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Abstract

Hepatocellular carcinoma (HCC) is the most common primary liver tumor and the third cause of
cancer-related death worldwide, and its incidence is increasing. Despite the significant
improvement in HCC management in the last 30 years, there are no effective chemoprevention
strategies, and only 1 systemic therapy has been approved for patients with advanced tumors. This
drug, sorafenib, acts on tumor cells and the stroma. HCC develops from chronically damaged
tissue that contains large amounts of inflammation and fibrosis, which also promote tumor
progression and resistance to therapy. Increasing our understanding of how stromal components
interact with cancer cells and the signaling pathways involved could identify new therapeutic and
chemopreventive targets.

Keywords
Liver Cancer; extracellular matrix; angiogenesis; chemoprevention

HCC is the most frequent primary form of liver cancer and the third most deadly tumor
globally, following lung and stomach cancers!. With more than 750,000 new cases
diagnosed every year worldwide, HCC is the sixth most common neoplasm 2. Unlike other
carcinomas, its incidence is steeply increasing, mainly due to the increasing prevalence of
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advanced hepatitis C virus (HCV) infection. HCC commonly arises in the setting of
cirrhosis (>80% of cases), appearing 20-30 years following the initial insult to the liver. The
use of antivirals and vaccination has successfully diminished the incidence of hepatitis B
(HBV)-related HCC, although there are no effective chemopreventive strategies to attenuate
the development of cancer once cirrhosis is established3. Most HCC patients are diagnosed
at advanced/symptomatic stages when limited therapeutic options are available. The results
of the randomized Phase-I11 SHARP (Sorafenib HCC Assessment Randomized Protocol)
trial demonstrated that the multikinase inhibitor sorafenib improved overall survival of
patients with advanced HCC#, representing a breakthrough in the clinical management of
this cancer.

The liver tumor microenvironment (TME) is a complex mixture of tumoral cells within the
ECM, combined with a complex mix of stromal cells and the proteins they secrete.
Together, these elements contribute to the carcinogenic process. Cancer cells do not
manifest the disease alone and the stroma is inappropriately activated in cancer to contribute
to malignant characteristics of tumor cells. The TME and the tumor cells create a complex
cellular system with reciprocal signalling (Figure 1).

Stromal components of the ME can be divided into three subclasses: angiogenic cells,
immune cells and cancer associated fibroblastic cells. There is growing evidence of the
contribution of stromal cells to the hallmarks of cancer: sustaining proliferative signalling,
evading growth suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, activating invasion and metastasis, reprogramming energy metabolism and
evading immune destruction®. Alterations within the microenvironment, in particular in
stromal fibroblasts, may influence tumor initiation in adjacent epithelia and promote
progression 8 7. Moreover, the ME also plays an important role in chemoresistance 89 and
drug delivery 10, Targeting stromal cells to abrogate their tumor-supporting role represents
an attractive therapeutic strategy.

The role of microenvironment in tumor initiation and progression in HCC is critical. For
instance, the status of non-tumoral tissue has an important role predicting tumor recurrence,
which affects 70% of patients after resection or local ablation 11, Typically, there are two
patterns of HCC recurrence: true metastasis of the primary tumor (generally within 2 years
following resection/transplantation, defined as ‘early recurrence’) and de novo tumor (after
2 years from treatment or ‘late recurrence’) 12: 13, Among these features, late recurrence is
generally dictated by the persistence of pro-tumorigenic signals within the damaged milieu
of the fibrotic and cirrhotic liver 14; distinct molecular subgroups of HCC have been
identified and linked to poor prognosis 1220, In another context, the information encoded
within the surrounding adjacent non-tumoral tissue is essential to predicting the outcome of
patients at very early stages (i.e., tumors less than 2 cm without vascular invasion or
extrahepatic spread), and has been suggested to be even more relevant than the genomic
profile of the tumor itself13. These findings highlight the profound involvement of a
dynamic network of non-tumoral cells, molecules and soluble factors in the generation of a
supportive and permissive environment for HCC initiation and progression.

In this review, we provide an overview of current knowledge on the role of the tumor
microenvironment in HCC and highlight potential prognostic and therapeutic implications.

The importance of the tumor microenvironment

The development and progression of HCC is a multistage process. A chronic insult (e.g.
HCV, HBV and alcohol) induces liver injury through oxygen species (ROS) production,
cellular DNA damage, endoplasmic reticulum (ER) stress, and necrosis of damaged
hepatocytes. Most HCCs arise in the setting of chronic hepatitis induced by HCV or HBV
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infection. HCV is a single-stranded RNA virus that cannot integrate into the host genome,
but triggers an immune-mediated inflammatory response that promotes neoplastic
transformation of damaged hepatocytes. Conversely, HBV can integrate into the genome of
infected hepatocytes and promotes hepatocarcinogenesis through sustained inflammatory
damage, hepatocyte regeneration and direct oncogenic transformation following integration
of the viral genome into host genes, and the transactivating potential of several viral
oncoproteins, especially HBx. The sustained dysregulation of the liver cell by HBV
infection can ultimately affect DNA repair mechanisms and promote mutational events,
which contribute to malignant transformation of hepatocytes.

The hepatic response involves the activation of hepatic stellate cells and macrophages,
which produce components of the extracellular matrix and growth factors that promote
migration of endothelial cells, neo-angiogenesis and fibrosis. This process is associated with
distortion of the parenchyma and vascular architecture characterized by progressive
capillarization, with reduction of endothelial cell fenestrae size, and deposition of basement
membrane components including collagen type IV and laminin within the space of Disse.
This process, in the context of inflammation and oxidative DNA damage, favors the
accumulation of mutations and epigenetic aberrations in pre-neoplastic hepatocytes or liver
stem cells, thereby promoting the development of dysplastic nodules and their malignant
transformation to early HCC 21, Therefore, HCC is not just a mixture of cells and
extracellular matrix (ECM); it contains several cell types that interact with each other and
the surrounding tissue, creating a complex interaction network within a permissive
microenvironment. The stromal components support tumor growth and promote invasion
through the stimulation of cancer cell proliferation, migration and invasion, and activation of
angiogenesis, which together determine the phenotype of the tumor.

Relevance of microenvironment in other malignancies

The link between inflammation and generation of a pre-neoplastic milieu has been reported
in many diseases, such as in the development of colorectal and pancreatic carcinomas in the
context of inflammatory bowel disease and chronic pancreatitis, respectively 22. Once the
cancer has been established, the contribution of the microenvironment to the regulation of
tumor behaviour has been well recognized for other malignancies, including breast, lung and
pancreatic carcinomas 23,

Abnormal ECM production and altered physical propertise are frequently reported in
malignancies. In breast carcinoma, for example, the tumor stroma is 10 times stiffer than
normal breast, partially due to excess activity of lysyl oxidase and accumulation of collagen
and other ECM components 24, Similarly, in pancreatic ductal adenocarcinoma, the large
amounts of ECM proteins, activated fibroblasts, stellate cells and inflammatory cells has
been described as a ‘fortress-like’ hypovascular barrier that impairs the delivery of
chemotherapeutics and promotes aggressive neoplastic cell behavior 22,

Different aspects of tumor biology, including development, progression and response to
therapy can be affected by components of the tumor microenvironment. In mice, the
recapitulation of human breast tumor orthotopic xenografts is largely determined by the
presence of human tumor-derived stromal fibroblasts. Accordingly, studies in human tissues
showed that tumor associated fibroblasts (TAFs) isolated from breast carcinomas promoted
the growth of breast cancer cells through the production of soluble factors, such as colony
stimulating factor 1 (CSF-1) 28. In line with these findings, gene expression studies from the
tumor microenvironment of human breast carcinomas reported up-regulation of several
factors, including chemokines with pro-tumorigenic function 27.
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The findings that the degree of activation of the stroma affects tumor growth and
progression has led to the concept of ‘stromal staging’, which has potential clinical utility.
For example, the increased production of ECM proteins including fibronectin, collagen 1V,
and tenascin C is associated with poor prognosis in patients with small cell lung

carcinoma 28, This is related to the activation of pro-survival and anti-apoptotic pathways in
neoplastic cells following their adhesion to components of the ECM, for example by the
stimulation of the PI3K/Akt pathway downstream of B1-integrins 2°. Furthermore, the
abundance of specific stromal cells correlates with patient outcome. In breast cancer, the
density of tumor-associated macrophages is associated with poor survival and reduced
response to chemotherapy 30. Furthermore, recent findings indicate that the detection of p53
mutations in the stromal component increases the likelihood of nodal metastasis, suggesting
that mutation-bearing stromal cells can provide a favorable setting for tumor spread 31.
Interestingly, the stroma may also mediate resistance to molecular therapies by secreting
growth factors (e.g. HGF/Met) that can stimulate survival responses and prevent apoptosis.
This indicates that the tumor microenvironment actively favors the selection and expansion
of celg!glar clones that are more likely to survive and adapt to the changes induced by stromal
cells =

Indeed, chemotherapy induces the production of CSF1, a chemo-attractant for macrophages,
which exacerbates tumor progression by promoting angiogenesis, invasion and metastasis of
neoplastic cells 33, In one study, the pharmacological blockade of macrophage recruitment
markedly improved the ability of the chemotherapeutic agent paclitaxel to slow the growth
of both primary and metastatic tumors 30, Finally, a stromal gene signature predicts
resistance to neo-adjuvant chemotherapy in estrogen receptor-negative breast cancer
patients 34,

Biological processes involved in tumor microenvironment

The precancerous milieu of chronic liver disease is characterized by neoangiogenesis,
including several vascular abnormalities such as arterialization and sinusoidal capilarization,
as well as inflammation and fibrosis. These biological processes become more pronounced
with progression of liver failure, where the incidence of cancer increases exponentially
(Figure 2). Synchronous events occurring in this setting also include hypoxia, oxidative
stress and autophagy.

Angiogenesis

Angiogenesis plays an important role in hepatocarcinogenesis from its early stages 3/. HCC
is a highly vascularized tumor; indeed, pathological angiogenesis is one of the main
contributors to chronic liver diseases. The hepatic wound healing response due to chronic
liver injury leads to fibrogenesis, a process that entails secretion of several pro-angiogenic
factors by the stromal cells, especially MMP, PDGF, TGFB1, FGF and VEGF. Moreover
ECM deposition and anatomical alterations during the fibrogenic process provoke resistance
to blood flow that reduces metabolic exchange of oxygen, favoring hypoxia.

Indeed, gene expression of vascular endothelial growth factor (VEGF), the most critical pro-
angiogenic factor, is already induced in dysplastic nodules and further increases according to
the progression of HCC development 37. Once the tumor is established, the survival of
neoplastic cells requires the formation of a new vascular network to provide nutrients and
oxygen. The angiogenic process in HCC is complex and tightly regulated, resulting from the
balance between multiple angiogenic and anti-angiogenic factors from the tumor and the
host cells. Growth of the tumor mass creates a nutrient and oxygen-deprived environment,
which induces the activation and proliferation of endothelial cells (EC) to sprout new vessels
from pre-existing ones3®. EC become proliferative and liberate enzymes to disrupt the
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basement membrane, and they eventually migrate to their final location where they assemble
to form a new vessel together with the ECMS3®,

The expression of VEGF correlates with HCC aggressiveness®’. The effects of VEGF are
transduced following binding to its receptors, VEGFR1 and VEGFR2 to activate several
signaling pathways involved in proliferation, migration and invasion of EC38, In addition,
VEGF can function as a cytokine that directly affects hepatic stellate cells, Kupffer cells and
hepatocytes3® 40, and mediates the dissolution of the vascular basement membrane and the
interstitial matrix3’. VEGF and angiopoietin-2 (Ang-2) plasma levels have been identified as
independent prognostic biomarkers in patients with advanced HCC*1. Ang-2, is frequently
up-regulated in HCC and boosts the effect of VEGF on EC#2. Moreover the Tie-2 receptor is
expressed by both EC and stellate cells, further emphasizing the complex orchestration of
angiogenic regulation in liver tumors.

Fibroblast growth factor (FGF) is a member of the heparin-binding growth factors that acts
synergistically with VEGF to induce angiogenesis, while platelet-derived endothelial cell
growth factor (PDGF) is involved in cell migration and new vessel maturation. Cancer cells
secrete PDGF, which acts through a paracrine mechanism that involve other cells types as
EC and fibroblasts, and correlates with cancer progression#3. Other significant mediators in
tumor neoagiogenesis are integrins and cadherins, which mediate cell-matrix and cell-cell
interactions respectively to establish contacts required for new vascular tube formation3®.

Inflammation

HCCs usually arise in a diseased liver with a dynamic inflammatory environment that
predisposes to cancer initiation. Inflammation, an essential part of the liver’s wound healing
response and undoubtedly beneficial in a short term, perpetuates chronic injury. Chronic
inflammation drives a maladaptive reparative reaction and stimulates liver cell death and
regeneration, eventually associated with the development of dysplastic nodules and cancer
(Figure 3).

Several inflammatory mediators have been implicated in sustained inflammation and
immunosuppression associated with HCC development. Carcinogenesis is associated with
persistent cytokine production than can stimulate many liver cell types with a variety of
unique as well as redundant interactions. Altered cytokine profiles have been described in
HCC not only in tumor cells, but also in the surrounding tissue, however the full portrait of
their mechanistic role remains uncover. A predominant role of the Th2-like (IL-4, IL-8,
IL-10 and IL-5) cytokine compared to Thl-like (IL-1a, IL-1B, IL-2, TNFa) in the
microenvironment has been associated with a more aggressive and metastatic HCC
phenotype?* 45, 1L-6 is an abundant cytokine in cirrhotic livers and produced by KC in
response to hepatocyte damage and potent activator of STAT3, and its elevation in serum is
associated with risk of HCC and poor prognosis 13 46, Moreover, modulation of the
inflammatory microenvironment by suppression of HGF and IL-6 production by estrogens,
represses HCC metastasis?’. High IL-22 levels have been detected in the HCC
microenvironment, leading to tumor growth, inhibition of apoptosis, and promotion of
metastasis due to STAT3 activation®®. 1L-10 up-regulation is also present in HCC
tumors#?: 50 as well as in their microenvironment*2 and confers a high risk of progression
after resection. However, its specific risk in HCC development remains unknown. Higher
IL-2 and IL-15 in the peri-tumoral liver tissue is also associated with a decreased rate of
intrahepatic tumor recurrence and prolonged overall survival®l.

Chemokines (e.g. CXCL12, CX3CL1, CCL20) are cytokine-like molecules with
chemotactic properties critical to cell trafficking into and out of the tumor
microenvironment. They orchestrate the inflammatory response though their binding to four
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families of receptors (CCR, CXCR, CX3CR and XCR) found mainly in inflammatory,
endothelial and epithelial cells. Chemokines have been implicated in many key steps of
cancer development including evasion of the immune system, angiogenesis, invasion and
dissemination52, The CXCL12-CXCR4 axis is especially important in angiogenesis
regulation, and is highly expressed in HCC compared to cirrhosis®3. CXCL12 binds CXCR4
in endothelial cells and promotes migration, proliferation and development of new vessels,
acting synergistically with VEGF>1. It has also been implicated in HCC growth, invasion
and metastasis®®: %6

Another important axis in HCC regulation is the CCL20-CCR®6, which mediates the
recruitment of circulating regulatory T cells (Tregs) into the tumor microenvironment. Its
up-regulation is associated with tumor growth promotion, a low level of differentiation and
the presence of intrahepatic metastasis®’. NF-kB and STAT3 are signalling pathways
involved in the hepatic inflammatory response to injury that is critical for liver regeneration
with overlapping target genes. NF-kB plays a role in hepatocarcinogenesis, however its
function varies depending on the mouse model and type of injury applied. In humans, pro-
inflammatory stimuli such as hepatitis viruses®® and free fatty acids® activate NF-kB, which
might initiate and promote HCC in the inflamed liver. STAT3 remains inactive in non-
stimulated cells and becomes rapidly activated through phosphorylation by cytokines and
growth factors produced within the tumor microenvironment. Active STAT3 has been
detected in HCC specimens, and is associated with a more aggressive phenotype and poor
prognosis®o.

The gut microbiota also plays a role in HCC pathogenesis. Chronic liver disease is often
associated with translocation of the intestinal bacteria and gut derived LPS via TLR4 can
amplify the tumorigenic response of the liver to promote HCC 61-63,

Several growth factors regulate the immune and inflammatory response in the HCC
microenvironment, in particular TGF-g, HGF and EGF. Transforming growth factor
(TGFB), a tumor suppressor in normal and premalignant cells acts as an oncogenic growth
factor in cancer cells®4. It is expressed mostly in stromal cells rather than malignant
epithelial cells and is markedly increased in HCCS®. Reduced expression of TGFB receptor
Il has been correlated with a poor prognosis in HCC, as defined by larger tumor size, poor
differentiation, intrahepatic metastasis and shorter recurrence-free survival®®. FGF and
Hepatocyte Growth Factor (HGF) control proliferation and invasion of HCC cells®6: 67,
Overexpression of the HGF receptor c-Met has been detected in several human tumors®®
including HCC, where it is associated with a poor outcome. Similarly, a c-Met-regulated
expression signature defines a subgroup of HCC with a poor prognosis and aggressive
phenotypeb®. Epidermal growth factor receptor (EGFR) also plays an important role in
tumor progression and tumor-associated angiogenesis via regulation of several angiogenic
factors, with a direct effect on tumor and endothelial cells’®.

The ECM is essential to support the liver’s architecture and constantly interacts with the
environment, allowing signal transduction and changes in gene expression’L. In disease, the
activity of the ECM remodeling enzymes is deregulated, leading to a fibrotic
microenvironment characterized by increased stiffness and abundance of growth factors that
contribute to tumorigenesis’t. An excess of ECM production together with a reduced ECM
turnover characterizes liver fibrosis. Deregulation of collagen cross-linking and ECM
stiffness plays a causative role in cancer pathogenesis by enhancing integrin-signalling’2.
This situation leads to an excessive deposition of fibrillar collagen types I and Il and
fibronectin in the liver. There is also enhanced growth, survival and proliferation of tumoral
cells through regulation of the integrin family. Integrins a1pl1 and a2p1 have also been
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implicated in progression and cell invasion’3, as their inhibition reduces migration of liver
cancer cells induced by several growth factor (TGFp1, EGF or bFGF).

Deregulation of ECM homeostasis directly affects epithelial cells and leads to cellular
transformation and metastasis. Tumor growth requires the breakdown of pre-existing
boundaries and rearrangement of liver tissue, a process mainly regulated by
metaloproteinases (MMPs) and Tissue Inhibitor of Metalloproteinases (TIMPS). Over-
expression of MMPs can compromise the basement membrane barrier and facilitate tissue
invasion by cancer cells. HCC is associated with a higher proteolytic activity, high MMP2
levels. Moreover, an imbalance between MMP2 and TIMP2 correlates with the occurrence
of metastasis, leading to a poor outcome’. Linear and thick collagen fibers are often found
in areas with active tissue invasion’® and vascularization’®, and several studies have shown
that tumor cells migrate on collagen fibers’®.

ECM is also essential for tumor angiogenesis. To initiate vascular branching, the basement
membrane must be removed mainly by MMPs. ECM is also involved in vessel lumen
formation, tubulogenesis and deposition of a supportive basement membrane. Notably,
tumor new vasculature is more porous and leaky than normal’’: 78, facilitating immune cell
infiltration, metastasis and tumor progression. ECM also modulates activation of immune
cells and can regulate T cell activation’® and immune cell differentiation, for example by
impairing the normal maturation of T helper cells’?: 80,

ECM stiffness also plays an important role in HCC development. Lysyl oxidase 2, an
enzyme able to modify ECM stiffness via promoting cross-linking of fibrilar collagen 1 is
involved in the creation of a pathologic stroma able to promote tumor growth and
metastasis®l.

Other biological processes

Hypoxia—Although HCC is a highly vascularized tumor, neoplasic vessels are functionally
abnormal and areas of hypoxia are common. Reduced oxygen availability induces
expression of hypoxia-inducible factor 1 (HIF-1), a major transcription factor that regulates
the expression of several genes with critical roles in angiogenesis, immune evasion, invasion
and metastasis®2. Hypoxia stimulates growth and blocks apoptosis of HCC, and levels of
HIF-1 correlate with a worse prognosis83.

Oxidative stress—Cancer cells, besides generating oxidative stress intrinsically, are also
exposed to a pro-oxidant environment generated by several stromal components4.
Overproduction of ROS provokes nitrosative and oxidative stress through interaction with
DNA, RNA, lipid and proteins, leading to an increase in mutations, genomic instability,
epigenetic changes, and protein dysfunction. Fibroblast activation is profoundly affected by
oxidative stress and produces several mediators implicated in tumor progression. Tumor
associated macrophages (TAM) can generate ROS due to activation NOX2 and iNOS that
promote tumor progression, invasion and metastasis. Moreover, tumoral conditions such as
hypoxia produce oxidant species that promote DNA mutations in neoplastic cells. Recently,
mutations in specific genes (RPS6KA3-AXIN1 and NFE2L2-CTNNBL1) that alter Wnt/p-
catenin signaling have been associated with oxidative stress and metabolism that cooperate
in liver carcinogenesis8®. Moreover, altered oxidative stress pathways in noncancerous
human liver tissue can predict hepatocellular carcinoma recurrence. High levels of ROS
promotes invasiveness of hepatic tumor cells86 and contribute to tumor invasion via MMP
production.

Autophagy—Autophagy, a catabolic process up-regulated under metabolic stress
conditions, is induced in tumor microenvironment. Stromal components are exposed to
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oxidative stress conditions induced by cancer cells that together with hypoxia induce
autophagy®’. Autophagy in the tumor stroma acts as a pro-survival mechanism that
generates energy able to fuel cancer cells alleviating the metabolic imbalance and promoting
survival®8. It has been postulated as one of the escape mechanism for cancer cells during
antiangiogenic treatment89. Although the role of autophagy in the setting of HCC is still
under development, defects in autophagic genes (BECN1, ATG7) have been described in
HCC cells 99 91, Autophagy modulation has been identified as s promising therapeutic
strategy in combination with molecular target therapy®2.

Cellular components of the HCC microenvironment

HCC usually arises in a severely perturbed microenvironment that hastens dysfunction of
epithelial cells and malignant transformation. Targeting the components of the
microenvironment therefore emerges as a rationale preventive strategy (Figure 1). Here we
describe the main cellular components in the microenvironment and identify potential
molecular targets for therapies.

Immune cells

HCC is rich in immune cells. Tumor infiltrating lymphocytes (TIL) are the primary immune
component in solid tumors and are comprise a host antitumor reaction®3. Most TIL cells are
CD4+ (helper or Treg cells). Treg cells have a detrimental impact in cancer development, as
they promote immune tolerance to neoplastic cells. Tregs usually infiltrate HCC, and a
predominance of Treg over TCD8+ is associated with a worse prognosis®*; additionally,
Treg levels have been correlated with HCC stages®. Myeloid-derived suppressive cells
(MDSC) also play a role in T cell regulation and induction, favoring a suppressive immune
response within the microenvironment%. Increased secretion of 1L-17 by CD4*
lymphocytes in HCC also correlates with increased postoperative recurrence following
resection®”. MDSC and Treg are both important in the establishment and promotion of
immune suppression. Dendritic cells (DC) are decreased and dysfunctional in patients with
HCC, and contribute to the insufficient immune antitumoral response. DC vaccination has
even been proposed as an antitumor therapy in HCC, but would first require a better
understanding of the hepatic microenvironment for its full development 9.

Fibroblasts and macrophages

TAFs are the major source of collagen in the HCC stroma however their origin is still a
matter of debate. They differ from normal fibroblast in their ability to secrete high levels of
stromal cell-derived factor 1 (SDF-1) and CXCL12, and promote tumor growth and
angiogenesis?. There is a complex crosstalk between TAF and tumor cells. For instance,
both can secrete PDGF and TGF that leads to stellate cell activation and consequently
ECM deposition, but they also enhance growth and migration of cancer cells1%, TAF also
interact with the microvasculature by secreting VEGF and MMPS as well as several
hepatocyte proliferation factors such as HGF101, TAF also secrete immune-modulatory
cytokines (IFN-vy, IL-6 and TNF) that can mobilize cytotoxic T lymphocytes, natural killer
cells and TAM192, TAM, the most abundant cell component, represents a subset of myeloid
CD11b+ tumor-infiltrating cells characterized by the expression of the Tie-2 angiopoietin
receptor193, TAMs suppress antitumor immunity in HCC, and their density has been
correlated with poor prognosis194. TAM also release EGF, chemokines, MMP and VEGF
that regulate tumor growth, ECM remodeling and angiogenesis, invasion and metastasis19°,
Recently, it has been shown that c-Myc controls the activation 106 of TAM, as well as
impairing VEGF signalling and infiltrating inflammatory cells1%7. There is a bi-directional
crosstalk, and environmental conditions such as hypoxia can also affect Myc signalling108.
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Cancer stem cells (CSC)

defined by their self-renewing and differentiation capacity have been proposed as the
clonogenic core of several tumors. In HCC, liver CSCs can be isolated based on their
expression of several cell markers (EpCAM, CD133, CD90, CD44, CD24, CD13, and
0V6)109, Additionally, signaling pathways identified in liver cancer are active in isolated
liver CSCs (e.g., Wnt, Notch, TGF-p, Hedgehog and PI3K/AKT/mTOR), supporting the
idea that CSCs contribute to the molecular heterogeneity of HCC110. 111,

Although the clinical relevance of CSCs remains elusive, there is growing evidence
supporting a role in initiating and sustaining primary tumors and facilitating
metastasis12-115, Recent data support a strong association between a hepatic progenitor cell
origin of the tumor and prognosis in HCC 22. One therapeutic approach may be to target not
only the signaling pathways involved in stem cell fate (self-renewal and multilineage
differentiation potential), reproduction and proliferation (Notch, Wnt, Hedghog)!6, but also
the stem cell niche!l’. This approach may undermine CSC self-renewal and reproduction.
However, they are a complicated target because of their chemo- and radio-resistance, and
their ability to stimulate angiogenesis 118,

Animal models to study the tumor microenvironment

Liver carcinogenesis is a multi-step process with several cellular and mechanical
deregulations that eventually lead to malignant transformation of hepatocytes. Numerous
mouse models successfully produce HCC, however not all of them mimic the pathogenic
sequence of human HCC that starts with fibrosis, cirrhosis, angiogenesis and preneoplastic
nodules before HCC develops. There are four main categories of murine HCC models:
chemically induced, oncogene driven, xenograft and genetically modified. Chemically
induced models (N-nitrosodiethylamine (DEN)) are among the most common used in HCC
research, 119: 120 \When associated with CCly, the DEN model mimics the sequence of
injury-fibrosis-malignant transformation that occurs in humans®1. Conditional over-
expression of the oncogenenic protein Myc in which the expression of human Myc can be
regulated in murine liver will induce HCC, whereas Myc inactivation results in tumor
regressiont21, Additionally, depletion of AMPK-related kinase 5 in mice with deregulated
expression of MYC and HCC prolongs survivall22,

In xenograft models, human cancer cells are injected into immune-deficient mice.
Orthotropic implantation of tumor cells in the liver is preferable to subcutaneous xenograft
models, as it better replicates the tumor microenvironment'23, To improve the
reproducibility further, tumor cells can be injected after fibrosis is established by either CCly
or thiocetamide injection.

Genetically modified mice (GMM) are engineered to mimic pathophysiological and
molecular features of HCC124, There are a huge number of GMM (over-expression of myc,
B- catenin and HRAS, TGFa, deficiency of PTEN among others), which have been
reviewed elsewhere123. 124,126 geveral animal models can reproduce the human stepwise
development of HCC. Platelet-derived growth factor C transgenic mice start developing
steatosis and activation of stellate cells that progresses into bridging fibrosis, angiogenesis
and tumorigenesisl?’.

Multi-drug resistance gene 2 (Mdr2) knockout mice are a well-established model of
inflammation-associated HCC. These mice lack a liver-specific P-glycoprotein and mimic
human intrahepatic cholestasis very well 128: 129 HCC development is also preceded by
chronic inflammation in mice over-expressing lymphotoxins a and B in hepatocytes 130,
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To date, the exact role NF-kB signaling in hepatocarcinogenesis is not totally understood
and may depend on the mouse model and injury used. Several components of the NF-kB
canonical pathway have been manipulated in a range of models, often yielding conflicting
results. Deletion in hepatocytes of either NEMO, a regulatory inhibitor if the iKK pathway,
as well as TAK(1, leads to spontaneous steatohepatitis and HCC 131, Conditional liver
specific deletion of IKK2 increases liver tumor formation in DEN treated mice 120, whereas
inhibition of the NF-kB signal in the Mdr2-KO mice 132, and transgenic over-expression in
hepatocytes of lymphotoxins a and p 130 developed chronic hepatitis at 9 months and HCC
at 12 months. High-throughput technology has made possible the characterization of tumors
at the gene expression level and has revolutionized our understanding of HCC. Gene
expression signatures obtained from experimental animals and hepatic cells can be
integrated into the gene expression patterns for human HCC, thus identifying the best-fit
mouse models to study human cancer!27,

The prognostic relevance of the non-tumor adjacent tissue in patients with

HCC

Genomic studies have demonstrated the relevance of the tumor microenvironment to
predicting outcome in patients with HCC (Table 1). A 36-gene signature originating from
the surrounding non-neoplastic liver tumor was reported to predict multicentric occurrence
or late recurrence in patients with HCV-related HCC 133, We identified a poor prognosis
signature driven by late recurrence originating from the adjacent cirrhotic tissue in patients
with early HCCs using two different patient cohorts3. The signature reflected the presence
of a pro-tumorigenic milieu (‘field effect’) with promoting effects on the development of
metachronous tumors independent from the primary resected HCC. Interestingly, the same
gene signature was able to predict the development of HCC in 216 patients with HCV-
associated cirrhosis who were followed up for about 10 years 134, This signature included
genes involved in inflammation (IL-6, Nf-kB signalling) and £GF. The role of the EGF
pathway is certainly important in the molecular pathogenesis of HCC due to its known
oncogenic activity and the availability of molecular inhibitors targeting this cascade.
Recently, the presence of a specific polymorphism within the £GFgene (EGF 61*G) was
correlated with a high risk of developing HCC in patients with chronic hepatitis C, advanced
fibrosis and cirrhosis 13 136, The presence of this polymorphism is linked to a prolonged
half-life of EGF mRNA, which promotes sustained EGF signalling in the damaged pre-
neoplastic tissue thereby promoting hepatocarcinogenesis.

In addition to gene expression studies, a signature constituted by 19 microRNAs (miRNAs)
derived from the adjacent non-tumoral tissue of HCC patients with different etiologies was
proposed to accurately identify patients with poor prognosis 137. Similar to other studies
based on transcriptomic data 13, miRNA profiling from the tumor failed to predict patient
outcomes, however.

Interaction between tumor cells with stromal and endothelial cells can also have profound
effects on the capability of tumor cells to migrate and invade the extracellular matrix and the
newly-formed vascular vases, thereby promoting the development of metastasis. Expression
profiles from livers bearing metastatic HCC were different from livers without metastatic
tumors 42, These authors generated a 17-gene signature predictive of metastasis
development using surrounding non-tumoral tissue from HBV-related HCC samples. The
signature was enriched in Th2-dominant cytokines and differed considerably from the
signature of the primary tumor. Importantly, both the poor prognosis signature from the
adjacent tissue and the metastatic-related signature were independent of the global
inflammation status of the liver, suggesting that specific changes within the
microenvironment affected HCC progression 1345, Furthermore, both signatures
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highlighted the involvement of inflammatory and immune components in the pathogenesis
of this disease. Conversely, the presence of a 14-immune gene signature including CXCL10,
CCL5 and CCL2, which attract CD8+ T and NK cells, was associated with a better
prognosis in patients with early HCC 138, Importantly, CD8+ T and NK cells display anti-
tumor activity, reflected in the enhanced activated caspase-3 expression in cancer cells.

The crosstalk between tumor cells and stroma is mutual. Indeed, HCC cells might promote
the recruitment and activation of immune cells to the tumor niche. Oncogenic p-catenin
signalling was found to promote an inflammatory program in hepatocytes that involved
direct transcriptional control by p-catenin and activation of the NF-xB pathway, which
exacerbated HCC aggressiveness and metastasis 139, In addition, HCC cells can produce
IL-8, whose levels have been associated to poor survival40, through activation of p38
MAPK, ERK and PI3K/Akt signalling pathway 141,

Targeting the tumor stroma: a promising challenge for new therapies

In recent years the tumor stroma has emerged as a critical target for therapy in patients with
pre-neoplastic conditions or established HCC (Figure 4). Modulators of different biological
processes including inflammation, fibrosis, angiogenesis and signals of proliferation and
survival might be effective in the prevention and primary treatment of early HCC. Due to
the implications of inflammatory pathways (e.g. IL-6, Nf-kB) and EGF signalling in
cirrhotic patients at high risk of developing HCC and in subjects with early HCC, strategies
interfering with these networks might be effective in chemoprevention and primary
treatment. The pro-tumorigenic role of EGF pathway at pre-neoplastic stages is further
strengthened by the evidence that cirrhotic subjects with the 61*G polymorphism within the
EGF gene have an increased risk of developing HCC compared to other cirrhotic patients.
Therefore, inhibitors of the EGF pathway such as tyrosine kinase inhibitors of the
intracellular domain of EGFR receptor (e.g. erlotinib, gefitinib,) are promising agents to
explore in the chemoprevention mode. One of the key problems of chemoprevention studies
is that the targeted population is so broad that the studies would require thousands of
patients and long follow-up to demonstrate any clinical benefit. These issues can be
overcome by targeting patients at high risk of HCC development, for instance by selecting
patients presenting with the poor prognosis signature which is present in ~20% of

cases 13121 or in those harboring the G/G phenotype within the £GF gene. Certainly, all
these approaches have not yet reached early clinical studies, and thus are far from being
tested in pivotal trials for regulatory approval. Beyond inhibitors of the EGF cascade, pre-
clinical studies have shown that sorafenib might be effective as a chemopreventive agent.
Sorafenib reduced liver fibrosis in rats treated with thioacetamide (TAA) and decreased
portal pressure, as well as yielding a remarkable improvement in liver damage, intrahepatic
inflammation and angiogenesis of cirrhotic rats142.

Since the tumor microenvironment plays a pivotal role in the natural history of HCC, there
is a strong rationale for modulating the dynamic crosstalk between the tumor and the stroma
as primary treatment of this disease. An important advantage of altering the tumor
microenvironment is underscored by the fact that the target cells are genetically stable and
therefore less likely to develop resistance 143, Since angiogenesis is a hallmark of HCC,
therapies blocking the growth of new vessels or normalizing the tumor vasculature system
represent key strategies to block tumor dissemination. In this setting, sorafenib
simultaneously acts on the tumor vasculature (by targeting VEGFR2, VEGFR3 and
PDGFR-B) and tumor cells (by inhibiting the Ras/MEK/ERK pathway), thereby blocking
angiogenesis and tumor proliferation 144, In particular, anti-angiogenic agents might be
beneficial in patients subjected to Transcatheter Arterial Chemoembolization (TACE)
treatment, where high levels of VEGF have been reported after this procedure due to the
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high hypoxic conditions induced by the interruption of the blood flow into the tumor 145,
Several anti-angiogenic agents are currently under investigation in phase 1I/111 clinical trials
with patients with HCC (Table 2). Most of them are small molecules inhibitors targeting
molecular mediators of angiogenesis and growth factor receptors (e.g. VEGFR, PFGFR,
FGFR). Others are specific monoclonal antibodies, such as bevacizumab, which targets
VEGF and has been approved by the Food and Drug Administration (FDA) for the treatment
of several cancers, including metastatic colon cancer and ramucirumab, a monoclonal
antibody against VEGFR2 146, Despite the initial excitement about the use of antiangiogenic
therapies for HCC treatment, several concerns about their adverse effects (e.g. gastro-
intestinal bleeding, thromboembolic events, hypertension) have emerged. A phase 111 trial
evaluating the efficacy of sunitinib compared with sorafenib has been prematurely halted
due to severe adverse events and futility related to the administration of sunitinib 147,
Furthermore, the acquisition of resistance to antiangiogenic agents through activation of
alternative pathways represents a threat that undermines the clinical management of HCC
patients3”. Alternative strategies targeting the tumor microenvironment are currently under
investigation. A considerable number of clinical trials based on immunotherapy have been
performed in HCC patients. Nevertheless, the conclusions of these studies have been
unsatisfactory and there is not enough positive clinical data supporting their efficacy in
HCC. This lack of efficacy can be partly explained by the redundancy of the immune
components in the tumor microenvironment. Nevertheless, new strategies need to be
designed given the importance of inflammatory pathways and immune regulation to HCC.
Early positive data has been reported with STAT3 inhibitor in preclinical models with
altered TGF-p signalling. Similarly, a monoclonal antibody designed to boost anti-tumor
immune response by binding and stimulating T lymphocytes (anti-CTLA4, tremelimumab)
is under investigation in patients with HCV-related HCC (ClinicalTrials.gov Identifier:
NCT01008358)148. These and other approaches targeting the HCC microenvironment will
be tested in advanced clinical stages in the near future. Currently, a few agents modulating
inflammatory pathways are under clinical evaluation in HCC. Among these, a phase I/11
evaluation of OPB-31121, an orally administered STAT3 inhibitor, in patients with
progressive HCC, is ongoing (Table 2).

Modulators of signalling that control ECM remodelling or inhibitors of metastasis (e.g.
TGF-B, HGF/c-Met, MMPs) might be used as an alternative approach for targeting the
tumor microenvironment. Nevertheless, clinical trials with MMP inhibitors have shown no
efficacy in patients with advanced stages of cancer and produced some intolerable side
effects 149, Of note, the TGF-p inhibitor LY2109761 showed promising pre-clinical results
in a xenograft model of HCC 150,

Recently, a randomized controlled phase Il trial in patients with unresectable HCC who did
not respond or were intolerant to first-line therapy demonstrated that tivantinib (ARQ197), a
specific inhibitor of Met, increases overall survival and time to progression of patients
whose tumors expressed high levels of Met!®1, Furthermore, cabozantinib (XL184), a dual
c-Met/VEGFR?2 inhibitor, has demonstrated early evidence of anti-tumor activity in a
randomized discontinuation phase 11 study 152,

Finally, a successful strategy might require a combination of therapies targeting both the
microenvironment and the tumor itself. In this context, depletion of TAM using zoledronic
acid significantly improved response to sorafenib in a xenograft model of HCC 153,

Conclusion and Future Prospects

HCC commonly arises in a damaged organ featured by extensive inflammation and fibrosis.
Different players including immune cells, hepatic stellate cells and macrophages react to
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liver injury by producing cytokines and components of the extracellular matrix, which
promote angiogenesis, and survival of damaged hepatocytes or cancer stem cells. This
regenerative response favours the accumulation of mutations and epigenetic aberrations
which lead to malignant transformation of pre-neoplastic nodules. The interaction between
stromal and tumor cells is dynamic and dramatically alters the behavior and aggressiveness
of HCC, particularly at early stages of disease. Recent studies have highlighted the role of
EGF and inflammatory pathways in the development of HCC in cirrhotic patients as well as
in the likelihood of recurrence in patients with early HCC undergoing surgical resection.
These findings point out new targets for chemoprevention and primary treatment. Although
several anti-angiogenic and anti-proliferative agents are currently under investigations in
phase I1/111 clinical trials, there is still a significant lack of studies on modulators of the
ECM components and inhibitors of inflammatory pathways. Indeed, considering the pivotal
implication of immune cells and signalling in HCC, a therapeutic reprogramming of the
immune microenvironment in tumors might represent a promising strategy for improving the
efficacy of standard anticancer treatments (e.g. sorafenib). These strategies should aim to
bolster antitumor immunity, for example, by decreasing the number of Treg and reversing
the imbalance of both immune/inflammatory cytokines and immune cells. In this context,
the development of animal models mimicking the natural changes of HCC
microenvironment represents an unmet need for the pre-clinical evaluation of such
combinations.

Although there has been much progress in understanding the alterations within the tumor
microenvironment in HCC, validated biomarkers of poor prognosis and response to therapy
from the tumor stroma are still lacking. Nonetheless, the recent advent of next-generation
sequencing technology represents a powerful and promising technology to uncover novel
alterations with potential clinical relevance for the treatment of cirrhosis and early HCC.
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Abbreviations

HCC hepatocellular carcinoma

HCV hepatitis C virus

HBV hepatitis B virus

ECM extracellular matrix

TAFs tumor associated fibroblasts
CSF-1 colony stimulating factor 1

EC endothelial cells

KC Kupffer cells

Ang-2 angiopoietin-2

VEGF vascular endothelial growth factor
FGF Fibroblast growth factor PDGF, platelet-derived endothelial cell growth factor:

Tregs, regulatory T cells
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TGFB Transforming growth factor
HGF Hepatocyte Growth Factor
EGFR Epidermal Growth Factor Receptor, MMPs, metaloproteinases
TIMP Tissue Inhibitor of Metalloproteinases
HIF-1 HIF-1, hypoxia-inducible factor 1
TAM Tumor associated macrophages: TIL, Tumor infiltrating lymphocytes
MDSC Myeloid-derived suppressive cells
SDF-1 stromal cell-derived factor 1
CsC Cancer stem cells
DC Dendritic cells
DEN N-nitrosodiethylamine
GMM genetically modified mice
TACE Transcatheter Arterial Chemoembolization
FDA Food and Drug Administration
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Figure 1.

Cellular components of the microenvironment and molecular mechanism influencing tumor
growth and progression. Stromal, inflammatory and cancer cells interact among them to
create a complex interaction network that origin a permissive microenvironment and favor
tumor progression. TAFs, tumor associated fibroblasts; CSF-1, colony stimulating factor 1;
EC, endothelial cells; KC, Kupffer cells; VEGF, vascular endothelial growth factor; FGF,
Fibroblast growth factor PDGF, platelet-derived endothelial cell growth factor: Tregs,
regulatory T cells; HGF, Hepatocyte Growth Factor; EGFR, Epidermal Growth Factor
Receptor, MMPs, metaloproteinases; TIMP, Tissue Inhibitor of Metalloproteinases; HIF-1,
HIF-1, hypoxia-inducible factor 1; TAM, Tumor associated macrophages; SDF-1, stromal
cell-derived factor 1; CSC, Cancer stem cells; DC, Dendritic cells; TNF, Tumor Necrosis
Factor.
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Figure2.

Pathological features that may be present in hepatocellular carcinoma (HCC). (2) Poorly-
differentiated HCC. Tumor cells have marked pleomorphic nuclei and an inflammatory
infiltrate consisting of neutrophils. Ballooning degeneration and production of Mallory’s
hyalines are also noted. H&E original magnification 400X. (b) Poorly-differentiated HCC
with tumor cells arranged in a solid pattern. A focus of lymphocytic inflammatory infiltrate
is present. H&E, original magnification 100X. (c) Well-differentiated multinodular HCC
with dense fibrosis forming a wide septum that separate two HCC nodules. H&E, original
magnification 40X. (d ) Increased vascularization in HCC. Vessels are highlighted by CD34
immunostaining. These vessels are nourishing the tumor. Original magnification 100X.
Images courtesy of Dr. M. Isabel Fiel, Mount Sinai School of Medicine.
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Figure 3.

Anatomical and cellular alterations leading to HCC development. (8 Normal liver
parenchyma. Hepatocytes with microvilli and fenestrated sinusoidal cells that favours the
metabolic exchange. Space of Disse with few quiescence stellate cells containing lipid
droplets. (4) Fibrotic liver. Upon chronic liver injury, hepatocytes loose the microvilli and
sinusoids their fenestration, stellate cells become activated, loosing the lipid droplets and
secreting ECM. (¢) Hepaocellular carcinoma. Malignant transformation of hepatocytes with
uncontrolled growth. Infiltration of inflammatory cells and cytokines. Development of new
vessels (neoangiogenesis) and extense fibrosis with recruitment of tumor associated
fibroblasts and cancer stem cells.
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Figure4.

Schematic representation of therapeutic opportunities and application of prognostic
biomarkers in the management of patients with HCC and pre-neoplastic conditions.
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Table 1

Molecular and cellular markers from the tumor microenvironment with clinical significance in HCC

Molecular Marker Cohort of patients Etiology Clinical Significance

Reference

186-gene signature 82 (training set) + HCV Poor survival, late recurrence
224 (validation set)  (73%,training;
48% validation)

17-gene signature 115 HBYV (96%) Venous metastases

36-gene signature 40 HCV (100%) Multicentric occurrence, late recurrence
19-miRNA signature 28 Other *(18.5%)  Poor survival

14-immune gene 57 (training set) + Virus-related Good prognosis

98 (validation set) (75% training;
67% validation)

High levels IL-2 and IL-15 453 HBV (91%) Decreased intrahepatic tumor recurrence,
prolonged overall survival

Increased Treg 123 HBV (100%) Tumor size and poor prognosis
Increased TAM 137 HBV (90%) Poor prognosis

Hoshida et al3

Budhu et al*®
Okamoto et al*33

Jiang et al137

Chew et al'38

Zhou et al®!

Fu et al%

Ding et al'04

Abbreviations: HCC: Hepatocellular carcinoma; HBV: Hepatitis B virus; HCV: Hepatitis C virus; Treg: Regulatory T cells; TAM: Tumor

associated macrophages.

*
Other includes etiologies not related to alcohol, hemochromatosis, HBV and HCV infection.
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Table 2

Page 28

Molecular therapies assessed or under investigation targeting the tumor microenvironment in HCC

Biological Target Drug Molecular Targets Stage of Development
Angiogenesis Sorafenib VEGFR1, VEGFR2, VEGFR3, PDGFRa, Approved for the treatment of
PDGFRB, Rafl, CKIT, RET advanced HCC
Sunitinib VEGFR1, VEGFR2, VEGFR3, PDGFRa, Phase 111- failure (1% line)
PDGFRp, CKIT, RET
Brivanib VEGFR2, FGFR1 Phase 111- failure (1%t and 2" line)
Linifanib VEGFR, PDGFR Phase I11-halted (1% line)

Ramucirumab ~ VEGFR2 Phase 111 (2" line)
TSU-68 VEGFR, PDGFR, FGFR Phase 11/111
Apatinib VEGFR2 Phase 11
AMG386 Angl, Ang2 Phase 11
Axitinib VEGFR, PDFGR,CKIT Phase 11
BIBF1120 VEGFR, PDFGR, FGFR Phase 11
Cediranib VEGFR1, VEGFR2, VEGFR3 Phase 11
Foretinib VEGFR, c-Met Phase 11
IMC-1121B VEGFR2 Phase 11
NGR-hTNF CD13 Phase I1
Pazopanib VEGFR, PDGFR CKIT Phase 11
Regorafenib VEGFR, TIE2 Phase 11
TRC105 CD105 Phase 11
Vandetanib VEGFR, EGFR Phase 11
Bevacizumab VEGF Phase I/11
E7080 VEGFR, FGFR, SCFR Phase 1/11
Lenvatinib VEGFR2, VEGFR3 Phase I/11
Vatalanib VEGFR1, VEGFR2, VEGFR3, PDGFR, CKIT  Phase I/ll
Pazopanib VEGFR, PDGFR CKIT Phase |
Lenalidomide VEGF Phase |
Growth factor signaling Everolimus mTOR Phase 111 (2" line)
Erotinib EGFR Phase I1I- failure in combination to
sorafenib (1% line)
Cetuximab EGFR Phase 11
Lapatinib EGFR,Her2/Neu Phase 11
ARQ197 Met Phase Il
Tremelimumab  CTLA4 Phase 11
Inflammation/ Immune system  OPB-31121 STAT3 Phase 1/11
Licartin HAb18G/CD147 Phase II/IV
Invasion/metastasis P1-88 Endo-B-glucoronidase heparinase Phase 11/111
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