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Abstract

Hepatocellular carcinoma (HCC) is one of the most
common and deadly cancers worldwide. In ninety
percent of the cases it develops as a result of chronic
liver damage and it is thus a typical inflammation-
related cancer characterized by the close relation
between the tumor microenvironment and tumor cells.
The stromal environment consists out of several cell
types, including hepatic stellate cells, macrophages and
endothelial cells. They are not just active bystanders
in the pathogenesis of HCC, but play an important
and active role in tumor initiation, progression and
metastasis. Furthermore, the tumor itself influences
these cells to create a background that is beneficial
for sustaining tumor growth. One of the key players is
the hepatic stellate cell, which is activated during liver
damage and differentiates towards a myofibroblast-
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like cell. Activated stellate cells are responsible for
the deposition of extracellular matrix, increase the
production of angiogenic factors and stimulate the
recruitment of macrophages. The increase of angiogenic
factors (which are secreted by macrophages, tumor cells
and activated stellate cells) will induce the formation of
new blood vessels, thereby supplying the tumor with
more oxygen and nutrients, thus supporting tumor
growth and offering a passageway in the circulatory
system. In addition, the secretion of chemokines by the
tumor cells leads to the recruitment of tumor associated
macrophages. These tumor associated macrophages
are key actors of cancer-related inflammation, being the
main type of inflammatory cells infiltrating the tumor
environment and exerting a tumor promoting effect by
secreting growth factors, stimulating angiogenesis and
influencing the activation of stellate cells. This complex
interplay between the several cell types involved in liver
cancer emphasizes the need for targeting the tumor
stroma in HCC patients.
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Core tip: Hepatocellular carcinoma is a primary liver
tumor that usually develops in a background of chronic
liver disease and fibrosis. It is the underlying chronic
inflammation that creates an environment that not only
causes but also enhances the formation and growth of
tumors. The stromal compartment-including hepatic
stellate cells, macrophages and endothelial cells-actively
contribute to tumorigenesis, while the tumor itself
influences these cells to create a background that is
beneficial for tumor growth. This review focuses on the
interplay between stroma and tumor cells, as well as
therapeutic strategies that aim to target these complex
interactions.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a primary liver
tumor that usually develops in a background of
chronic liver disease. It is the underlying chronic
inflammation that creates an environment that
not only causes but also enhances the formation
and growth of tumors. Firstly, the continuous
state of inflammation as a result of sustained liver
damage can lead to hepatocyte cell death as well
as compensatory proliferation, which can generate
an accumulation of genomic lesions in hepatocytes.
Secondly, the initiated cells are surrounded by an
inflammatory niche that facilitates their progression
towards malignant tumors. For instance, the fibrotic
liver is characterized by an increased formation of
blood vessels™, which will benefit tumor cells for
their blood supply as well as facilitating metastasis'.
In addition, several factors produced by macrophages
and activated stellate cells are known to directly
stimulate and enhance tumor growth. Once the
cancer has been established, the microenvironment
continues to regulate the tumor behavior, influencing
the development, progression and even response
to therapy. All players within the tumor stroma
strongly interact with each other, creating an
environment that supports tumor growth (Figure 1).
It is therefore not unlikely that future therapies will
more and more focus on targeting these complex
interactions in the tumor stroma (Figure 2). Ongoing
clinical trials are listed in Table 1.

HEPATIC STELLATE CELLS

One major player in the formation of the perfect
tumor environment is the activated hepatic stellate
cell (HSC)P*. During liver injury, the stellate cells
undergo a transformation from quiescent cells that
serve as the liver’s resident vitamin-A storing cells,
towards “activated” myofibroblast-like cells. These
activated HSCs are characterized by increased
proliferation and contractility, altered matrix protease
activity and the secretion of extracellular matrix
(ECM) proteins, as well as tumor growth factors and
pro-angiogenic factors.

Several studies have shown that co-culturing
HSC with different HCC cell lines induces phenotypic
changes in the behavior of the tumor cells®®®., In
vitro studies show that HSCs can directly influence
the tumor cells (through the secretion of growth
factors'!, matrix proteases’® and/or ECM proteins™)
and there is also evidence from in vivo studies that
activated HSCs can create an immunosuppressive
environment that promotes HCC growth™®'", The
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interaction between the tumor cells and HSCs is
bidirectional, thereby allowing the tumor to alter the
stellate cells (and the overall stromal environment)
towards a more pro-tumoral phenotype™®. Consistent
with these findings, several in vivo studies have
shown that inducing stellate cell activation increases
liver fibrosis and hepatocarcinogenesis!** ™,

One of the key factors in this HSC-HCC cross
talk is transforming growth factor (TGF)-pl*'®*7,
Activated HSC are the main source of TGF-B, however
most liver cells (including malignant hepatocytes)
have the ability to produce TGF-B as well. The TGF-B
signaling pathway consists of three distinct ligands,
TGF-B1, TGF-B2, and TGF-B3 which all bind to a
specific receptor by first engaging with the TGF-pR1,
which then heterodimerizes with the TGF-BR2. This
causes the phosphorylation of Smad2 and 3, initiating
an activation cascade leading to the induction several
nuclear transduction proteins. Alternative pathway
activation is possible, including the activation of
AKT and other intracellular activation proteins.
Interestingly, Smad7 antagonizes TGF-p mediated
activation of hepatic stellate cells and protects against
liver damage™®. TGF-p signaling promotes HCC by
several distinct mechanisms (reviewed more in detail
by Dooley et al''’"): firstly, through functioning as a
growth factor, by which it can act oncogenic or as
tumor suppressor depending on the temporal and
spatial availability of TGF-B in tumor and stromal
cells'**?°!, And secondly, by transforming HSC to
activated myofibroblasts. Interestingly, Inhibitors
of TGF-B signaling have been shown to block HCC
in different experimental models®!, leading to the
clinical investigation of the TGF-B inhibitor LY2157299
(NCT01246986 and NCT02178358). LY2157299 is a
small molecule kinase inhibitor that binds to TGF-pR1
and hence inhibits TGF-B signaling.

The connective tissue growth factor (CTGF) is
an extracellular matrix-associated heparin binding
protein that is overexpressed in fibrotic lesions, and
the overexpression correlates with the severity of
fibrosis and can be linked to malignant transformation
in patients with chronic hepatitis B??, CTGF is a
downstream mediator of some TGF-B effects and it is
induced by TGF-B in a SMAD2/3 and stat3 dependent
way. Furthermore, IL-13 is able to induce CTGF
expression in HSCs by activating TGF-p-independent
Smad signaling via the Erk-MAPK pathway instead of
the canonical JAK/Stat6 pathway™. CTGF expression
in HSC leads to increased migration, proliferation, and
collagen expression of these cells. In addition, studies
have shown that TGF-p can elicit a direct effect on
hepatocytes via CTGF, thus making it an interesting
therapeutic target for multiple cell types involved in
the fibrogenesis'™®. CTGF blocking antibodies have
been tested in patients with idiopathic pulmonary
fibrosis (NCT00074698) and animal studies have
shown that CTGF-inhibition prevents liver fibrosis in
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Figure 1 The interaction between tumor stroma and tumor cells in hepatocellular carcinoma. The several actors of the stromal compartment-including
hepatic stellate cells, macrophages and endothelial cells-actively contribute to tumorigenesis, while the tumor itself influences these cells to create a background
that is beneficial for tumor growth. Tumor cells activate the hepatic stellate cells, leading to the deposition of extracellular matrix (ECM), an increased production of
angiogenic factors and the recruitment of macrophages. The increase of angiogenic factors (secreted by macrophages, tumor cells and activated stellate cells) will
induce the formation of new blood vessels, thereby supplying the tumor with more oxygen and nutrients, thus supporting tumor growth. The increase of inflammatory
cytokines, leads to the recruitment of macrophages, which can exert a pro-tumoral effect by secreting growth factor and influences the activation of stellate cells.
This complex interplay between the several cell types involved in liver cancer emphasizes the need for a multi-targeted approach in hepatocellular carcinoma (HCC)
patients. VEGF: Vascular endothelial growth factor; PDGF: Platelet-derived growth factor; FGF: Fibroblast growth factor.

rats®®’, However, no clinical trials on the effect on liver inhibitor imatinib reduces stromal cell proliferation in
fibrosis have been done. this mouse model, which successfully inhibits tumor
Another driver of HSC activation are members progression*®, Imatinib is currently used to treat

[26]

of the platelet derived growth factor (PDGF) family. gastrointestinal stromal tumors>' and could possibly
PDGFs are potent mitogens for mesenchymal cells benefit HCC patients.

and work synergistically with TGF to activate stellate The deposition of ECM proteins is one of the most
cells. Specific hepatic over-expression of PDGF-C characteristic hallmarks of the activated stellate
leads to an increase in fibrosis and enhances hepato- cell. Several of the ECM components such as prote-
carcinogenesis™>**, PDGF-B is also involved in different oglycans, laminins, collagens, and fibronectin interact
stages of liver cancer development and is an essential directly and indirectly with HCC cells and the different

regulator in the development of liver fibrosis*, stroma cell types. This not only changes the tumor

Hepatic overexpression of PDGF-B accelerates liver phenotype, but also prepares a microenvironment
cancer, possibly by up regulating TGF-B receptor that facilitates tumor growth. Since the ECM acts as
and by increasing expression of p-catenin as well as a reservoir for growth factors and cytokines, it can
VEGF, CD31 and FGF. Several protein tyrosine kinase rapidly release them to support the tumor’s needs.

inhibitors-such as sorafenib, orantinib, sunitinib Heparan sulfate (HS) proteoglycans (PG) are
and SU6668-target PDGFR amongst other targets expressed in the ECM and composed of a protein
including VEGFR and FGFR. The protein tyrosine kinase core to which HS is covalently attached as side
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Figure 2 Schematic overview of (simplified) signaling pathways involved in the tumor-stroma interaction, and therapeutic targets that are currently tested
in hepatocellular carcinoma. IL: Interleukin; TGF: Transforming growth factor; mTOR: Mammalian target of rapamycin.

chains. They maintain the structural framework of
the tissue, store growth factors within the ECM or
function as co-receptors. Desulfation of these co-
receptor-PG’s can abrogate growth factor signaling
and inhibit tumor growth®?®, Heparanase cleaves
the HS side chains of HSPG, leading to the release
of HS-bound proteins, such as growth factors. PI-88
is a heparin sulfate mimic that specifically targets
heparanase in cancer, thus preventing the release
of growth factors that otherwise would contribute
to tumor growth, angiogenesis and metastasis®®.
The safety and efficiency of PI-88 as an adjuvant
therapy for post-operative HCC has been shown in a
phase 1 trial®™ and a recent follow up study revealed
significant clinical benefits for patients with HCCPY,
Phase 1IN trials are currently ongoing (NCT01402908).

Another important glycoprotein is laminin-5.
Laminin-5 is a member of the laminin family, which
has been widely reported to be involved in the
malignant phenotype of several cancers, including
HCC™., Laminin-5 is expressed higher in metastatic
HCC and has been shown to stimulate HCC cell
migration®*4,
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Collagen is the major insoluble fibrous protein
in the extracellular matrix. Besides its function as
a supportive scaffold, collagens can also provoke
a cellular response through the integrin family of
transmembrane receptors. Several collagen types
have been implicated in tumor growth and angio-
genesis in different tumors'®>*! and a recent study
has shown that collagen matrix protects malignant
hepatocytes from apoptosis®®. Antibodies targeting
cleaved collagen epitopes have been clinically tested
and show promising results in patients with solid
tumorst’?%,

This deposition of ECM leads to an increase in
liver stiffness, an important hallmark of the cirrhotic
liver, which is also used as a diagnostic tool for
patients with CLD™®\. This change in the mechanical
properties of the tumor’s surrounding has been
associated with a higher risk of developing HCC*®, In
addition, the increase of ECM and the capillarization
of hepatic sinusoids cause a vascular resistance
that leads to hypoxia, stimulating the production of
pro-angiogenic factors and subsequently inducing
angiogenesis™****!, The activated HSCs also produce
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Table 1 Overview of clinical trials that focus on the tumor environment of hepatocellular carcinoma

Drug Targets Trial Phase Status Ref.
Tyrosine kinase inhibitors Sorafenib PDGFR NCT00105443 il Completed1 [90]
VEGFR
RAF/MEK/ERK
Orantinib PDGEFR, FGFR NCT02178358 /1 Completed [91]
VEGFR
Sunitinib VEGFR NCT00699374 il Terminated [71]
PDGFR NCT00514228 i Completed [70]
RET NCT00361309 i Completed [69]
CSF NCT00428220 N/A Ongoing
Linifanib VEGF, PDGF, PDGFR-3, KDR NCT01009593 m Terminated
CSF NCT00517920 i Completed [68]
Brivanib VEGFR NCTO00858871 m Completed [59]
FGFR NCT00908752 m Ongoing
NCT00825955 m Ongoing
NCT01108705 il Terminated
NCT00355238 i Completed [92]
NCT00437424 I Completed [93]
Cediranib VEGFR NCT00238394 il
NCT00427973 I Terminated [54]
Dovitinib VEGFR, PDGFR, FGFR NCT01232296 il Ongoing
Antibodies Bevacizumab VEGF NCT00335829 I Completed [94]
NCTO00162669 i Completed [50]
NCT00605722 il Completed [51]
NCT00049322 I Completed [52]
NCT00280007 I Terminated
NCT01180959 Il Ongoing
Ramucirumab VEGFR NCT00627042 I Completed [53]
NCT01140347 m Ongoing
GC33 Glypican-3 NCT01507168 II Completed
NCT00746317 I Completed [84]
NCT00976170 I Ongoing
Other kinase inhibitors Temsirolimus mTOR NCT01008917 I Ongoing
NCTO01687673 I Recruiting
Everolimus mTOR NCT01035229 il Completed [95]
NCT01488487 I Ongoing
NCT00516165 /0 Completed [66]
NCT00828594 I Terminated
LY2157299 TGF-BR1 NCT01246986 il Recruiting
NCT02178358 il Recruiting
PI-88 Heparanase NCT00568308 il Terminated
NCT01402908 Jill Ongoing
NCT00247728 il Completed [30]
Zoledronic acid Macrophages NCT01259193 II Ongoing

'Sorafenib is currently used as the standard-of-care for advanced hepatocellular carcinoma. CSF: Colony stimulating facto-1-receptor; mTOR: Mammalian

target of rapamycin.

angiogenic growth factors, thus enhancing neo-
angiogenesis™®. This increased vasculature will
allow small HCC lesions to progress and eventually
metastasize.

ENDOTHELIAL CELLS

The prolonged fibrogenic process leads to an
abnormal angioarchitecture distinctive for cirrhosis.
Anatomical changes in the cirrhotic liver, such as
fibrotic scar tissue compressing portal and central
venules are responsible for an increased intrahepatic
vascular resistance. In addition, the formation of
fibrotic septa, as well as sinusoidal capillarisation,
results in an increased resistance to blood flow
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and oxygen delivery. This causes hypoxia and the
transcription of hypoxia-sensitive pro-angiogenic
genes, thus stimulating the formation of new vessels.
These new vessels can contribute to the inflammatory
response by expressing chemokines and adhesion
molecules, thus promoting the recruitment of
inflammatory cells, such as macrophages. In addition,
hepatic stellate cells are recruited to the angiogenic
areas (via a number of signaling pathways, including
PDGF, TGF-B, angiopoetins and nitric oxide) to
contribute in vascular remodeling and stabilization™"..
Therefore, angiogenesis may contribute to the
progression of liver cirrhosis and stimulate the growth
of small dysplastic lesions to advanced solid tumors.
HCC is solid tumor that rapidly outgrows its blood
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supply and therefore stimulates the formation of
new blood vessels to fulfill its high needs in oxygen
and nutrients. The malignant hepatocytes, as well
as other actors in the microenvironment such as
activated stellate cells and macrophages, secrete a
number of angiogenic growth factors!"!. This induces
an “angiogenic switch”, which activates endothelial
cells and basement membranes to remodel existing
vessels, and form new vessels. These new vessels
allow the tumor to rapidly expand and offer a
passage in the circulatory system, thus facilitating
metastasis. Therefore, targeting angiogenesis has
become a common cancer therapy to treat solid
tumors.

The vascular endothelial growth factor A (VEGF)
is one of the key factors regulating angiogenesis. It
is secreted by tumor cells, macrophages and stellate
cells. VEGF binds to its receptors (VEGFR1 and
VEGFR2) on the present endothelial cells, simulating
endothelial cell proliferation and migration into
the tumor, which results in vascular sprouting.
Elevated VEGF levels are associated with tumor
vascularity, metastasis, chemoresistance and poor
prognosis'*>*7,

Significant progress on the treatment of advanced
HCC has been made possible by sorafenib. Sorafenib
is a small molecular inhibitor targeting several
tyrosine protein kinases in the Raf/MEK/ERK-pathway
(anti-proliferative effect); and PDGF, VEGFR1 and
VEGFR2 (anti-angiogenic effect). Sorafenib has
become the standard-of-care for patients with adva-
nced HCC and for those progressing after loco-
regional therapies*®. The success of sorafenib has
opened the door for several anti-angiogenic agents
to enter clinical studies on HCC. At the moment,
several multikinase inhibitors are being tested in
clinical trials, including sunitinib, brivanib, linifanib,
cediranib, pazopanib, lenvatinib and axitinib, as well
as blocking-antibodies targeting angiogenic pathways.

Bevacizumab, a humanized monoclonal antibody
that targets VEGF, has been approved for the
treatment of various solid tumors and is currently
being investigated as a treatment for HCC. Several
phase II trials have been completed and show that
bevacizumab is well tolerated in HCC-patients, and
could be a promising therapy as a single-agent™,
in combination with erlotinib®™" or after loco-regional
therapies”®. Ramucirumab is a monoclonal antibody
targeting VEGFR2 which has been tested as a first
line treatment (NCT00627042) for HCC-patients
with promising results™ and is currently being
investigated as second line treatment after sorafenib
(NCT01140347)"%, Cediranib is a tyrosine kinase
inhibitor that targets all VEGF receptors, which has
been tested in two clinical trials (NCT00427973 and
NCT00238394). Despite some anti-tumor effects,
the high toxicity of cediranib makes it an unsuitable
drug for HCC-patients HCC!***,

However, targeting VEGF has been shown to
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induce therapy escape mechanisms and many
patients treated with VEGF-inhibitors or with sora-
fenib obtain a secondary resistance to therapy.
Alternative angiogenic factors, such as the placental
growth factor (PIGF), PDGF and fibroblast growth
factor (FGF) have been implicated in this acquired
tumor resistance and combination therapies could
open the door for sustained treatment response®.
Additionally, combining sorafenib with conventional
chemotherapy could improve outcome and is currently
tested in several phase I trials (NCT01015833,
NCT01214343)"",

Brivanib and dovitinib are tyrosine kinase inhi-
bitors of VEGF and fibroblast growth factor (FGF)
signaling pathways, hence anticipating FGF-mediated
resistance to anti-VEGF therapy™®. Brivanib has
been or is being investigated in several phase II
trials, including first-line treatment with brivanib vs
sorafenib (NCT00858871)"%, second-line treatment
with brivanib after progression on sorafenib treat-
ment (NCT01108705), second-line treatment with
brivanib after sorafenib (NCT00825955) and trans-
arterial chemoembolization in combination with
brivanib (NCT00908752). However, results from
the study testing brivanib and sorafenib as first-
line therapy in patients with HCC indicate there are
no benefits of using brivanib over sorafenib™® and
study NCT01108705-testing brivanib after sorfanib
treatment-has been terminated before completing
the trial. Dovitinib trials are still ongoing (NCTO
1232296).

A drawback of anti-angiogenic therapies is that
they aim to deprive the tumor from oxygen, leading
to a hypoxic environment that stimulates cancer cells
towards a more aggressive phenotype®. Therefore,
long-term administration of anti-angiogenic treatment
could trigger escape mechanisms and lead to
increased metastasis'®*?.

An interesting way to indirectly target VEGF
signaling and the HIF-pathway, is through inhibitors
of the mammalian target of rapamycin (mTOR)
pathway. mTOR signaling increases VEGF expression
by up-regulating hypoxia inducible factor 1a'®*.
Furthermore, mTOR-inhibitors can directly influence
tumor growth by inhibiting the expression of anti-
apoptotic proteins and by inducing autophagy!®*.
Everolimus binds the cyclophilin FKBP-12, which
binds the serine-threonine (ST) kinase mTOR when
it is associated with raptor and mLST8 to form a
complex (mMTORC1), and subsequently inhibits
downstream signaling, which involves cell cycle
regulators and transcription factors such as HI.
mTORC1 lies downstream of phosphatidylinositol
3’ kinase (PI3K), which is frequently activated
in human cancers. Everolimus has been used in
several clinical trials®®>®®, but data from the latest
phase I trial (NCT01035229) show no improval
in overall survival®®, Temsirolimus is a sirolimus
ester, which binds the same receptors. Trials using
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temsirolimus are currently ongoing (NCT01008917
and NCT01687673).

The activated stellate cells also play a pivotal
role in vascular remodeling, by creating a hypoxic
environment, by producing angiogenic factors and
also by migrating to angiogenic sites to contribute
in the stabilization and maturation of (tumor) blood
vessels. Current anti-angiogenic strategies for cancer
have mostly focused on endothelial cells. However,
combining drugs that target endothelial cells and
stellate cells (or pericytes) could work synergistically
as a therapy.

Several receptor tyrosine kinase inhibitors target
VEGF and PDGF. Linifanib is a potent inhibitor of VEGF,
PDGF, PDGFR-B, KDR and colony stimulating facto-
1-receptor (CSF). A phase 1 trial (NCT00517920)
showed initial benefits for linifanib in HCC pati-
ents!®® however, the subsequent phase I trial
(NCT01009593) had to be terminated for unknown
reasons. Sunitinib inhibits receptors for PDGF and
VEGF, as well as other receptor tyrosine kinases such
as CSF. While several phase 1 trials (NCT00514228,
NCT00361309) have shown promising results®®®”%,
it is inferior to sorafenib and the latest phase I trial
had to be terminated for safety reasons'’".

Orantinib is a receptor tyrosine kinase inhibitor
that binds and inhibits the autophosphorylation of
VEGFR2, PDGF-receptor and fibroblast growth factor
receptor (FGFR), thereby inhibiting angiogenesis
and cell proliferation. A phase I /1I trial has shown
a trend towards prolonged progression free survival
in patients treated with orantinib after transarterial
chemoembolization”, and a phase II trial is still
ongoing (NCT01465464). Blocking PDGF signaling
in mouse models of pancreatic carcinogenesis
with orantinib caused regression of blood vessels,
as a result of the detachment of pericytes from
tumor vessels. The fact that tumor vessels lacking
pericytes are more vulnerable suggests that they
could be more responsive to other anti-angiogenic
drugs!”>’*, Combining receptor tyrosine kinase
inhibitors targeting ECs and pericytes successfully
diminished tumor angiogenesis and decreased tumor
size compared to a monotherapeutic approach in
colon cancer®. Similar effects were seen when
PDGF inhibitors were combined with anti-angiogenic
treatments”. Thus, targeting stellate cells and
endothelial cells may destabilize the existing tumor
vasculature more potently than targeting each cell
type individually.

MACROPHAGES

After liver damage, the pool of the liver’s resident
macrophages-Kupffer cells-is rapidly expanded. A
harmful incident causes the hepatic macrophages to
secrete pro-inflammatory cytokines and chemokines
such as IL-1B, TNF, CCL2, and CCL5, resulting in
the activation of protective or apoptotic signaling
pathways of hepatocytes and the recruitment of
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immune cells that support hepatic injury. There is
increasing evidence suggesting that phagocytosis of
apoptotic bodies by HSC and by macrophages may
directly stimulate fibrogenesis through upregulation
of TGF-p®.. Furthermore, these repeated cycles of
hepatocyte death and compensatory proliferation
provide a mitogenic and mutagenic environment
that fuels the development of HCC.

The location of Kupffer cells in the sinusoids
allows close interactions with other non-parenchymal
liver cells. Firstly, Kupffer cells interact with other
immune cells by secreting inflammatory cytokines
and chemokines. Secondly, they can activate HSC
via paracrine mechanisms, likely involving TGF-
and PDGF. These profibrotic functions of Kupffer
cells during chronic liver injury possibly contribute
to a tumor-stimulating environment in the cirrhotic
liver. In vivo studies have shown that depleting
macrophages reduces angiogenesis and slows down
tumor progression in mouse models, and enhances
the response to sorafenib!”’.

Macrophages can be classified into two main
classes depending on their phenotypic polarization:
the M1-phenotype, triggering a Thl immune
response and exerting cytotoxic activity; and the M2-
phenotype, which activates a Th2 immune response
and promotes angiogenesis, tissue remodeling and
tumor progression!’®!. Macrophages can adapt to
signals from the microenvironment and change their
functional phenotype accordingly”®. M1 macrophages
are activated as a response to microbial stimuli and
interferon gamma, while in a tumor environment
the tumour-associated macrophages (TAMs) are
mainly polarized towards a M2 phenotype. Increased
numbers of M2-macrophages have been associated
with angiogenesis, metastasis and poor prognosis.

Tumor associated macrophages are key actors
of cancer-related inflammation, being the main
type of inflammatory cells infiltrating the tumor
environment®”, In HCC, tumor cells have been shown
to recruit and activate TAMs by the secretion of VEGF,
PIGF, PDGF, TGF-pB and glypican-3. Glypican-3 is a
member of the glypican family of heparin-sulfate
proteoglycans linked to the cell surface. It is highly
expressed in the majority of HCC cells and is known
for its role in the regulation of cell proliferation and
apoptosis®. In addition, studies have suggested
an involvement in the recruitment of M2-polarized
TAM’s in human HCC tissues'™!. Possibly glypican-3
present on the cell surface of malignant cells, binds
to CCL5 and CCL3, which are chemokines that
attract TAMs. Glypican-3 antibodies could therefore
block the recruitment of TAMs via CCL5 and CCL3.
Antibodies targeting glypican-3 have been tested
in several phase I trials for advanced HCC, with
promising results. The antibody was well tolerated
and preliminary antitumor activity show a threefold
prolongation of the median time to progression in
patients receiving glypican-3-antibodies compared to
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untreated patients®*®*,

Zoledronic acid (ZA) is a compound widely
used to prevent skeletal complications associated
with bone metastases. Recent studies have shown
a possible direct role as an anti-tumor agent by
targeting the TAMs. ZA is taken up by macrophages
via phagocytosis and leads to apoptosis specifically
in TAMs, thus causing a repolarization of the
macrophage population'®®, In vivo studies of ZA in
combination with sorafenib have shown that the latter
leads to an increase of M2-macrophages infiltrating
the tumor stroma, which can be effectively depleted
with ZA. This significantly inhibits angiogenesis,
metastasis and tumor progression compared to
sorafenib alone'””). A phase II study of sorafenib
and ZA in advanced HCC has been conducted
(NCT01259193), but no results have been published.

DISCUSSION

Several studies have shown that the stroma regu-
lates the malignant transformation, survival,
progression and metastasis of hepatocellular car-
cinoma. Factors derived from the tumor cells in
their turn alter the tumor stroma to generate a
tumor-permissive microenvironment. This complex
interplay between the tumor and the different
actors in the stroma establishes a promising axis for
therapeutic targets (Figure 2).

VEGF targeting therapies have represented
the first success in treating HCC patients in many
years, reviving research in this field and leading to
an explosion of clinical trials with anti-angiogenic
therapies'*®). However, the success of treatments
such as sorafenib needs to be followed by better
understanding of the mechanisms that underlie the
intrinsic and acquired resistance to anti-angiogenic
therapies. Perhaps targeting several actors of the
stromal environment and the tumor cells at the
same time could be the key for optimal treatment in
future therapies.

Sorafenib does not only inhibit angiogenesis,
but also alters the inflammatory environment.
Sorafenib has been shown to suppress natural killer
cells and facilitate tumor growth and metastasis™®”.
Furthermore, multi-tyrosine kinase inhibitors
have been shown to increase infiltration of tumor-
associated macrophages in the tumor environment
which could contribute to the resistance or escape
to anti-angiogenic treatment!””’ (although it is
important to note that some studies have shown the
opposite effect’®). Hence the solution could be the
use of adjuvant immunotherapy along with tyrosine
kinase inhibitors for patients with unresectable HCC
in order to obtain long-term response. In fact, one
of the first trials to confirm the efficacy of sorafenib
in advanced, metastasized renal cell carcinoma, was
performed in combination with immunotherapy with
IL-2 and interferon-alpha™®.
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Tumor associated macrophages are important
actors of cancer-related inflammation, being the
main type of inflammatory cells infiltrating the tumor
environment. Targeting macrophages as a therapeutic
strategy could be done by depleting the overall
population of macrophages, or by altering their
phenotype from a M2 towards an M1 orientation.
Again, macrophages are known to not only interact
with the tumor cells and stimulate their growth, they
also influence stellate cell activation and angiogenesis.

The stellate cells are one of the key players in the
formation of the perfect tumor environment. Not only
do they directly affect tumor growth by secreting
growth factors'”!, matrix proteases™® and/or ECM
proteins’, they also alter the mechanical properties
of the tumor’s surrounding. Activated stellate cells
are known to stimulate angiogenesis, which allows
the tumor cells to grow rapidly and invade in the
circulatory system. The deposition of ECM proteins,
such as collagens and proteoglycans, serve as a
reservoir for growth factors, but also directly provoke
a pro-tumoral cellular response. Indeed, the thick
layer of ECM in the cirrhotic liver could impair drug
delivery and hence decrease response to therapy.
Therefore, preventing or reversing the activation
of stellate cells could inhibit HCC growth, decrease
angiogenesis and increase response to other
therapies, such as classic chemotherapy or sorafenib.

As our understanding of the complex interplay
between tumor and stroma evolves, the next-
generation cancer drugs could target several actors in
the tumor-stroma axis and offer a durable treatment
for advanced HCC.
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