, the molecular contributors to a complex
HCC TME remain a topic of debate in the field. Furthermore, the
production of ECM components and associated enzymes accel-
erates when cancer cells preferentially respond to extrinsic growth
factor signaling harbored within the ECM, which often results in
rapid disease progression. The magnitude of these changes in
the liver ECM and details of the corresponding oncogenic regula-
tory program is still unknown. This represents a major knowledge
gap, which must be fulfilled to understand how a disorganized
ECM may respond to HCC treatments.

Cancer cells have several strategies for evading immune sur-
veillance, and these have emerged collectively as one of the hall-
marks of cancer.’® One strategy effectively exploited by cancer
cells is ECM remodeling, which develops immunosuppressive
network. The tumor-infiltrating T cells and natural killer (NK) cells
in the immunosuppressive TME have a major role in the response
toimmunotherapy.®' Thus, understanding the extent of remodel-
ing in the TME with new ECM deposition is vital to appreciate the
mechanisms of resistance to immunotherapy, to identify reliable
biomarkers or response predictors for immunotherapy, and to
develop new therapeutic targets for HCC.

By assembling evidence from liver carcinoma cell lines, mouse
models, multiregional transcriptomic analyses of human HCC,
and concluded human clinical trials, herein, we review the bidi-
rectional feedback between the complex ECM network and its
microenvironment as a potential vulnerability to restrain HCC.
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CONSTITUENTS OF A DISORGANIZED ECM IN THE HCC
MICROENVIRONMENT

Human liver proteomics has identified more than 150 ECM pro-
teins that constitute the healthy liver matrix, and the ECM adds
up to 10% of the total volume.?? Collagen-related proteins,
transmembrane proteoglycans, ECM regulators such as lysyl
oxidases (LOXs), matrix metalloproteinases (MMPs), and cyto-
kines that bind to the ECM such as transforming growth factor
B (TGF-B) also contribute to tissue homeostasis and are referred
to as the “matrisome.”?* Figure 1A shows the contributions of
key ECM components in promoting several cancer hallmark
phenotypes. Prominent roles of collagens, agrin, glypican-3,
syndecan, osteopontin, and others are associated with sustain-
ing cancer cell proliferation, invasion, and angiogenesis, while
ECM-harbored TGF-B, hyaluronic acid, and fibronectin have
tumor-inflammatory actions. Though hepatocytes are the prom-
inent parenchymal cell type in the liver (50%-60%), 40% of the
liver cells are non-parenchymal (NP) cells of the following types:
liver sinusoidal endothelial cells (LSECs), acting as a filtration
barrier; Kupffer cells, i.e., liver-resident macrophages; hepatic
stellate cells (HSCs), i.e., responsible for hepatic fibrosis; biliary
cells; and liver-associated lymphocytes. In view of different
regions of healthy livers contributing to subsequent disease con-
ditions, a spatial proteogenomic approach identified localized
zones within healthy liver tissues that influence the development
of a specific myeloid cell niche, which is subsequently altered in
diseased livers.”* Upon tissue injury and inflammation, the in-
flamed liver is infiltrated by the myeloid cells even before the
development of HCC.?® Overall, both parenchymal and NP cell
types are responsible for the synthesis, degradation, and remod-
eling of the ECM proteins and liver homeostasis.

In healthy liver, ECM components are concentrated in the por-
tal area, around the central vein, and in the space surrounding
the liver sinusoids (space of Disse). Collagen, laminins, fibro-
nectin, entactin (nidogens), and perlecan are the major constitu-
ents in the healthy liver®® (Figure 1B). Among these, collagen is
the most common ECM component and is expressed mainly in
the basement membrane (BM) lining of the bile ducts, in the inter-
stitial matrix of the portal tracts, and in the space of Disse.
Collagen IV is the most represented collagen family member in
healthy liver.?®*” Decorin, biglycan, integrin, and heparan sulfate
also commonly inhabit the healthy liver ECM?’ (Figure 1B).

During liver inflammation/injury, the balance between the syn-
thesis and degradation of ECM proteins is perturbed, which con-
tributes to tissue scarring and fibrosis.?® During cirrhosis, the
myofibroblasts generally believed to be derived from activated

Figure 1. ECM regulating the “hallmarks of liver cancer” and its status in healthy liver, chronic disease conditions, and hepatocellular

carcinoma

(A) The liver ECM network as a molecular sink that harbors structural components, proteoglycans, and several growth factors. The impact of key ECM com-
ponents (light blue boxes) known to regulate the specific cancer hallmark (reddish brown) are highlighted.

(B) ECM in healthy liver tissues that act to maintain liver homeostasis by controlling the proliferation of hepatocytes and sustaining immune-suppressive functions.
When chronic liver diseases develop, the ECM is altered by increases in collagen deposition, which enhance stiffness, elastin-derived peptides (EDPs), and PGs,
as well as augments the influx of fibroblasts. This initiates an ECM corruption process, as manifested by a low immune response that impacts the hepatocytes,
activates HSCs, and promotes abnormal vasculature leading to liver fibrosis. Increased ECM disorganization, in turn, increases the mechanosignaling and
contractility of the hepatocytes, which leads to their neoplastic transformation. Cancerous hepatocytes further increase ECM disorganization, causing a vicious
oncogenic feedforward loop accompanied by enhanced tissue rigidity, resistance to targeted therapies, and immune-escape mechanisms.
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HSCs act as the major source of altered ECM deposition (mainly
collagen) that inaugurates a dysregulated ECM, resulting in sub-
sequent carcinogenesis.”” In contrast, the ECM in some cases
may restrain the primary tumor and/or vascular infiltration. For
example, in 40%-50% of cases, HCC is surrounded by a fibrous
capsule with trabecula, postulated to arise from tumor-host liver
interactions. Patients with HCC who have encapsulated tumors
have a better prognosis than patients whose tumors lack the
capsule.®® Type |, lll, and IV pro-collagens, which is deposited
by myofibroblast CAFs, are the major components of this
capsule.®®

We revisit the major ECM components, their roles in chronic
liver diseases (CLDs)/precancerous conditions, tumor develop-
ment, tumor dissemination, and angiogenesis in mouse models
and human studies.

STRUCTURAL ARCHITECTURE OF THE ECM IN HCC

Collagen

Collagens are proteins that form fibers or networks in tissues and
are the major structural component of the ECM in most solid
cancers. The progression of alcoholic liver disease, NAFLD,
and NASH and the development of HCC are all related to
fibrosis.®"®? In CLDs and cirrhosis/fibrosis, inflammation acti-
vates the HSCs, which undergo transdifferentiation into myofi-
broblasts that increase collagen secretion, creating a dense ma-
trix (Figure 1B). In a carbon-tetrachloride (CCL,)-induced mouse
cirrhotic model, the BM was enriched with type IV collagen o5
that was activated by HSCs, and this led to the discovery of an
ECM signature that predicted early stages of cirrhosis.*®> BM
collagens such as type IVs, VI, and |, lll are variably increased
in cirrhosis and promote HCC, with type | being the most pre-
dominant type associated with progression of cirrhosis.®*°
The expression of integrins «181 and «2p1, the main receptors
for collagen, is upregulated during liver injury and also promotes
hepatic fibrosis.®® The activation of HSCs is modulated by im-
mune cells that interact with the integrins to regulate cell prolifer-
ation, migration, and tumor dissemination.®”*® Zone-specific
ECM and its association with vasculature may impact collagen
production during fibrosis and HCC. Notably, in a NASH-based
rodent model, collagen produced by central vein-associated
HSCs was pathogenic for fibrosis.>* Collagen activation within
specific HSC populations was recently shown to be a decisive
factor for liver tumorigenesis.*® While cytokine-enriched (quies-
cent) HSCs oppose tumorigenesis, the myofibroblast subtypes
are enriched in collagen |, which activates the Hippo effector
TAZ in pretumorigenic liver tissues, thereby creating a highly stiff,
tumor-prone liver microenvironment.” Once tumors develop,
the collagen I-enriched HSC population further engages in a
crosstalk with its canonical tyrosine kinase discoid in domain
receptor-1 (DDR1) and integrin B1 to sustain carcinogenesis.
Hence, we speculate that zone-specific cell types may deposit
collagen to generate a localized fibrotic niche that ultimately ini-
tiates tumorigenesis (Figure 1B). Collagen acts as a high-affinity
ligand for the leukocyte-associated immune receptor (LAIR)-1,
promoting an immunosuppressive phenotype.41 On the premise
that myofibroblasts predominantly activate HSCs in CLDs, the
imbalance between cytokine-enriched versus myofibroblast
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HSC subtypes may dictate the pro-tumorigenic microenviron-
ment accompanied with tissue stiffness.”> Whether liver
zone-specific integration of collagen alters with HCC stages
also requires special attention.

Elastin

Elastin aggregates to form elastin fibers in tissues; it is particu-
larly abundant within arteries and lungs, skin, cartilage, and
certain ligaments.*® Although elastin is a minor ECM component
in healthy liver, tropoelastin is synthesized by hepatic myofibro-
blasts during fibrosis.** In CLDs, elastin fiber accumulates in the
hepatic artery and portal vein, leading to fibrosis.*® Elastin accu-
mulation forms elastin-derived peptides (EDPs) (Figure 1B, EDP
formation is shown in the middle and third panels in yellow).
EDPs stimulate inflammation, cytokine expression, and remod-
eling of the hepatic ECM, thereby creating fibrosis and transition
of NAFLD to NASH.“® The expression of elastin fibers during the
fibrotic stages may predict the incidence of HCC.*” Supporting
the hypothesis that a highly crosslinked ECM may stimulate
elastin fiber secretion, CCL4-derived mouse liver fibrosis models
displayed a strong correlation between elastin, collagen, and
LOX-like 1 (LOXL1), a major ECM crosslinking enzyme.*® Also,
a higher association between elastin and collagen fibers was
found to be significantly correlated with multinodular macro-
scopic lesions.”® Elastin-based magnetic resonance imaging
probes were implemented to detect ECM deposition in a rabbit
HCC model.”° Expectedly, EDPs can modulate tumor angiogen-
esis.*® Despite these observations, how elastin responds to
ECM crosslinking and stiffness are not clearly understood, as
mouse models and human HCC studies analyzing the role of
elastin are limited.

Fibronectin

Being the most abundant glycoprotein in the ECM of hepatic
tissue, fibronectin (FN) accumulates rapidly in response to
injury and inflammation.®" Exogenous FN-stimulated liver cells
increased the production of pro-inflammatory cytokines such
as tumor necrosis factor o (TNF-a), interleukin-6 (IL-6), and
pro-fibrogenic factors.® FN exists in several different forms,
namely a plasma-associated FN (PFN), synthesized by hepato-
cytes and secreted into the ECM. Cellular FN (CFN) is usually
observed at low levels in healthy liver but accumulates
rapidly during chronic injuries (Figure 1B). CFN potentially serves
as a biomarker for early-stage alcoholic liver disease and
HCC.%3°":5% Mechanistically, mechanical forces establish FN
connections to integrins, collagen, and fibrin for cell adhesion
and growth differentiation in tumorigenesis and metastasis.**>°
FN and its integrin receptors are abundantly expressed in the
tumor vasculature and promote angiogenesis.>®

PROTEOGLYCAN LANDSCAPE OF A DISORGANIZED
LIVER ECM

Proteoglycans (PGs) consist of glycosaminoglycan (GAG) chains
that are covalently linked to a protein core and constitute an
important portion of the ECM. Several PGs are overexpressed
in HCC, at the cell surface (syndecan-1 and glypican-3), in the
pericellular space (agrin and collagen XVlll/endostatin), and in
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extracellular space (versican and decorin). Due to their extensive
roles in promoting cancer cell migration, modification of the stro-
mal microenvironment, and angiogenesis, thereby supporting
cancer progression, PGs remain attractive as therapeutic
targets.”’

Syndecan-1

Syndecan-1 (SDCH1) is a cell surface PG expressed in the liver.
Serum SDC1 levels were high in patients with NAFLD, although
no significant correlation between SDC1 serum levels and their
corresponding liver biopsy-sourced immunohistochemistry
scores was detected.®® SDC1 immunostaining in CLD positively
correlated with the severity of fibrosis.>® Soluble SDC1 can be
used as a circulating biomarker for the detection and staging of
HCC. Serum SDC1 levels are high in patients with HCC with dis-
ease progression and recurrence.®”®' SDC1 expressed by human
mammary fibroblasts, in association with integrin, promoted the
assembly of ECM fibers in parallel arrays, which increased migra-
tion and invasion of breast cancer cells.®” The same phenotypic ef-
fect of SDC1 is expected to be mirrored in HCC. Interestingly, the
expression of pro-angiogenic factors VEGF and fibroblast growth
factor 2 (FGF-2) was reduced in thioacetamide-induced rats
through the inhibition of SDC1, a finding suggestive of its role in
angiogenesis and HCC progression.®®

Glypican-3

Glypican-3 (GPCB3) is a cell surface PG that increases proliferation
of HCC cells, epithelial-to-mesenchymal transition (EMT), and
angiogenesis. GPC3 has a diagnostic and prognostic value in
HCC.** While not present in healthy liver, GPC3 is highly ex-
pressed in HCC tissues. Circulating levels of GPC3 are elevated
in the serum of patients with HCC.%° GPC3 is usually expressed
in embryonal tissues, but its reappearance as an oncofetal protein
during malignant hepatocyte transformation corresponds to a
poor HCC prognosis.®®” GPC3 alone and combined with a-feto-
protein (AFP) showed increased sensitivity and specificity for the
early detection of HCC.®® It stimulates Wnt signaling and the insu-
lin-like growth factor (IGF) and promotes EMT via extracellular
signal-regulated kinase (ERK) signaling.®"® Several preclinical
studies and ongoing clinical trials are using GPC3 peptide vac-
cines, monoclonal antibodies against GPC3, and chimeric antigen
receptor (CAR) T cell therapy targeting GPC3 to assess the utility
of GPC3 as an attractive immunotherapeutic target in HCC.”'™"®

Agrin
Agrin is a heparan sulfate PG that represents a major secretory
component in neuromuscular junctions (NMJs).”* As a key
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ECM component, agrin is overexpressed in HCC.”® In HCC,
both agrin and its receptor repertoire, comprised of lipopro-
tein-related receptor-4 (Lrp4), muscle-specific tyrosine kinase
(MuSK), and integrin B1, are overexpressed.”® Agrin promotes
HCC cell proliferation, migration, and invasiveness, and supple-
mentation with a recombinant soluble agrin (sAgrin) readily re-
vives cancer cell proliferation and migration defects caused by
the genetic ablation of agrin.”> Mechanistically, agrin sustains
the integrity of the focal adhesion kinase (FAK)-induced prolifer-
ative and invasive functions of cancer cells.”® In validation of
these studies, agrin has been recently shown to promote meta-
static pancreatic ductal adenocarcinoma (PDAC) via similar EMT
mechanisms.”® Moreover, HSCs activated by platelet-derived
growth factors (PDGFs) have been shown to secrete agrin that
may contribute to HCC.”” Agrin activates the transcription
factors Yes-associated protein (YAP) and transcriptional coacti-
vator with PDZ-binding motif (TAZ), the central effectors of the
Hippo pathway’® (Figure 2A). Besides serving as major onco-
genic factors that promote liver fibrosis and HCC by engaging
transcriptional enhanced associate domain (TEAD) transcrip-
tional factors, YAP/TAZ are widely regarded as mechanosensors
that respond to a variety of extrinsic physical stimuli (Figure 2A).
Interestingly, studies on agrin have provided the first evidence on
how an ECM PG may orchestrate extrinsic mechanical signals
and transduce them to cancer cells to engage YAP/TAZ mecha-
nosensing (Figure 2A).”® Agrin in the TME recruits endothelial
cells (ECs) and controls their angiogenic properties.”*¢° It pro-
motes angiogenesis by increasing VEGF receptor 2 (VEGFR2)
stability in a matrix stiffness-sensed fashion (Figure 2B).”%%" Mir-
roring the liver TME, agrin has also been recently shown to pro-
mote skin repair by mechanically stimulating the wounded
microenvironment by activating MMP12.%2 However, it remains
to be seen whether the agrin-MMP12 oncogenic axis can
remodel the ECM during HCC.

Tenascin

Tenascin (TNCN) is a glycoprotein that binds to several ECM pro-
teins, including epidermal growth factor receptor (EGFR) and in-
tegrins, and with several growth factors such as TGF-B, VEGF,
PDGF, and IGF. The TNCN family consists of four glycoproteins:
TNCN-C, TNCN-X, TNCN-R, and TNCN-W. TNCN is not usually
detected in healthy tissues but is expressed upon tissue injury
and inflammation and in multiple cancers including HCC.%® The
overexpression of TNCN in HCC is associated with a poor
prognosis.®* Further, TNF-o. derived from the inflammatory TME
upregulates TNCN expression in HCC cells and in turn enhances
migration through the WNT/B-catenin pathway (Figure 2A).548°

Figure 2. Disorganized ECM modulate mechanical checkpoints in the liver TME

(A) A stiff ECM crosstalks with hepatocytes and HSCs, leading to increases in their rigidity, contractility, and geometrical confinement. Members of the disor-
ganized ECM such as agrin, tenascin (TNCN), or osteopontin (OPN) activate their respective mechanosensory receptor integrins-lipoprotein related receptor-4
(Lrp4)-muscle-specific tyrosine kinase (MuSK), frizzled receptors (Fzds), or receptor tyrosine kinases (RTKSs), respectively, to transmit biophysical signals. In
response to stiff ECM, agrin stimulates integrin-FAK mechanosignaling and actomyosin-dependent RhoA activation, which potentiate the YAP/TAZ transcrip-
tional program. TNCN induces nuclear B-catenin, and OPN via the integrin-EGFR pathway activates the MAPK-dependent transcription of genes that enhance

tumorigenesis.

(B) Secreted proteins from the disorganized ECM also impact other cell types in the liver TME. For instance, agrin, perlecan, and OPN stimulate the VEGF-
VEGFR2 pathway in liver endothelial cells, which increases shear stress and angiogenesis that favors tumor growth. These impacts transformed hepatocytes
that further remodel the ECM. Therefore, a bidirectional network establishes a physical continuum between the extrinsic “disorganized ECM” and intrinsic

“oncogenic behavior.”
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However, the precise interactions and mechanisms by which
TNCN mediates liver disease and HCC remain unclear.

Endostatin

Endostatin is a C-terminal fragment of type XVIII collagen that
binds to cell surface proteins and receptors.®” It binds to VEGF,
GPC1, and GPC4 and elicits anti-angiogenic effects. Additionally,
it interacts with integrin «581 and disrupts EC migration and prolif-
eration.®® Hence, its ability to inhibit neovascularization is of prime
importance to HCC prevention. Paradoxically, the increased
expression of endostatin correlates with elevated VEGF levels
and tumor stages, and this is associated with a poor prognosis
in HCC.®” Owing to its influence on tumor angiogenesis, we spec-
ulate that endostatin may play an important role in predicting re-
sponses to targeted therapies and ICls.

GAGs (hyaluronic acid)

Hyaluronic acid (HA) is a GAG composed of repeating disaccha-
rides that form chains of variable length.®® The HSCs secrete HA
in the liver and act through its native ligand transmembrane re-
ceptor, CD44.%° Mechanical forces, oxidative stress, injury,
and inflammation that occurs in the CLDs produce HA break-
down products. This activates TGF-8 signaling, which increases
cell proliferation, migration, and invasion and aids in the develop-
ment of HCC (Figure 1B).°°? HA promotes immune responses
through the maturation of antigen-presenting cells and helps in
cell migration and angiogenesis.’® HA promotes EC proliferation
and migration and neo-angiogenesis through endogenous
release of VEGF by its binding to the receptor CD44, a receptor
for hyaluronan-mediated motility (RHAMM), and to Toll-like
receptor-4 (TLR-4) in the development and progression of tu-
mors.?* Indeed, RHAMM is upregulated in HCC and is positively
correlated with the stage, degree of vascular invasion, and tumor
recurrence and is associated with poor overall survival (OS) and
disease-free survival (DFS).%°

Osteopontin (OPN)

OPN is a phosphorylated glycoprotein that is widely expressed in
many cells such as T cells, B cells, myeloid cells, NK cells, and
osteoblasts. It is found in excess in chronic inflammatory stages
like alcoholic liver disease, NAFLD, cirrhosis, liver fibrosis from
hepatitis, and HCC.®°” Secreted OPN is markedly elevated in
the plasma of patients with HCC and has been proposed as a
diagnostic marker.”® OPN is associated with tumor grade, tumor
size, and recurrence of HCC.%®'%° It binds to CD44 and integrin
receptor a,B3 and induces proliferation, infiltration, metastasis,
and tumor progression through mitogen-activated protein ki-
nases (MAPKSs), nuclear factor kB (NF-«B), and the PIK3/AKT
pathway (Figure 2A).%%°°19" OPN promotes HCC by increasing
reactive oxygen species (ROS) by activating the JAK2/STAT3/
NADPH oxidase 1 (NOX1) pathway.?” OPN levels can be used
to predict the prognosis of HCC and are associated with poor
0S and DFS.'® OPN also induces angiogenesis via VEGF-
PI3K/AKT/ERK1/2 stimulation in ECs.'%> OPN inhibits cytotoxic
T-lymphocytes; thus, tumors likely modulate OPN expression
as a measure to control the balance between immune tolerance
versus escape.'’® Furthermore, deletion of OPN in mouse HCC
models decreased the infiltration of tumor-associated macro-
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phages (TAMs) and T cells, which helped to establish an anti-
PD-L1 blockade in these tumors."%*

OTHER ECM PROTEINS INVOLVED IN THE
DEVELOPMENT AND PROGRESSION OF HCC

The expression of versican, a chondroitin sulfate PG, was found
to be increased in advanced liver fibrosis caused by viral
hepatitis, fatty liver disease, and liver cirrhosis.'®® As essential
components of the BM, agrin, versican, and perlecan are
upregulated in HCC.% Cystine-rich protein 61, or CCN1, is a
matricellular protein associated with the ECM, and it is involved
in the proliferation, migration, and apoptosis of cells. It is also
secreted in high amounts during liver injury/inflammation and
promotes proliferation of HCC cells.'®”'%® CCN1 may be associ-
ated with the progression of the hepatic cirrhosis-HCC axis
through activation of HSCs.'® CCN1 is also involved in sup-
pressing hepatic carcinogenesis. It inhibits EGFR-dependent
hepatocyte proliferation through integrin 681 and subsequent
ROS production.'®® Another ECM matricellular protein that as-
sembles collagen fiber is osteonectin, a secreted protein acidic
and rich in cystine (SPARC). Its increased expression in cirrhosis
and HCC induces collagen deposition, recruitment of inflamma-
tory cells, production of TGF-B1, and mesenchymal stem cell
proliferation.’'® Thrombospondin-1 (TSP-1) is a glycoprotein
that regulates cell-matrix interactions and is usually expressed
more in pathological conditions.’'" In patients with congenital
liver fibrosis, alcoholic cirrhosis, and NASH-related cirrhosis,
TSP-1 is expressed in higher amounts."'?

THE DISORGANIZED ECM ORCHESTRATES
MECHANOTRANSDUCTION IN THE LIVER TME

Cells experience a variety of physical forces including tension or
compression, shear stress of circulating blood, and static
mechanical forces.''® These inputs are processed as defined
signaling responses within cells, a process termed mechano-
transduction. A well-regarded concept is that CLDs marked by
excessive ECM deposition may confer physical stress to under-
lying hepatocytes, portal fibroblasts, LSECs, and HSCs. The
forces experienced by these cells and reinforced by the ECM
are measured as elastic modulus | and shear modulus (G), which
largely can be used to define rigidity parameters. Real-time
shear-wave elastography has revealed that liver stiffness drasti-
cally increases from 1-2 to 5-6 kPa during cirrhosis and/or
fibrotic stages. In HCC, stiffness values of tumor-laden livers
could range in excess of 20 kPa.'®'° The ability of tissue stiffness
to mediate broadscale changes to the HCC TME requires further
analysis. Despite observations suggestive of increased stiffness
in the presence of liver tumors, the overall consistency of HCC
nodules remains heterogeneous, especially when compared
with non-tumor liver areas. As such, the degree of local stiffness
may vary based on nodule size, region of interest within tumors,
stage of disease (early versus metastatic), and clinical interven-
tions used on patients. Similarly, HCC cells cultured on mechan-
ically tunable “stiff gels” that conferred mitogenic signaling-
dependent growth versus those on “soft gels” simulated stem
cell properties."' Therefore, we propose that aberrant and
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Figure 3. A disorganized liver ECM impacts immune surveillance machinery

A low ECM complexity state within the matrix triggers tumor necrosis factor (TNF) and interferon y (IFN-v) to facilitate Kupffer cell and natural killer (NK) cell
migration and recruitment within tumors for efficient phagocytosis and killing of cancer cells. Moreover, Kupffer cells stimulate regulatory T cells (Tregs) to recruit
cytotoxic CD8™ T cells that are induced by increased TNF and IFN harbored within a compliant ECM. CD8" T cells release perforin and granzyme to mediate tumor
killing. With increased ECM disorganization, high collagen and elastin fiber deposition create a stiff matrix for trapping NK cells. Increased pro-angiogenic growth
factors (VEGF, IL-8, and PDGF ) and matrix metalloproteinases MMP9 and MMP14 generate abnormal vasculature and an EMT that favors tumor growth via TAM
recruitment. Highly contractile CAFs also stimulate an EMT under the guidance of TGF- and IL-6. Independently, a stiff ECM also induces PD-L1 via dendritic
cells (DCs), TGF-B, and cyclooxygenase-2 (COX2), all of which suppress CD8* T cell activity to generate a pro-tumorigenic immune response.

selective deposition of ECM components needs to be consid-
ered in addition to overall tumor stiffness to comprehend HCC
progression. The abnormal tissue stiffness is likely an outcome
of anomalous ECM deposition primarily by HSCs and hepato-
cytes. Substrate stiffness is sufficient to activate FAK, proto-
oncogene-protein tyrosine kinase Src, Ras homolog gene family
member (RhoA), and YAP/TAZ mechanosensors in HSCs.''>"¢
FAK-YAP mechanosignaling activates gene transcription for
HSC activation and mediates durotaxis/migration of HSCs
toward a stiffer environment, which promotes increased
production of ECM proteins, further increasing matrix rigidities
(Figure 2A). The mechanical force from the increased stiffness
in the ECM induces activation of integrins and the formation of
complexes on cell membranes comprised of actin-binding
proteins and signaling molecules such as FAK, Src, and PI3K.
The biochemical signaling from these complexes through
RhoA and direct force transfer through actin filaments, i.e.,
external forces that can cause gene transcription, actomyosin
contractility, and cytoskeleton remodeling, results in the dedif-
ferentiation, proliferation, adhesion, and migration of hepato-
cytes (Figure 2A). The mechanosignaling induced from sheer
stress also leads to the release of hepatocyte growth factor in
a VEGFRS-integrin p1-dependent fashion, which supports the
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proliferation and survival of hepatocytes and angiogenesis.'"”
PGs such as agrin and SDC1 are effectors of “outside-in” me-
chanotransduction that reside at the interface of a stiff ECM
and cancer cells”®®" (Figures 2A and 2B). In addition to its impact
on cancer cells, the stiffened microfibrotic niche modulates the
function of LSECs and angiogenesis, leading toward liver fibrosis
as precursor events toward HCC."'®

IMPACT OF A DISORDERED LIVER ECM ON THE
IMMUNE SURVEILLANCE MACHINERY

Intrinsic immune surveillance forms an important barrier to
cancer progression.''® However, cancer cells override this im-
mune-surveillance repertoire by generating an immunosuppres-
sive TME. The reduced recognition of tumor antigens; the accu-
mulation of cells with negative regulatory immune activity such
as regulatory T cells (Tregs); the presence of B regulatory cells,
myeloid-derived suppressor cells (MDSCs), or M2-polarized
TAMSs; and the upregulation of coinhibitory lymphocyte signals
including immune checkpoint ligands and receptors cumula-
tively reflect traits of an immunosuppressive TME.'?° Interest-
ingly, the ECM directly modulates immune responses and
influences immune responses through the modification of
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growth factors, cytokines, and other components in the TME
(Figure 3). TGF-B1, which is secreted by the ECM during chronic
inflammation, increases the rate of hepatocyte death and
transdifferentiates HSCs to myofibroblasts that enhance the
deposition of ECM proteins and fibrosis.'?"'?? It can also drive
both pro-inflammatory as well as inhibitory immune responses
that are pro-tumorigenic (Figure 3). TGF-B1 causes impairment
of NK cell activity and polarizes macrophages toward the
M2 phenotype associated with immunosuppressive func-
tions.'?>12% At the same time, it causes terminal differentiation
of Tregs, which negatively regulates liver inflammation.'?®
Importantly, TGF-B1 is a driver of matrix stiffness that modulates
the invasiveness of HCC cells.'?® However, little is currently
known about the impact of TGF-B1-induced mechanotransduc-
tion on specific immune compartments in the liver tissue.
Moreover, distinct macrophage and Kupffer cell populations
exist within specialized zones in healthy versus cancerous liver
tissues. A specialized group of macrophages termed as LAMs
(lipid-associated macrophages) have been shown to be induced
by lipids within steatosis regions of liver tissues.?*

The bioactive domains in the ECM proteins act as ligands for
several immune cell receptors and potentially participate in
heterotypic “lock and key” ligand-receptor interactions in the
liver TME. For example, most of the immune cells including
T cells, B cells, NK cells, macrophages, and monocytes express
LAIR-1, and the interaction of collagen with LAIR-1 creates an
immunosuppressive TME."?” CCN1 induces macrophage adhe-
sion and activation through integrin auB,, '°” allowing the infiltra-
tion of macrophages in the liver. Further, CCN1 induces the
expansion of MDSCs that suppress T cell proliferation.'%” 23

Another limitation in cancer immunotherapy is that TAMs can
suppress the activity of tumor-associated T cells and support tu-
mor growth and the notion that TAM subtypes may also vary
across the spectrum of solid cancers.'”>'*° Macrophages
cultured in high-density collagen (representative of increased
matrix rigidity) were capable of inhibiting T cell proliferation
and attracting cytotoxic T cells'®' (Figure 3). ECM-sequestered
TGF-B1, besides providing matrix stiffness, also promotes the
M2 polarization of TAMs."®?> When cancer cells are presented
as tumor antigens, effector T cells are activated and migrate to-
ward the TME, where they selectively kill cancer cells by releasing
granzyme, perforin, and interferon-y (IFN-y).'*® This cancer-sup-
pressive immune response is inhibited by immune checkpoints
and VEGFs."®* The abnormal deposition of ECM components
may pose an inhibitory barrier for normal immune surveillance
and may prevent cancer cell death by decreasing tumor-derived
antigens (Figure 3). There are multiple scenarios by which matrix
stiffness caused by aberrant ECM proteins can regulate immune
responses in the liver TME, such as through NK cell trapping, TAM
recruitment, and PD-L1 expression (Figure 3). During the inflam-
matory stage of hepatocytes in NASH and HCC, the number of
NK cells and cytotoxic CD8* T cells increases. The NK cells pre-
vent liver fibrosis by destroying the HSCs that initiate fibrosis. The
cytolytic CD8" T cells target the cancer cells via perforin and gran-
zyme B secretion (Figure 3)."*® However, the stiff ECM in HCC
serves as a physical barrier to the migration and infiltration of
NK cells and CD8" T cells into the tumor, which disrupts immune
recognition and tumor cell destruction processes.'** Indeed, the
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stiffness of the TME can upregulate the expression of PD-L1 and
subsequently lead to rapid tumor growth.'*® Interestingly, the
“lock and key” simulated functional interaction has been recently
validated between HCC tumors and their immune cell counter-
parts via multiregional single-cell RNA sequencing.'®” The inter-
action between OPN with prostaglandin E receptor-4 (PTGER4)
in TAMs is predictive of poor survival among patients with
HCC."®" Hence, the dysregulated ECM may affect ICI responses
in the following ways: (1) formation of a dense matrix barrier that
interferes with ICI diffusion and access to cancer cells, (2)
increased ECM disorganization and its altered stiffness may act
as an immune-cell trap, thereby preventing the immune-surveil-
lance machinery from accessing certain regions of tumors, and
(8) creation of a hypoxic liver environment that alters angiogenesis
and impacts ICI activity.

CURRENT THERAPEUTIC INTERVENTIONS TARGETING
ECM IN HCC: WHAT HAVE WE LEARNED FROM OTHER
CANCER MODELS?

Anti-PD-L1 atezolizumab in combination with anti-VEGF agent
bevacizumab has been approved as the first-line treatment in
HCC.° Several other ICls, such as nivolumab and pembrolizumab,
have also been used as single-agent treatments in HCC with good
response.’'?’ However, some patients do not respond to ICls.
Despite the extensive usage of different ICls in different combina-
tions, there is a lack of suitable biomarkers that can predict which
ICls and their combinations would be appropriate to use in HCC. It
could be speculated that one of the reasons for the decreased
response to ICls could be the immunosuppressive TME that is
generated by the disorganization of the ECM. Through the
above-mentioned mechanisms, the disorganized ECM in HCC
helps tumor cells to evade the immune system and promotes
rapid tumor cell proliferation, angiogenesis, decreased apoptosis,
and metastasis (Figure 3). The utilization of renin-angiotensin sys-
tem (RAS) inhibitors (RASis) such as angiotensin-converting
enzyme inhibitors (ACEis) and angiotensin receptor blockers
(ARBs) have shown to improve survival in patients with HCC.'%®
Moreover, patients treated with sorafenib and RASis had better
overall outcomes.'*® Though the mechanistic involvement of
how RASis may act in HCC remains to be resolved, insights
derived from pancreatic cancers should pave the way forward.
The main target of RASi acts on Angll/AT1R signaling,
which shapes the TME by supporting an immunosuppressive
milieu."®%"“° Preclinical studies confirmed that the angiotensin in-
hibitor losartan impacts stromal collagen and hyaluronan produc-
tion associated with decreased expression of profibrotic signals
TGF-B1, CCN2, and ET-1. Losartan reduced bulk stress in tu-
mors, resulting in increased vascular perfusion that increased in-
tratumoral delivery of RASis.'*" Similar to liver diseases, obesity
also increased desmoplasia and impaired drug delivery, both of
which were shown to be reversed by genetic and pharmacolog-
ical inhibition of angiotensin-Il type-1 receptor.'* Patients with
locally advanced PDAC who received neoadjuvant FOLFIRINOX
and losartan followed by chemoradiotherapy were associated
with improved survival.'*® Thus, the anti-fibrotic effect and the
RAS signaling blockade could be beneficial in halting tumor pro-
gression.'®® 149141 The targeted therapies in HCC with their
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Table 1. Potential impact of targeted therapies and their combinations on ECM components in HCC

Targeted therapies Pharmacological target

Affected ECM protein

Single-agent ICI

Pembrolizumab PD-1 TGF-p1'4®

Nivolumab PD-1 collagen'#*14°

Dostarlimab® PD-1 collagen'##14°

Durvalumab? PD-L1 collagen #4145

Combination ICI therapies

Atezolizumab + bevacizumab PD-L1 + VEGF VEGF, fibronectin, “° collagen'** %>
Ipilimumab + nivolumab CTLA-4 + PD-1 pro-collagen type-III"*’

Durvalumab + tremelimumab PD-L1 + CTLA-4 pro-collagen type-Ill"*”
Pembrolizumab + lenvatinib PD-1 + TKI collagen™*14°

Atezolizumab + cabozantinib PD-L1 + TKI collagen'**'*°

Other targeted therapies

Sorafenib multiple receptor tyrosine kinases (RTKs) agrin, VEGF>""

CAR T cell therapy immunotherapy GPC3"""7®

GC33 monoclonal antibodies GPC3"""?

GPC3 peptide vaccine vaccines GPC3""""®

Recombinant endostatin peptides VEGF (ClinicalTrials.gov: NCT03208335)
ACEi and ARBs RASis collagen, hyaluronic acid’*°

2In view of the lack of evidence for HCC-specific studies, the role of collagen as a key mediator of anti-PD-1 (dostarlimab) and anti-PD-L1 (durvalumab)

resistance remains speculative.

targets and possible interacting ECM proteins are illustrated in
Table 1.

As collagen deposition and stiffness of the ECM is the main un-
derlying reason for the progression of fibrosis and HCC, different
collagen isoforms may be useful as potential targets for treat-
ments. In other solid tumors such as in lung, increased collagen
deposition is resistant to PD-1/PD-L1 inhibitors.'** Therefore,
therapies directed toward the reduction of collagen may in-
crease T cell infiltration to the tumor and reverse the resistance
to ICls. Cetuximab, an anti-EGFR antibody, can achieve longer
periods of retention in collagen-abundant tumors without loss
of efficacy and has shown better therapeutic effects.’*® Like-
wise, the retention of anti-inflammatory antibodies at the inflam-
matory site can be enhanced by conferring a collagen-binding
affinity and increasing their therapeutic efficacy.'*® By restoring
normalcy within the liver vasculature, the combination of anti-
PD1 and VEGFR2 has been shown to sensitize HCC cells toward
targeted therapy and improve survival.'*°

Targeting of mechanotransduction at the interface of ECM and
liver cancer cells may also represent a new paradigm in HCC
therapies. For instance, antibodies targeting agrin reduced
oncogenic signaling and liver tumorigenesis by reducing mecha-
nosignaling and tumor angiogenesis.”® Agrin can be secreted by
HSCs upon activation by PDGF.”” Sorafenib reduced inflamma-
tion, fibrosis, and liver carcinogenesis through PDGF receptor in-
hibition, which decreased agrin secretion.>’” Thus, agrin can be
considered an emerging therapeutic target in HCC.

CONCLUSIONS AND FUTURE DIRECTIONS

We propose a three-pronged strategy to better understand ECM
complexity in driving HCC. First, identify the liver cell types that
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cause differential deposition of ECM proteins across different
stages of cancer initiation and cause heterogeneity in local stiff-
ness of liver tissues and signaling responses. Second, ECM
components may serve as biomarkers of HCC and predict re-
sponses toward ICI therapies. Therapy-induced changes in the
ECM of liver tissues that create a matrix for disease recurrence
need special attention. Third, owing to their prominent role in
bidirectional feedback in the liver TME, ECM proteins can be
potentially targeted to decrease inflammation, fibrosis, and
HCC progression based on their relative spatial and temporal
distributions. Here, we anticipate that anti-ECM targeting strate-
gies will “loosen up” ECM density, thereby allowing therapies
access to cancer cells. Monoclonal antibodies to ECM proteins,
engineered fusion constructs containing bioactive domains of
ECM moieties, and their associated growth factors, as well as
PD-L1 antibodies (Fab portion), could serve as novel recombi-
nant decoy protein traps that provide specificity for targeting
aggressive tumor regions. These may antagonize an immuno-
suppressive liver TME and improve the delivery of standard-of-
care therapeutic agents. In summary, we are hopeful that future
clinical trials focusing on ECM targeting strategies will pave the
way forward for the development of new and effective HCC-re-
straining therapies.

OUTSTANDING QUESTIONS

® How can advanced transcriptomics and proteomic
approaches comprehend ECM heterogeneity in the
liver TME?

® Is the connection between aberrant ECM deposition and
matrix stiffness merely a correlative phenotype in HCC or
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a reflection of initiatory steps in HCC that contribute to a
CLD-prone microenvironment?

® Are there any correlative and reliable ECM biomarkers for
HCC tumor burden that predict responses to therapies?
If so, does prolonged TKI/ICI therapy induce changes in
these ECM proteins that may promote HCC recurrence?

o What are potential strategies to target key ECM compo-
nents in HCC? Can a single agent or combination with pre-
sent standard-of care treatments be utilized?

® How do we estimate the crosstalk of immune surveillance
machinery in rendering changes to the ECM architecture
with tumor progression? Would multiregional sequencing
of tumors identify local differences in immune responses
and the heterogeneity of immune cells?
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