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Abstract: Hepatocellular carcinoma (HCC) is a malignancy characterized by neoangiogenesis
that is determined by an augmented production of proangiogenesis factors by tumor and
adjacent cells. This unbalanced angiogenesis process is a key feature of HCC carcinogenesis and
progression. Proangiogenic factors also have a relevant role in the generation and maintenance of
an immunosuppressive tumor microenvironment. Several therapeutic options for HCC treatment
are based on the inhibition of angiogenesis, both in the early/intermediate stages of the disease
and in the late stages of the disease. Conventional treatment options employing antiangiogenic
approaches provide for the starving of tumors of their blood supply to avoid the refueling of oxygen
and nutrients. An emerging alternative point of view is the normalization of vasculature leading to
enhance tumor perfusion and oxygenation, potentially capable, when proposed in combination with
other treatments, to improve delivery and efficacy of other therapies, including immunotherapy with
checkpoint inhibitors. The introduction of novel biomarkers can be useful for the definition of the most
appropriate dose and scheduling for these combination treatment approaches. The present review
provides a wide description of the pharmaceutical compounds with an antiangiogenic effect proposed
for HCC treatment and investigated in clinical trials, including antibodies and small-molecule
kinase inhibitors.
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1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide. HCC usually
develops from a pre-existent liver disease, commonly a cirrhotic state, and is related with well-defined
risk factors including chronic viral types B and C hepatitis, alcohol abuse and aflatoxin exposure [1,2].

HCC is characterized by a high presence of vascular abnormalities with aberrant microvasculature
generated by the arteriogenesis and capillarization [3,4]. Generally, the vasculature is less dense than
that of normal liver and immature abnormal leaky tumor vessels can be found, giving rise to interstitial
hypertension, edema and tumor hypoxia with necrotic regions [3,5-7]. In turn, in a vicious circle,
hypoxia can re-stimulate angiogenesis and ultimately tumor growth [3,6,8,9].

Several therapeutic options for HCC treatment are based on the inhibition of angiogenesis, both
in the early/intermediate stages of the disease and in the late stages of the disease [9]. Transarterial
chemoembolization (TACE) is a locoregional treatment used in the early/intermediate stages [10].
Systemic therapies with small molecules acting as kinase inhibitors exert an antiangiogenic function
by targeting various tyrosine kinases involved in neovascularization. These small molecules, in
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particular sorafenib, are frequently used in the late stages of the disease [9,11]. Moreover, the
humanized anti-vascular endothelial growth factor (VEGF) antibody bevacizumab has been proposed
in combination with conventional chemotherapy and radiotherapy [12,13].

Conventional treatment options employing antiangiogenic approaches provide for the starving
of tumors of their blood supply to avoid the refueling of oxygen and nutrients [3]. In this context,
tumors with excessively reduced blood vessels could reach a hypoxic state associated with an
increased invasiveness and capability to metastasize [3]. An emerging alternative point of view is the
normalization of vasculature leading to augmented tumor perfusion and oxygenation, potentially
capable, when proposed in combination treatment approaches, to improve delivery and efficacy of
other therapies, including immunotherapy with checkpoint inhibitors [3,6,14,15].

In the present review, we will describe the main molecular mechanisms of neoangiogenesis
potentially influencing the interactions between tumor, tumor microenvironment and immune
system cells. Moreover, we will give a wide description of the pharmaceutical compounds with an
antiangiogenic effect proposed for HCC treatment and investigated in clinical trials (Figures 1 and 2,
Table 1).

Table 1. Current phase in Hepatocellular carcinoma (HCC) of the different treatments/molecules
described in the present review. Further details are reported in the Supplementary Materials (Tables S1

and S2).
Treatment/Molecule Name Current Phase in HCC
TACE Approved for clinical use
Sorafenib Approved for clinical use
Regorafenib Approved for clinical use
Lenvatinib Approved for clinical use
Cabozantinib Approved for clinical use
Sunitinib Phase III
Erlotinib Phase III
Brivanib Phase III
Cediranib Phase II
Linifanib Phase III
Nintedanib Phase II
Refametinib Phase II
Vatalanib Phase I/I1
Vandetanib Phase II
Pazopanib Phase I
Tivantinib Phase III
Apatinib Phase III
Bevacizumab Phase III
Ramucirumab Phase III

Trebananib Phase II
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Figure 1. Antiangiogenic therapeutic strategies considered in the present review. TACE: transarterial
chemoembolization.
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Figure 2. Molecular targets of antiangiogenic therapies. (a) molecur targets in endothelial cells,
(b) molecular targets in tumor cells.

2. Molecular Mechanisms of Neoangiogenesis Involved in Pathogenesis and Progression of HCC

HCC develops from a dysplastic nodule through the acquisition of an increasing number and
density of arteries without the associated bile ducts [3,5,16,17]. This is a key step in hepatocarcinogenesis
that is determined by an unbalanced angiogenesis process with an augmented production of
proangiogenesis factors (drivers of vessel growth and maturation) by tumor cells and adjacent
cells, including VEGF, platelet-derived growth factor (PDGF), placental growth factor, angiopoietins,
hepatocyte growth factor, endoglin, transforming growth factor, basic fibroblast growth factor, and
a diminished production of inhibitors such as angiostatin, endostatin, thrombospondin-1 [3,6,9].
Moreover, downstream intracellular signaling and endothelial cell tyrosine kinases are activated by
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factors able to induce proangiogenesis through both mitogen-activated protein kinase (MAPK) and
extracellular-signal-regulated kinase (ERK) (MEK) and phosphatidylinositol-3-kinases (PI3K)/protein
kinase B (Akt)/mammalian target of rapamycin (mTOR) pathways [9,18].

Various indications have arisen regarding the link between the immune system and angiogenesis
in the tumor microenvironment context (Figure 3). Abnormal angiogenesis reduces the number and
the functionality of tumor infiltrating lymphocytes (TIL), in particular for the presence of leaky nascent
vessels and loose pericyte coverage resulting in a high interstitial fluid pressure, which determines
a greater pressure difference to overcome for the infiltration of T cells. There is a well-recognized
role of VEGF as key mediator in the evasion of the immune-surveillance by tumor cells in the context
of an immunosuppressive tumor microenvironment [6,14,19]. T cell diapedesis occurs through the
interaction between lymphocyte function-associated antigen 1 (LFA-1, expressed by T cells) and
intercellular adhesion molecule 1 (ICAM-1, expressed by endothelial cells) and between very late
antigen-1 (VLA-1, expressed by T cells) and vascular cell adhesion molecule 1 (VCAM-1, expressed by
endothelial cells) [14]. VEGF is capable to generate a defective clustering of ICAM-1 and VCAM-1 at the
endothelial surface, that is involved in the inhibition of T cell infiltration [14,20]. VEGF is also capable
to induce proliferation of regulatory T lymphocytes (Tregs) [21]. Moreover, VEGEF is associated with the
accumulation of myeloid-derived suppressor cells (MDSC) which in turn can induce the development
of forkhead box P3 (Foxp3+) Tregs [6,22]. High VEGF levels are also associated with a decrease of
dendritic cells capable to reach a mature state. The presence of immature dendritic cells can contribute
to the differentiation and proliferation of Tregs [6,14,19]. Tumor-associated macrophages (TAM) can
also be induced by VEGF [6,23,24]. Another proangiogenic factor that has an immunosuppressive
role is angiopoietin-2 (Ang-2). In particular, the expression of Ang-2 by tumor cells can induce the
recruitment of TIE-2-expressing monocytes (TEM) which in turn are responsible for the release of
IL-10 [25,26]. This IL-10 production is associated with the suppression of T cell proliferation, an
increment in the CD4*/CD8* T cell ratio, and the expansion of Foxp3+ Tregs [27]. In the mechanisms
limiting the infiltration of T cells into the tumor, a relevant role is also carried out by Fas Ligand (FasL)
as a mediator of T cell apoptosis. In fact, endothelial cells expressing FasL on tumor endothelial barrier
can selectively kill effector T cells rather than Tregs [28]. Thus, the expression of FasL is associated with
the absence of CD8" T cells into the tumor, whereas Tregs are still present due to the high expression of
cellular FLICE-inhibitory protein [28]. Tumor hypoxia upregulates known inhibitory molecules of the
antitumor immune response such as programmed death-ligand 1 (PD-L1), IL-6, IL-10 and indoleamine
2, 3-dioxygenase (IDO) [29]. A hypoxic state of the tumor also induces the upregulation of C-C motif
chemokine 11 (CCL11) and chemokine (C-C motif) ligand 28 (CCL28) capable to recruit Tregs into the
tumor microenvironment [30]. Moreover, tumor hypoxia promotes the polarization of TAM to M2-like
phenotype [31].

Antiangiogenic treatments can induce or increase the trafficking of T cells reactive versus specific
tumor antigens or of other effector cells of the immune system [32]. In particular, the interaction
between the endothelium and T cells can be reverted by the blockade of VEGF through the VCAM-1
and ICAM-1 role [32]. Furthermore, a reduced hypoxia preferentially induces polarization of TAM
to M1-like phenotype [15]. Moreover, an improved perfusion downregulates PD1-PDL1 immune
inhibitory signals induced by a hypoxic state [15]. The use of kinase inhibitors decreases PD1 expression
in tumor infiltrating T cells [33], significantly increase the infiltration of CD8" and CD4* T cells in
tumors in in-vivo mouse models [15,32,33]. In addition, the number of Tregs are reduced upon kinase
inhibitor treatments as well as the number of MDSC and their suppressive function [22,33]. Moreover,
anti-VEGF agents could inhibit the expression of immune checkpoint inhibitors (ICIs) such as PD-L1,
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3) in infiltrating CD8" T cells [34]. Finally, the use of antibodies blocking FasL can
increase CD8* T cell infiltration into the tumor [28]. On the other hand, an excessive inhibition of
angiogenesis can generate hypoxia in the tumor microenvironment which, in turn, can contribute to an
increase of immunosuppression [3,19,32,35].
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Figure 3. Immunosuppressive role of angiogenic factors. (a) Schematic representation of tumor
microenvironment actors in a non-treated situation. (b) Schematic representation of tumor
microenvironment actors in a treated situation. Abbreviations: Ang-2 = angiopoietin-2; DC = dendritic
cell; FasL = Fas ligand; ICAM-1 = intercellular adhesion molecule-1; IL-10 = interleukin-10; LFA-1
= lymphocyte function-associated antigen 1; MDSC = myeloid-derived stem cells; TAM = tumor
associated macrophages; TEM = TIE-2 expressing monocyte; TIE-2 = angiopoietin receptor; Tregs =
regulatory T lymphocytes; VCAM-1 = vascular cell adhesion molecule-1; VEGF = vascular endothelial
growth factor; VEGFR = vascular endothelial growth factor receptor; VLA-1 = very late antigen-1.
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3. Transarterial Chemoembolization (TACE)

TACE is characterized by the injection of lipidol emulsified with chemotherapeutic drug into
the central vessels that feed the liver tumor nodules with the subsequent embolization of the same
vessels to induce both cytotoxic and ischemia effects. TACE is used to treat patients with Barcelona
Clinic Liver Cancer (BCLC) 0/A until liver transplant is available, and patients with BCLC stage B or C
as non-curative treatment [10]. TACE can enhance the median survival from 16 to 19—20 months in
patients without the possibility of surgical or ablation treatments and with intermediate stage HCC
(BCLC stage B) [10]. On the other hand, reactivation of angiogenesis may occur, probably due to the
hypoxemia induced by TACE, and neovascularization can occur in the periphery [10]. Combination
therapies using both TACE and antiangiogenic agents may be useful to enhance the therapeutic effects
(Table S1) [10].

4. Small-Molecule Kinase Inhibitors

In the last years, protein kinases have been considered one of the most interesting targets for
numerous diseases, including cancer [36], and several kinase inhibitors have been developed [37].
In this context, Imatinib was the first kinase inhibitor approved by Food and Drug Administration
(FDA) in 2001 for the treatment of chronic myeloid leukemia [38]. In the last years, a relevant number
of preclinical studies and clinical trials have been proposed regarding the use of kinase inhibitors for
HCC treatment (Table S1).

4.1. Multi-Kinase Inhibitors Currently Licensed for HCC

4.1.1. Sorafenib (BAY 43-9006)

Sorafenib is a bi-aryl urea compound multikinase inhibitor that represses cancer cells growth
and tumor angiogenesis and enhances the rate of apoptosis in many tumor models [39,40]. It works
inhibiting the serine-threonine kinases c-Raf (Raf-1) and B-Raf; vascular endothelial growth factor
receptor (VEGFR)-1, -2 and -3; platelet-derived growth factor receptors (PDGFR) « and (3; the MEK;
the cytokine receptor c-Kit; the fetal liver tyrosine kinases receptor 3 (FLT-3) and rearranged during
transfection receptor tyrosine kinase (RET) [39-41]. The mechanism of inhibition is exerted thanks to
an interaction between sorafenib and the ATP binding site of the targets [37,39].

Sorafenib has been evaluated in HCC because the cellular signaling mediated by the Raf-1 and
VEGEF pathways has been implicated in the molecular pathogenesis of HCC [42]. In 2007 sorafenib
was approved for the treatment of advanced HCC patients with Child-Pugh A cirrhosis and good
performance condition and BCLC stage C [43]. The approval was based on two phase III clinical
trials [42,44]. In the first clinical trial (SHARP), patients with advanced HCC previously untreated
with systemic therapy were administered with sorafenib at a dose of 400 mg twice a day or placebo. In
patients treated with sorafenib median survival and time to radiological progression were approximately
90 days longer than those treated with placebo. The adverse effects were principally mild to moderate
in severity (NCT00105443) [42]. In the second clinical study, patients with advanced HCC previously
untreated with systemic therapy received oral sorafenib at a dose of 400 mg or placebo twice a day in
6-week cycles. Sorafenib demonstrated to be effective with tolerable adverse effects (NCT00492752) [44].
Several clinical trials are evaluating the use of sorafenib with other approaches (Table S1). Among
these, two trials are currently investigating the use of sorafenib in combination with ICI. In particular,
a phase II study (NCT03439891) is evaluating the combinational therapy composed by sorafenib and
nivolumab (anti- programmed cell death protein 1 PD-1) in HCC patients not eligible for surgery. In
addition, a phase I/II clinical study (NCT03211416) is evaluating the administration of sorafenib in
combination with pembrolizumab (anti-PD-1) in metastatic HCC patients (Table S1).
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4.1.2. Regorafenib (BAY 73-4506)

Regorafenib is another urea-derived compound, in which the addition of a fluorine atom in the
center phenyl ring makes its structure distinct from that of sorafenib [45]. This multikinase inhibitor
showed anti-tumorigenic and anti-angiogenic behavior in pre-clinical and clinical studies [45,46].
Regorafenib strongly suppresses VEGFR-1, -2, and -3, PDGFRf3, TIE-2, fibroblast growth factor receptor
1 (FGFR1), the mutant oncogenic kinases KIT (CD117), RET, and B-Raf [45]. The mechanism of action of
regorafenib is based on an interaction within the ATP binding site of the target molecules [47]. In April
2017, regorafenib was approved for the treatment of patients with advanced HCC whose disease
progressed after sorafenib therapy [48]. This approval derived from a randomized, double-blind,
placebo-controlled, phase III clinical trial (RESORCE) (NCT01774344) [49]. Several clinical trials are
ongoing for the evaluation of regorafenib use including some trials investigating the combination with
ICI such as pembrolizumab and avelumab (Table S1).

4.1.3. Lenvatinib (E7080)

Lenvatinib is a multikinase urea derivative inhibitor [50]. In-vitro and in-vivo studies demonstrated
that this molecule has potent anti-tumor and anti-angiogenesis activity [51,52]. This small molecule
works inhibiting VEGFR-1, -2, and -3, FGFR]1, 2, 3, and 4, PDGFR«, KIT, and RET [51,53]. A structural
study demonstrated that lenvatinib inhibits its targets interacting with the ATP binding site [50].
On August 16, 2018, FDA approved lenvatinib for first-line therapy for unresectable HCC patients [54].
The approval originated from a randomized phase III study with 954 unresectable HCC patients
evaluating lenvatinib versus sorafenib in terms of overall survival (NCT01761266) [55]. Several clinical
trials are ongoing for the evaluation of lenvatinib use in HCC, some of them are in association with an
immunotherapy approach based on nivolumab or pembrolizumab (Table S1).

4.1.4. Cabozantinib (XL184, BMS-907351)

Cabozantinib is a strong tyrosine kinase inhibitor, ATP-competitor, able to block tyrosine-protein
kinase Met (c-Met) and VEGFR-2 phosphorylation. It also acts by inhibiting tyrosine-protein kinase
receptor UFO (AXL), c-Kit, RET and FLT-3 [56,57]. Cabozantinib is able to inhibit cellular migration,
invasion and tumor cell proliferation in-vitro [56,57]. Tumor inhibition and metastasis prevention have
also been shown in mouse models injected with HCC cell lines (MHCC97H, HepG2 and SK-HEP1) [56].
On 14 January 2019, FDA approved cabozantinib for progressive and metastatic medullary thyroid
cancer, for advanced renal cell carcinoma (RCC), and for the treatment of HCC patients previously
treated with sorafenib [58-62]. Several clinical trials are now investigating the use of cabozantinib
for HCC treatment, some of them in combination with ICIs including nivolumab, durvalumab,
atezolizumab, ipilimumab (Table S1).

4.2. Multi-Kinase Inhibitors not Currently Licensed for HCC

4.2.1. Sunitinib (SU11248)

Sunitinib is an oral oxindol able to inhibit several tyrosine kinases namely VEGFR-1, and -2,
PDGFRo/f3, c-Kit, FLT-3, and RET [63,64]. Sunitinib works to prevent the phosphorylation of its
targets [65]. Sunitinib displays anti-tumor and anti-angiogenetic activity in mouse xenograft models [64].
The use of sunitinib has been proposed for HCC treatment in 10 clinical trials (Table S1).

4.2.2. Erlotinib (CP-358774, OSI-774)

Epidermal growth factor receptor (EGFR) autocrine pathway coordinates several activities
relevant for tumor development and progression, including cell growth, angiogenesis, apoptosis,
and metastasis [66]. In the HCC context, EGFR activity may repress the anti-tumor function of
sorafenib, suggesting that the neutralization of EGFR may improve tumor response [67,68]. Erlotinib
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is a quinazoline derivative inhibitor of EGFR able to inhibit the kinase activity and also the
auto-phosphorilation of EGFR [69]. This EGFR inhibitor demonstrated to have antitumor activity
in-vitro and also in tumor xenograft mouse models [69,70]. There are 12 clinical trials proposed to
investigate the use of erlotinib in combination with other approaches for HCC treatment (Table S1).

4.2.3. Brivanib (BMS-540215)

Brivanib is a pyrrolatriazine-based compound inhibitor of VEGFR-2 and FGFR1 [71,72]. It competes
with ATP for the binding in the ATP-binding domain [73]. Brivanib is able to suppress tumor growth
in mouse models, including xenograft HCC mouse models, in keeping with the key role of VEGFR-2
and FGFR1 in the pathogenesis of HCC [42,73-75]. There are 8 clinical trials proposed to investigate
the use of brivanib for HCC treatment (Table S1).

4.2.4. Cediranib (AZD2171)

Cediranib is an indole-ether quinazoline compound, ATP-competitor and VEGFR-family inhibitor,
with highest action against VEGFR-2, and it is also able to inhibit c-Kit and PDGFR [76]. It interferes
in the endochondral ossification and ovary luteal phase in rats, events dependent on angiogenic
pathways [76]. Cediranib inhibits human tumor xenograft growth in athymic mouse models both
preventing the formation of novel vessels and causing the regression of vasculature [76]. Two clinical
trials have been proposed to investigate the use of cediranib for HCC treatment (Table S1).

4.2.5. Linifanib (ABT-869)

Linifanib is an ATP-competitive receptor tyrosine kinase inhibitor acting on the members of
the VEGF and PDGF receptor families [77]. Linifanib is effective in several xenograft tumor models
inhibiting their growth [77]. In particular, in HCC xenograft mouse models linifanib had a significant
action in reducing tumor volume. Action that was enhanced when linifanib was administered in
combination with rapamycin [78]. Two clinical trials have been proposed to investigate the use of
linifanib to treat HCC.

4.2.6. Nintedanib (BIBF1120)

Nintedanib is an indolinone and an angiokinase inhibitor able to interact with VEGFR-1, -2 and -3,
PDGER, FGFR and Src kinase family [79,80]. In xenograft tumor mouse models, nintedanib showed
an inhibiting activity of VEGF-dependent cell proliferation [79]. In addition, nintedanib potentially
regulates the Src homology region 2 domain-containing phosphatase-1 (SHP-1) autoinhibition causing
an increase in signal transducer and activator of transcription 3 (STAT3) dephosphorylation through
a kinase-independent mechanism, in xenograft HCC tumor mouse models [80]. Three clinical trials
have been proposed to investigate the use of nintedanib for HCC treatment (Table S1).

4.2.7. Refametinib (BAY 869766)

Refametinib is a MEK inhibitor able to bind MEK1/2 hydrophobic pocket, blocking the enzyme
in the non-active form [81]. Regarding the HCC context, Schmieder et al. explored refametinib
antitumor activity through different xenograft and allograft HCC tumor mouse models [82]. This study
showed that refametinib is able to act as antiproliferative agent and to enhance survival in xenograft
and allograft murine models [82]. Three clinical trials tested the efficacy of refametinib alone or in
combination with sorafenib (Table S1).

4.2.8. Vatalanib (PTK787/2K222584)

Vatalanib has a potent inhibitory activity against VEGFR tyrosine kinases impairing their
autophosphorylation activity and it is also able to inhibit PDGFRf, c-Kit and colony stimulating
factor 1 receptor (c-Fms) [83]. Vatalanib disrupts the neovasculature and inhibits capillary-like sprout
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formation in-vitro [83]. In the HCC context, vatalanib decreases microvessel density, inhibits the
proliferation and induces apoptosis of tumor cells both in-vitro and in-vivo in HCC models [84-86].
Moreover, vatalanib plus interferon-o/5-fluorouracil (IFN/5-FU) decrease the expression of VEGFR-2
and reduce Akt/ERK/p38MAPK phosphorylation [86]. A phase I/II trial has been conducted to test
vatalanib administered in combination with intravenous doxorubicin as therapy for patients with
advanced HCC [87].

4.2.9. Vandetanib (ZD6474)

Vandetanib is a 4-anilinoquinazoline with basic side chains at C-7 of the quinazoline nucleus able
to inhibit VEGFR-2 and EGFR autophosphorylation [88,89]. Vandetanib has consistently anticancer
activity in breast, colon, ovary, prostate and thyroid human tumor mouse models with reduction in
neoangiogenesis in colon cancer xenograft models [88-90]. In HCC context, vandetanib, by inhibiting
EGEFR pathway, is able to block HCC cell line adhesion, proliferation, migration and invasiveness
in-vitro [91]. In-vivo studies confirmed the antitumor activity of vandetanib in orthotopic and
subcutaneous liver tumor nude mouse models [92]. Two clinical trials have been proposed to test the
use of vandetanib as therapy for HCC (Table S1).

4.2.10. Pazopanib (GW786034)

Pazopanib is an indazolypyrimidine and a multitargeted receptor tyrosine kinase inhibitor able
to interact with VEGFR-1, -2 and -3, PDGFR«/f3 and c¢-Kit [93]. In particular, pazopanib inhibits
VEGF-induced VEGFR-2 phosphorylation [93]. Pazopanib is able to inhibit the growth of different
tumors in xenograft mice and presented antiangiogenic activity in-vivo [94,95]. In the HCC context,
pazopanib inhibits HCC cell-derived tumors in xenograft mouse models, prolonging the survival of
nude mice presenting tumors [96]. Two clinical trials investigated the use of pazopanib as therapy for
different cancers, HCC among them (Table S1) [97].

4.2.11. Tivantinib (ARQ 197)

Tivantinib is a highly-selective c-Met inhibitor that acts through a mechanism that is
non-ATP-competitive, blocking the constitutive and ligand-mediated autophosphorylation of this
receptor tyrosine kinase [98]. Tivantinib is able to induce apoptosis in cancer cell lines with c-Met
constitutive activated and to inhibit tumor growth in xenograft cell-derived tumor mouse models [98].
The combination of tivantinib and sorafenib has been demonstrated to have an additive cytotoxic effect
in HCC cell lines [99]. Subsequently, this receptor tyrosine kinase inhibitor can act on microtubule
assembling [100,101] and glycogen synthase kinase 3 & and 3 [101,102]. There are 6 clinical trials that
have been proposed to investigate the use of tivantinib for HCC treatment (Table S1).

4.2.12. Apatinib (YN968D1)

Apatinib is a potent inhibitor of VEGFR-2, acting also against c-Kit and c-Src kinase activities
and VEGFR-2, c-Kit and PDGFR{ phosphorylation [103]. Apatinib is able to inhibit proliferation,
migration and tube formation of HUVEC cells in-vitro [103,104]. In addition, it is able to impair
the growth of several human tumor xenograft mouse models (lung, colon and stomach) through its
antiangiogenic effect, acting alone, or with a synergistic effect when administered in combination with
chemotherapeutic agents [103]. In the HCC context, apatinib is able to inhibit HCC cell proliferation
in-vitro in a dose-dependent manner and in relation with the level of VEGFR-2 expression [104].
Moreover, VEGF-dependent VEGFR-2-phospshorylation is inhibited by this drug. The antitumor
action of apatinib has been correlated with a decrease in tumor microvessel densities and an increase
in median survival in human xenograft mouse models [104]. Among the clinical trials investigating
the use of apatinib in HCC (Table S1), 7 trials investigate the use of apatinib in combination with the
anti-PD-1 antibody SHR-1210.
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5. Antibodies and Peptibody Targeting Angiogenesis Factors

5.1. Bevacizumab (rhuMAB)

Bevacizumab is a humanized IgG1 monoclonal antibody (mAb) anti-VEGEF that inhibits tumor
growth [105,106]. It has been approved for the treatment of: recurrent, metastasized or refractory
cervical cancer, metastasized colorectal cancer, recurrent or worsening glioblastoma, locally advanced,
impossible to remove, metastasized or recurrent non-squamous non-small cell lung cancer, stage III
or IV or recurrent ovarian epithelial, fallopian tube or primary peritoneal cancer, and metastasized
renal cell carcinoma [107]. Twenty-two clinical trials have been proposed to investigate the use of
bevacizumab for HCC treatment (Table S2). These clinical trials did not completely clarify the efficacy
of bevacizumab in the context of HCC treatment (Table S2). Among these trials, several of them
have been set up to evaluate the use of bevacizumab in combination with ICIs such as nivolumab,
durvalumab or atezolizumab (Table S2).

5.2. Ramucirumab (IMC-1121B)

Ramucirumab is an anti-VEGFR-2 IgG1 mAb [108,109]. It is approved for the treatment of:
advanced or metastatic stomach or gastroesophageal junction adenocarcinoma; metastatic colorectal
cancer; metastatic non small cell lung carcinoma (NSCLC) [110]. Six clinical trials have been proposed
to investigate the use of ramucirumab for HCC treatment (Table S2), including a trial in which the use
of ramucirumab has been proposed in combination therapy with the ICI durvalumab (Table S2).

5.3. Trebananib (AMG386)

Trebananib is a recombinant protein made by the fusion of a Fc and a peptide (peptibody) able to
interact with angiopoietin 1 or 2 (Ang-1/2), impairing their binding toTIE-2 angiopoietin receptor, thus
inhibiting tumor angiogenesis [111-113]. In the first-in-human study, trebananib showed a tolerable
safety profile in patients with advanced solid tumors [111]. Moreover, trebananib has been proposed
in combination with sorafenib to treat advanced or inoperable HCC (Table S2).

6. Plant-Derived Products Targeting Angiogenesis

A large number of plant-derived compounds, such as polyphenols including resveratrol, curcumin
and catechins have been reported to show an anti-angiogenic and anti-proliferative effect, and to
suppress tumorigenesis in several tumors including HCC [114-117]. In particular, resveratrol affects
tumor angiogenesis by inhibiting endothelial cell migration, proliferation and new blood vessel
formation through the inhibition of fibroblast growth factor 2 (FGF2) and VEGF receptor-mediated
activation of MAPK in endothelial cells [118]. Moreover, resveratrol inhibits VEGF expression
and hypoxia-inducible factor-1 (HIF-1) alpha expression [119]. Curcumin displays anticancer and
anti-inflammatory properties [120]. Moreover, curcumin inhibits endothelial cell proliferation induced
by basic fibroblast growth factor (bFGF) and bFGF mediated neovascularization [121]. Of note,
curcumin has been shown to reduce tumor neocapillary density and serum VEGF levels HCC mouse
models [122]. Among flavonoids, genistein has been shown to inhibit bFGF mediated endothelial
cell tube formation in-vitro [123]. Among alkaloids, castanospermine has been reported to inhibit
migration and invasion of endothelial cells through the basement membrane, and to suppress tumor
neovascularization and growth [124]. Colchicine has been shown to inhibit angiogensis in-vitro [125].
Vinblastine inhibits VEGF-mediated angiogenesis [1]. Sanguinarine has been shown to suppress
VEGF-induced endotheilial cell migration and sprouting in-vitro and blood vessel formation in-vivo.
Brucine and tylophorine has been shown to inhibit VEGF-mediated angiogenesis by suppressing
downstream protein kinases, includimg ERK, PI3K, AKT, mTOR [126].
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7. Conclusions

Antiangiogenic compounds are widely prescribed and continuously developed and investigated
in clinical trials for solid tumor treatments although they generally offer a modest survival benefit
of few weeks to months, with not frequent durable responses. Antiangiogenic therapy strategies
are commonly used for the treatment of HCC. Sorafenib is the current option as standard first-line
treatment in patients with advanced HCC as well as lenvatinib that has been recently approved as
first-line treatment. Regorafenib is the most common option for patients who progress to sorafenib
and cabozantinib is a recently approved alternative choice as a second-line treatment. Besides these
compounds, there are other kinase inhibitors and antibodies with different mechanisms of action, whose
use has been proposed in clinical trials for HCC treatment. However, it is not yet clear if the different
mechanisms of action of these different compounds actually impact on clinical endpoints. In this
context, to date, no advantage of one kinase inhibitor versus the other has been found in terms of overall
survival in the only randomized trial facing the two kinase inhibitors sorafenib and regorafenib [49].
In the absence of other comparison data among different antiangiogenic molecules, information such
as the toxicity profiles, characteristic of the study populations and the evaluation of biomarkers become
crucial for the set-up of new clinical trials investigating the simultaneous or sequential combined
use of these molecules. Moreover, antiangiogenic molecules can be efficiently included in treatment
combinations with ICIs to ameliorate the efficacy of the chosen immunotherapeutic approach for the
treatment of HCC patients [3,6,9,11,19,32,127].

A recently proposed point of view is represented by the need to define peculiar scheduling for
the administration of antiangiogenic molecules to reach a transient pharmaceutical induced time
interval in which tumor vessels show improved functionality rather than hypoxia, in a process called
normalization of vasculature [3,7,35,128]. This restored functionality of tumor vessels is potentially
useful to augment the capability of additional pharmaceutical compounds, such as ICIs, that can
be employed in association with the antiangiogenic molecules to kill tumor cells [3,7]. In particular,
preclinical studies have shown that there is an increased tumor infiltration by T cells in response to
low doses of anti-VEGFR2 antibodies during the normalization window [15]. Moreover, it has been
demonstrated that an antiangiogenic treatment, carried out several days before an immunotherapeutic
treatment, is capable to increase the accumulation of T cells into the tumor, thus increasing anticancer
efficacy with respect to immunotherapy alone [15,129]. Furthermore, loss of VEGF in T cells, resulting
in vessel normalization, is capable to improve chemotherapeutic response in mice [130]. The extent of
normalization varies among tumors, as well as with the duration of the treatment and the dosage of
the drug, whereas, closure of the normalization window is marked by the development of adaptive
tumor resistance and immunosuppression [35]. Alternative methods of vascularization, such as vessel
cooption, and upregulation of alternative angiogenic pathways can also be used by the tumors to
escape antiangiogenic therapies and to close the normalization window. For this reason, there is
the need to critically evaluate the dose, duration and schedule of administration of antiangiogenic
compounds for the use in treatment combinations with ICIs. In this context, results of clinical trials
investigating the efficacy of treatment combinations of antiangiogenic molecules with ICIs, although
in some cases encouraging, do not completely clarify the best dose and scheduling, and efficacy of
these treatments.

Given the importance of the vascular normalization process, in particular in the context of
treatment combinations of ICIs and antiangiogenic molecules, there is a raising need of biomarkers
useful for the definition of when vascular normalization occurs [3,9,11,19]. Ever-increasing knowledge
of the processes defining the link between angiogenesis and the immune system will hopefully allow
the rapid introduction of therapeutic combination strategies in the routinely clinical practice for the
treatment management of HCC patients.



Cancers 2019, 11, 1086 13 of 20

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/8/1086/s1,
Table S1: Clinical trials investigating the use of kinase inhibitors for hepatocellular carcinoma treatment described
in the review, Table S2: Clinical trials investigating the use of antibodies and peptibody for hepatocellular
carcinoma treatment described in the present review.

Author Contributions: M.M., D.B., L.B., ED.C., M.D.B., and G.T. wrote the manuscript.

Funding: Ricerca Indipendente Agenzia Italiana del Farmaco (AIFA) 2017. Progetto GReKIAH. Gender-related
response to Tyrosine Kinase-Inhibitor drugs in hepatocellular carcinoma.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Llovet, ].M.; Zucman-Rossi, J.; Pikarsky, E.; Sangro, B.; Schwartz, M.; Sherman, M.; Gores, G. Hepatocellular
carcinoma. Nat. Rev. Dis. Prim. 2016, 2, 16018. [CrossRef] [PubMed]

2. Cassier, PA.; Fumagalli, E.; Rutkowski, P.; Schoffski, P.; Van Glabbeke, M.; Debiec-Rychter, M.; Emile, J.F.;
Duffaud, F.; Martin-Broto, ].; Landi, B.; et al. European Organisation for Research and Treatment of Cancer
EASL-EORTC clinical practice guidelines: Management of hepatocellular carcinoma. J. Hepatol. 2012, 56,
908-943.

3. Liu, K; Zhang, X.; Xu, W,; Chen, ].; Yu, J.; Gamble, J.R.; McCaughan, G.W. Targeting the vasculature in
hepatocellular carcinoma treatment: Starving versus normalizing blood supply. Clin. Transl. Gastroenterol.
2017, 8, €98. [CrossRef] [PubMed]

4. Yang, Z.FE; Poon, R.T.P. Vascular changes in hepatocellular carcinoma. Amnat. Rec. 2008, 291, 721-734.
[CrossRef] [PubMed]

5.  De Palma, M.; Biziato, D.; Petrova, T.V. Microenvironmental regulation of tumour angiogenesis.
Nat. Rev. Cancer 2017, 17, 457-474. [CrossRef]

6. Voron, T.; Marcheteau, E.; Pernot, S.; Colussi, O.; Tartour, E.; Taieb, J.; Terme, M. Control of the immune
response by pro-angiogenic factors. Front. Oncol. 2014, 4, 70. [CrossRef] [PubMed]

7. Jain, RK. Normalizing tumor vasculature with anti-angiogenic therapy: A new paradigm for combination
therapy. Nat. Med. 2001, 7, 987-989. [CrossRef]

8. Maxwell, P.H.; Dachs, G.U.; Gleadle, ].M.; Nicholls, L.G.; Harris, A.L.; Stratford, 1.J.; Hankinson, O.;
Pugh, C.W.; Ratcliffe, PJ. Hypoxia-inducible factor-1 modulates gene expression in solid tumors and
influences both angiogenesis and tumor growth. Proc. Natl. Acad. Sci. USA 1997, 94, 8104-8109. [CrossRef]

9.  Morse, M.A.; Sun, W,; Kim, R.; He, A.R.; Abada, P.B.; Mynderse, M.; Finn, R.S. The Role of Angiogenesis in
Hepatocellular Carcinoma. Clin. Cancer Res. 2019, 25, 912-920. [CrossRef]

10. Welker, M.W,; Trojan, J. Anti-angiogenesis in hepatocellular carcinoma treatment: Current evidence and
future perspectives. World J. Gastroenterol. 2011, 17, 3075-3081.

11. Llovet, ].M.; Montal, R;; Sia, D.; Finn, R.S. Molecular therapies and precision medicine for hepatocellular
carcinoma. Nat. Rev. Clin. Oncol. 2018, 15, 599. [CrossRef] [PubMed]

12.  Britten, C.D.; Gomes, A.S.; Wainberg, Z.A.; Elashoff, D.; Amado, R.; Xin, Y.; Busuttil, RW.; Slamon, D.].;
Finn, R.S. Transarterial chemoembolization plus or minus intravenous bevacizumab in the treatment of
hepatocellular cancer: A pilot study. BMC Cancer 2012, 12, 16. [CrossRef] [PubMed]

13.  Zhu, A.X,; Blaszkowsky, L.S.; Ryan, D.P,; Clark, ] W.; Muzikansky, A.; Horgan, K.; Sheehan, S.; Hale, K.E.;
Enzinger, P.C.; Bhargava, P,; et al. Phase II Study of Gemcitabine and Oxaliplatin in Combination With
Bevacizumab in Patients With Advanced Hepatocellular Carcinoma. J. Clin. Oncol. 2006, 24, 1898-1903.
[CrossRef] [PubMed]

14. Motz, G.T.; Coukos, G. The parallel lives of angiogenesis and immunosuppression: Cancer and other tales.
Nat. Rev. Immunol. 2011, 11, 702-711. [CrossRef]

15. Huang, Y,; Yuan, J.; Righi, E.; Kamoun, W.S.; Ancukiewicz, M.; Nezivar, J.; Santosuosso, M.; Martin, ].D.;
Martin, M.R.; Vianello, F; et al. Vascular normalizing doses of antiangiogenic treatment reprogram the
immunosuppressive tumor microenvironment and enhance immunotherapy. Proc. Natl. Acad. Sci. USA
2012, 109, 17561-17566. [CrossRef]

16.  Weis, S.M.; Cheresh, D.A. Tumor angiogenesis: Molecular pathways and therapeutic targets. Nat. Med. 2011,
17,1359-1370. [CrossRef]


http://www.mdpi.com/2072-6694/11/8/1086/s1
http://dx.doi.org/10.1038/nrdp.2016.18
http://www.ncbi.nlm.nih.gov/pubmed/27158749
http://dx.doi.org/10.1038/ctg.2017.28
http://www.ncbi.nlm.nih.gov/pubmed/28617447
http://dx.doi.org/10.1002/ar.20668
http://www.ncbi.nlm.nih.gov/pubmed/18484619
http://dx.doi.org/10.1038/nrc.2017.51
http://dx.doi.org/10.3389/fonc.2014.00070
http://www.ncbi.nlm.nih.gov/pubmed/24765614
http://dx.doi.org/10.1038/nm0901-987
http://dx.doi.org/10.1073/pnas.94.15.8104
http://dx.doi.org/10.1158/1078-0432.CCR-18-1254
http://dx.doi.org/10.1038/s41571-018-0073-4
http://www.ncbi.nlm.nih.gov/pubmed/30061739
http://dx.doi.org/10.1186/1471-2407-12-16
http://www.ncbi.nlm.nih.gov/pubmed/22244160
http://dx.doi.org/10.1200/JCO.2005.04.9130
http://www.ncbi.nlm.nih.gov/pubmed/16622265
http://dx.doi.org/10.1038/nri3064
http://dx.doi.org/10.1073/pnas.1215397109
http://dx.doi.org/10.1038/nm.2537

Cancers 2019, 11, 1086 14 of 20

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hayashi, M.; Matsui, O.; Ueda, K.; Kawamori, Y.; Gabata, T.; Kadoya, M. Progression to hypervascular
hepatocellular carcinoma: Correlation with intranodular blood supply evaluated with CT during intraarterial
injection of contrast material. Radiology 2002, 225, 143-149. [CrossRef]

Gotink, K.J.; Verheul, HM.W. Anti-angiogenic tyrosine kinase inhibitors: What is their mechanism of action?
Angiogenesis 2010, 13, 1-14. [CrossRef]

Hato, T.; Zhu, A.X,; Duda, D.G. Rationally combining anti-VEGF therapy with checkpoint inhibitors in
hepatocellular carcinoma. Immunotherapy 2016, 8, 299-313. [CrossRef]

Bougzin, C.; Brouet, A.; Vriese, ].D.; DeWever, J.; Feron, O. Effects of Vascular Endothelial Growth Factor on
the Lymphocyte-Endothelium Interactions: Identification of Caveolin-1 and Nitric Oxide as Control Points
of Endothelial Cell Anergy. J. Immunol. 2007, 178, 1505-1511. [CrossRef]

Li, B; Lalani, A.S.; Harding, T.C.; Luan, B.; Koprivnikar, K.; Huan Tu, G.; Prell, R.; VanRoey, M.].;
Simmons, A.D.; Jooss, K. Vascular endothelial growth factor blockade reduces intratumoral regulatory T
cells and enhances the efficacy of a GM-CSF-secreting cancer immunotherapy. Clin. Cancer Res. 2006, 12,
6808-6816. [CrossRef] [PubMed]

Gabrilovich, D.I,; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system.
Nat. Rev. Immunol. 2009, 9, 162-174. [CrossRef]

Barleon, B.; Sozzani, S.; Zhou, D.; Weich, H.A.; Mantovani, A.; Marmé, D. Migration of human monocytes in
response to vascular endothelial growth factor (VEGF) is mediated via the VEGF receptor flt-1. Blood 1996,
87,3336-3343. [PubMed]

Mantovani, A.; Marchesi, F; Malesci, A.; Laghi, L.; Allavena, P. Tumour-associated macrophages as treatment
targets in oncology. Nat. Rev. Clin. Oncol. 2017, 14, 399-416. [CrossRef] [PubMed]

De Palma, M.; Naldini, L. Angiopoietin-2 TIEs up macrophages in tumor angiogenesis. Clin. Cancer Res.
2011, 17, 5226-5232. [CrossRef] [PubMed]

Coffelt, S.B.; Tal, A.O.; Scholz, A.; De Palma, M.; Patel, S.; Urbich, C.; Biswas, S.K.; Murdoch, C.; Plate, K.H.;
Reiss, Y.; et al. Angiopoietin-2 regulates gene expression in TIE2-expressing monocytes and augments their
inherent proangiogenic functions. Cancer Res. 2010, 70, 5270-5280. [CrossRef] [PubMed]

Coffelt, S.B.; Chen, Y.Y.; Muthana, M.; Welford, A.F,; Tal, A.O.; Scholz, A.; Plate, K.H.; Reiss, Y.; Murdoch, C.;
De Palma, M; et al. Angiopoietin 2 stimulates TIE2-expressing monocytes to suppress T cell activation and
to promote regulatory T cell expansion. J. Immunol. 2011, 186, 4183-4190. [CrossRef]

Motz, G.T.; Santoro, S.P.; Wang, L.P,; Garrabrant, T.; Lastra, R.R.; Hagemann, L.S.; Lal, P.; Feldman, M.D.;
Benencia, F.; Coukos, G. Tumor endothelium FasL establishes a selective immune barrier promoting tolerance
in tumors. Nat. Med. 2014, 20, 607-615. [CrossRef] [PubMed]

Liu, M.; Wang, X.; Wang, L.; Ma, X.; Gong, Z.; Zhang, S; Li, Y. Targeting the IDO1 pathway in cancer: From
bench to bedside. J. Hematol. Oncol. 2018, 11, 100. [CrossRef] [PubMed]

Facciabene, A.; Peng, X.; Hagemann, 1.S; Balint, K.; Barchetti, A.; Wang, L.P.; Gimotty, P.A.; Gilks, C.B.; Lal, P;
Zhang, L.; et al. Tumour hypoxia promotes tolerance and angiogenesis via CCL28 and T(reg) cells. Nature
2011, 475, 226-230. [CrossRef] [PubMed]

Movahedi, K.; Laoui, D.; Gysemans, C.; Baeten, M.; Stangé, G.; Van den Bossche, J.; Mack, M.; Pipeleers, D.;
In’t Veld, P.; De Baetselier, P.; et al. Different tumor microenvironments contain functionally distinct subsets
of macrophages derived from Ly6C(high) monocytes. Cancer Res. 2010, 70, 5728-5739. [CrossRef] [PubMed]
Fukumura, D.; Kloepper, J.; Amoozgar, Z.; Duda, D.G.; Jain, R.K. Enhancing cancer immunotherapy using
antiangiogenics: Opportunities and challenges. Nat. Rev. Clin. Oncol. 2018, 15, 325-340. [CrossRef]
[PubMed]

Ozao-Choy, J.; Ma, G.; Kao, J.; Wang, G.X.; Meseck, M.; Sung, M.; Schwartz, M.; Divino, C.M.; Pan, PY,;
Chen, S.H. The novel role of tyrosine kinase inhibitor in the reversal of immune suppression and modulation
of tumor microenvironment for immune-based cancer therapies. Cancer Res. 2009, 69, 2514-2522. [CrossRef]
Voron, T.; Colussi, O.; Marcheteau, E.; Pernot, S.; Nizard, M.; Pointet, A.L.; Latreche, S.; Bergaya, S.;
Benhamouda, N.; Tanchot, C.; et al. VEGF-A modulates expression of inhibitory checkpoints on CD8+T cells
in tumors. J. Exp. Med. 2015, 212, 139-148. [CrossRef] [PubMed]

Jain, R.K. Antiangiogenesis strategies revisited: From starving tumors to alleviating hypoxia. Cancer Cell
2014, 26, 605-622. [CrossRef] [PubMed]

Rask-Andersen, M.; Zhang, J.; Fabbro, D.; Schioth, H.B. Advances in kinase targeting: Current clinical use
and clinical trials. Trends Pharmacol. Sci. 2014, 35, 604—620. [CrossRef] [PubMed]


http://dx.doi.org/10.1148/radiol.2251011298
http://dx.doi.org/10.1007/s10456-009-9160-6
http://dx.doi.org/10.2217/imt.15.126
http://dx.doi.org/10.4049/jimmunol.178.3.1505
http://dx.doi.org/10.1158/1078-0432.CCR-06-1558
http://www.ncbi.nlm.nih.gov/pubmed/17121902
http://dx.doi.org/10.1038/nri2506
http://www.ncbi.nlm.nih.gov/pubmed/8605350
http://dx.doi.org/10.1038/nrclinonc.2016.217
http://www.ncbi.nlm.nih.gov/pubmed/28117416
http://dx.doi.org/10.1158/1078-0432.CCR-10-0171
http://www.ncbi.nlm.nih.gov/pubmed/21576085
http://dx.doi.org/10.1158/0008-5472.CAN-10-0012
http://www.ncbi.nlm.nih.gov/pubmed/20530679
http://dx.doi.org/10.4049/jimmunol.1002802
http://dx.doi.org/10.1038/nm.3541
http://www.ncbi.nlm.nih.gov/pubmed/24793239
http://dx.doi.org/10.1186/s13045-018-0644-y
http://www.ncbi.nlm.nih.gov/pubmed/30068361
http://dx.doi.org/10.1038/nature10169
http://www.ncbi.nlm.nih.gov/pubmed/21753853
http://dx.doi.org/10.1158/0008-5472.CAN-09-4672
http://www.ncbi.nlm.nih.gov/pubmed/20570887
http://dx.doi.org/10.1038/nrclinonc.2018.29
http://www.ncbi.nlm.nih.gov/pubmed/29508855
http://dx.doi.org/10.1158/0008-5472.CAN-08-4709
http://dx.doi.org/10.1084/jem.20140559
http://www.ncbi.nlm.nih.gov/pubmed/25601652
http://dx.doi.org/10.1016/j.ccell.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25517747
http://dx.doi.org/10.1016/j.tips.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25312588

Cancers 2019, 11, 1086 15 of 20

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wu, P; Nielsen, T.E.; Clausen, M.H. FDA-approved small-molecule kinase inhibitors. Trends Pharmacol. Sci.
2015, 36, 422-439. [CrossRef] [PubMed]

Cohen, M.H.; Williams, G.; Johnson, J.R.; Duan, J.; Gobburu, J.; Rahman, A.; Benson, K.; Leighton, J.;
Kim, S.K.; Wood, R.; et al. Approval Summary for Imatinib Mesylate Capsules in the Treatment of Chronic
Myelogenous Leukemia. Clin. Cancer Res. 2002, 8, 935-942. [PubMed]

Wilhelm, S.M.; Carter, C.; Tang, L.; Wilkie, D.; McNabola, A.; Rong, H.; Chen, C.; Zhang, X.; Vincent, P;
McHugh, M.; etal. BAY 43-9006 exhibits broad spectrum oral antitumor activity and targets the RAF/MEK/ERK
pathway and receptor tyrosine kinases involved in tumor progression and angiogenesis. Cancer Res. 2004,
64,7099-7109. [CrossRef] [PubMed]

Chang, Y.S.; Adnane, J.; Trail, P.A.; Levy, J.; Henderson, A.; Xue, D.; Bortolon, E.; Ichetovkin, M.; Chen, C.;
McNabola, A; et al. Sorafenib (BAY 43-9006) inhibits tumor growth and vascularization and induces tumor
apoptosis and hypoxia in RCC xenograft models. Cancer Chemother. Pharmacol. 2007, 59, 561-574. [CrossRef]
Carlomagno, F; Anaganti, S.; Guida, T.; Salvatore, G.; Troncone, G.; Wilhelm, S.M.; Santoro, M. BAY 43-9006
inhibition of oncogenic RET mutants. J. Natl. Cancer Inst. 2006, 98, 326-334. [CrossRef] [PubMed]

Llovet, ].M.; Ricci, S.; Mazzaferro, V.,; Hilgard, P; Gane, E.; Blanc, J.F.; de Oliveira, A.C.; Santoro, A.; Raoul, ].L.;
Forner, A.; et al. Sorafenib in Advanced Hepatocellular Carcinoma. N. Engl. ]. Med. 2008, 359, 378-390.
[CrossRef] [PubMed]

Sherman, M. Regorafenib for treatment of hepatocellular carcinoma. Hepatology 2018, 67, 1162-1165.
[CrossRef] [PubMed]

Cheng, AL,; Kang, YK.; Chen, Z.; Tsao, CJ.; Qin, S.; Kim, J.S.; Luo, R.; Feng, J.; Ye, S.; Yang, T.S,; et al.
Efficacy and safety of sorafenib in patients in the Asia-Pacific region with advanced hepatocellular carcinoma:
A phase Il randomised, double-blind, placebo-controlled trial. Lancet Oncol. 2009, 10, 25-34. [CrossRef]
Wilhelm, SM.; Dumas, J.; Adnane, L.; Lynch, M.; Carter, C.A.; Schiitz, G.; Thierauch, K.H.; Zopf, D.
Regorafenib (BAY 73-4506): A new oral multikinase inhibitor of angiogenic, stromal and oncogenic receptor
tyrosine kinases with potent preclinical antitumor activity. Int. ]. Cancer 2011, 129, 245-255. [CrossRef]
Mross, K.; Frost, A.; Steinbild, S.; Hedbom, S.; Biichert, M.; Fasol, U.; Unger, C.; Krdtzschmar, J.; Heinig, R.;
Boix, O.; et al. A phase I dose-escalation study of regorafenib (BAY 73-4506), an inhibitor of oncogenic,
angiogenic, and stromal kinases, in patients with advanced solid tumors. Clin. Cancer Res. 2012, 18,
2658-2667. [CrossRef]

Hwang, S.H.; Wecksler, A.T.; Zhang, G.; Morisseau, C.; Nguyen, L.V.; Fu, S.H.; Hammock, B.D. Synthesis
and Biological Evaluation of Sorafenib and Regorafenib-like sEH Inhibitors. Bioorg. Med. Chem. Lett. 2013,
23,3732-3737. [CrossRef]

Medavaram, S.; Zhang, Y. Emerging therapies in advanced hepatocellular carcinoma. Exp. Hematol. Oncol.
2018, 7, 17. [CrossRef]

Bruix, J.; Qin, S.; Merle, P; Granito, A.; Huang, Y.H.; Bodoky, G.; Pracht, M.; Yokosuka, O.; Rosmorduc, O.;
Breder, V.; et al. Regorafenib for patients with hepatocellular carcinoma who progressed on sorafenib
treatment (RESORCE): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 389, 56-66.
[CrossRef]

Okamoto, K.; Ikemori-Kawada, M.; Jestel, A.; von Konig, K.; Funahashi, Y.; Matsushima, T.; Tsuruoka, A.;
Inoue, A.; Matsui, J. Distinct Binding Mode of Multikinase Inhibitor Lenvatinib Revealed by Biochemical
Characterization. ACS Med. Chem. Lett. 2014, 6, 89-94. [CrossRef]

Matsui, J.; Yamamoto, Y.; Funahashi, Y.; Tsuruoka, A.; Watanabe, T.; Wakabayashi, T.; Uenaka, T.; Asada, M.
E7080, a novel inhibitor that targets multiple kinases, has potent antitumor activities against stem cell factor
producing human small cell lung cancer H146, based on angiogenesis inhibition. Int. J. Cancer 2008, 122,
664—671. [CrossRef]

Matsui, J.; Funahashi, Y.; Uenaka, T.; Watanabe, T.; Tsuruoka, A.; Asada, M. Multi-Kinase Inhibitor E7080
Suppresses Lymph Node and Lung Metastases of Human Mammary Breast Tumor MDA-MB-231 via
Inhibition of Vascular Endothelial Growth Factor-Receptor (VEGF-R) 2 and VEGF-R3 Kinase. Clin. Cancer Res.
2008, 14, 5459-5465. [CrossRef]

Yamamoto, Y.; Matsui, J.; Matsushima, T.; Obaishi, H.; Miyazaki, K.; Nakamura, K.; Tohyama, O.; Semba, T.;
Yamaguchi, A.; Hoshi, S.S.; et al. Lenvatinib, an angiogenesis inhibitor targeting VEGFR/FGFR, shows broad
antitumor activity in human tumor xenograft models associated with microvessel density and pericyte
coverage. Vasc. Cell 2014, 6, 18. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.tips.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25975227
http://www.ncbi.nlm.nih.gov/pubmed/12006504
http://dx.doi.org/10.1158/0008-5472.CAN-04-1443
http://www.ncbi.nlm.nih.gov/pubmed/15466206
http://dx.doi.org/10.1007/s00280-006-0393-4
http://dx.doi.org/10.1093/jnci/djj069
http://www.ncbi.nlm.nih.gov/pubmed/16507829
http://dx.doi.org/10.1056/NEJMoa0708857
http://www.ncbi.nlm.nih.gov/pubmed/18650514
http://dx.doi.org/10.1002/hep.29598
http://www.ncbi.nlm.nih.gov/pubmed/29059458
http://dx.doi.org/10.1016/S1470-2045(08)70285-7
http://dx.doi.org/10.1002/ijc.25864
http://dx.doi.org/10.1158/1078-0432.CCR-11-1900
http://dx.doi.org/10.1016/j.bmcl.2013.05.011
http://dx.doi.org/10.1186/s40164-018-0109-6
http://dx.doi.org/10.1016/S0140-6736(16)32453-9
http://dx.doi.org/10.1021/ml500394m
http://dx.doi.org/10.1002/ijc.23131
http://dx.doi.org/10.1158/1078-0432.CCR-07-5270
http://dx.doi.org/10.1186/2045-824X-6-18
http://www.ncbi.nlm.nih.gov/pubmed/25197551

Cancers 2019, 11, 1086 16 of 20

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Fda Government—Approved Drugs-FDA Approves Lenvatinib for Unresectable Hepatocellular Carcinoma.
Available online: https://www.fda.gov/drugs/informationondrugs/approveddrugs/ucm617185.htm (accessed
on 19 March 2019).

Kudo, M; Finn, R.S.; Qin, S.; Han, K.H.; Ikeda, K.; Piscaglia, F.; Baron, A.; Park, ]JW.,; Han, G.; Jassem, J.; et al.
Lenvatinib versus sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma:
A randomised phase 3 non-inferiority trial. Lancet Lond. Engl. 2018, 391, 1163-1173. [CrossRef]

Xiang, Q.; Chen, W.; Ren, M.; Wang, J.; Zhang, H.; Deng, D.Y.B.; Zhang, L.; Shang, C.; Chen, Y. Cabozantinib
Suppresses Tumor Growth and Metastasis in Hepatocellular Carcinoma by a Dual Blockade of VEGFR2 and
MET. Clin. Cancer Res. 2014, 20, 2959-2970. [CrossRef]

Yakes, EM.; Chen, J.; Tan, J.; Yamaguchi, K.; Shi, Y,; Yu, P; Qian, F; Chu, F; Bentzien, F,; Cancilla, B.;
et al. Cabozantinib (XL184), a Novel MET and VEGFR?2 Inhibitor, Simultaneously Suppresses Metastasis,
Angiogenesis, and Tumor Growth. Mol. Cancer Ther. 2011, 10, 2298-2308. [CrossRef]

Cancer Government Cabozantinib-S-Malate. Available online: https://www.cancer.gov/about-cancer/
treatment/drugs/cabozantinib-s-malate (accessed on 19 March 2019).

Ascopost-FDA Approves Cabozantinib for Previously Treated Hepatocellular Carcinoma. Available online:
http://www.ascopost.com/News/59646 (accessed on 19 March 2019).

Kelley, R.K,; Verslype, C.; Cohn, A.L.; Yang, T.S.; Su, W.C.; Burris, H.; Braiteh, F; Vogelzang, N.; Spira, A.;
Foster, P; et al. Cabozantinib in hepatocellular carcinoma: Results of a phase 2 placebo-controlled randomized
discontinuation study. Ann. Oncol. 2017, 28, 528-534. [CrossRef]

Abou-Alfa, G.K,; Meyer, T.; Cheng, A.L.; El-Khoueiry, A.B.; Rimassa, L.; Ryoo, B.Y.; Cicin, .; Merle, P; Chen, Y.;
Park, J.W,; etal. Cabozantinib in Patients with Advanced and Progressing Hepatocellular Carcinoma. N. Engl.
J. Med. 2018, 379, 54-63. [CrossRef]

Schoffski, P.; Gordon, M.; Smith, D.C.; Kurzrock, R.; Daud, A.; Vogelzang, N.J.; Lee, Y.; Scheffold, C.;
Shapiro, G.I. Phase II randomised discontinuation trial of cabozantinib in patients with advanced solid
tumours. Eur. J. Cancer 2017, 86, 296-304. [CrossRef]

Faivre, S.; Demetri, G.; Sargent, W.; Raymond, E. Molecular basis for sunitinib efficacy and future clinical
development. Nat. Rev. Drug Discov. 2007, 6, 734-745. [CrossRef]

Mendel, D.B.; Laird, A.D.; Xin, X.; Louie, S.G.; Christensen, ]J.G.; Li, G.; Schreck, R.E.; Abrams, T.J.;
Ngai, T.].; Lee, L.B.; et al. In vivo antitumor activity of SU11248, a novel tyrosine kinase inhibitor targeting
vascular endothelial growth factor and platelet-derived growth factor receptors: Determination of a
pharmacokinetic/pharmacodynamic relationship. Clin. Cancer Res. 2003, 9, 327-337.

O’Farrell, A.M,; Foran, ] M.; Fiedler, W.; Serve, H.; Paquette, R.L.; Cooper, M.A.; Yuen, H.A ; Louie, S.G;
Kim, H.; Nicholas, S.; et al. An innovative phase I clinical study demonstrates inhibition of FLT3
phosphorylation by SU11248 in acute myeloid leukemia patients. Clin. Cancer Res. 2003, 9, 5465-5476.
Ciardiello, F; Tortora, G. A novel approach in the treatment of cancer: Targeting the epidermal growth factor
receptor. Clin. Cancer Res. 2001, 7, 2958-2970.

Ezzoukhry, Z.; Louandre, C.; Trécherel, E.; Godin, C.; Chauffert, B.; Dupont, S.; Diouf, M.; Barbare, J.C.;
Maziere, ].C.; Galmiche, A. EGFR activation is a potential determinant of primary resistance of hepatocellular
carcinoma cells to sorafenib. Int. |. Cancer 2012, 131, 2961-2969. [CrossRef]

Blivet-Van Eggelpoél, M.].; Chettouh, H.; Fartoux, L.; Aoudjehane, L.; Barbu, V.; Rey, C.; Priam, S.; Housset, C.;
Rosmorduc, O.; Desbois-Mouthon, C. Epidermal growth factor receptor and HER-3 restrict cell response to
sorafenib in hepatocellular carcinoma cells. J. Hepatol. 2012, 57, 108-115. [CrossRef]

Moyer, ].D.; Barbacci, E.G.; Iwata, KK.; Arnold, L.; Boman, B.; Cunningham, A.; DiOrio, C.; Doty, J.;
Morin, M.].; Moyer, M.P; et al. Induction of apoptosis and cell cycle arrest by CP-358,774, an inhibitor of
epidermal growth factor receptor tyrosine kinase. Cancer Res. 1997, 57, 4838-4848.

Pollack, V.A.; Savage, D.M.; Baker, D.A.; Tsaparikos, K.E.; Sloan, D.E.; Moyer, ].D.; Barbacci, E.G;
Pustilnik, L.R.; Smolarek, T.A.; Davis, J.A.; et al. Inhibition of epidermal growth factor receptor-associated
tyrosine phosphorylation in human carcinomas with CP-358,774: Dynamics of receptor inhibition in situ and
antitumor effects in athymic mice. J. Pharmacol. Exp. Ther. 1999, 291, 739-748.

Bhide, R.S.; Cai, ZW.; Zhang, Y.Z.; Qian, L.; Wei, D.; Barbosa, S.; Lombardo, L.J.; Borzilleri, RM.; Zheng, X;
Wu, LI; et al. Discovery and preclinical studies of (R)-1-(4-(4-fluoro-2-methyl-1H-indol-5-yloxy)-5-
methylpyrrolo[2,1-f][1,2,4]triazin-6-yloxy)propan-2-ol (BMS-540215), an in vivo active potent VEGFR-2
inhibitor. . Med. Chem. 2006, 49, 2143-2146. [CrossRef]


https://www.fda.gov/drugs/informationondrugs/approveddrugs/ucm617185.htm
http://dx.doi.org/10.1016/S0140-6736(18)30207-1
http://dx.doi.org/10.1158/1078-0432.CCR-13-2620
http://dx.doi.org/10.1158/1535-7163.MCT-11-0264
https://www.cancer.gov/about-cancer/treatment/drugs/cabozantinib-s-malate
https://www.cancer.gov/about-cancer/treatment/drugs/cabozantinib-s-malate
http://www.ascopost.com/News/59646
http://dx.doi.org/10.1093/annonc/mdw651
http://dx.doi.org/10.1056/NEJMoa1717002
http://dx.doi.org/10.1016/j.ejca.2017.09.011
http://dx.doi.org/10.1038/nrd2380
http://dx.doi.org/10.1002/ijc.27604
http://dx.doi.org/10.1016/j.jhep.2012.02.019
http://dx.doi.org/10.1021/jm051106d

Cancers 2019, 11, 1086 17 of 20

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Cai, Z.; Zhang, Y., Borzilleri, RM.; Qian, L; Barbosa, S.; Wei, D.; Zheng, X,; Wu, L.; Fan, J;
Shi, Z.; et al. Discovery of brivanib alaninate ((S)-((R)-1-(4-(4-fluoro-2-methyl-1H-indol-5-yloxy)-5-
methylpyrrolo[2,1-f][1,2,4]triazin-6-yloxy)propan-2-yl)2-aminopropanoate), a novel prodrug of dual vascular
endothelial growth factor receptor-2 and fibroblast growth factor receptor-1 kinase inhibitor (BMS-540215).
J. Med. Chem. 2008, 51, 1976-1980.

Huynh, H.; Ngo, V.C,; Fargnoli, J.; Ayers, M.; Soo, K.C.; Koong, H.N.; Thng, C.H.; Ong, H.S.; Chung, A.;
Chow, P; et al. Brivanib Alaninate, a Dual Inhibitor of Vascular Endothelial Growth Factor Receptor and
Fibroblast Growth Factor Receptor Tyrosine Kinases, Induces Growth Inhibition in Mouse Models of Human
Hepatocellular Carcinoma. Clin. Cancer Res. 2008, 14, 6146—6153. [CrossRef]

Bhide, R.S.; Lombardo, L.J.; Hunt, ].T.; Cai, Z.W.; Barrish, J.C.; Galbraith, S.; Jeyaseelan, R.; Mortillo, S.;
Wautlet, B.S.; Krishnan, B.; et al. The antiangiogenic activity in xenograft models of brivanib, a dual
inhibitor of vascular endothelial growth factor receptor-2 and fibroblast growth factor receptor-1 kinases.
Mol. Cancer Ther. 2010, 9, 369-378. [CrossRef]

Ogasawara, S.; Yano, H.; lemura, A.; Hisaka, T.; Kojiro, M. Expressions of basic fibroblast growth factor and
its receptors and their relationship to proliferation of human hepatocellular carcinoma cell lines. Hepatology
1996, 24, 198-205. [CrossRef]

Wedge, S.R.; Kendrew, J.; Hennequin, L.E; Valentine, PJ.; Barry, S.T; Brave, S.R.; Smith, N.R.; James, N.-H.;
Dukes, M.; Curwen, ].O.; et al. AZD2171: A highly potent, orally bioavailable, vascular endothelial growth
factor receptor-2 tyrosine kinase inhibitor for the treatment of cancer. Cancer Res. 2005, 65, 4389—4400.
[CrossRef]

Albert, D.H.; Tapang, P.; Magoc, T.J.; Pease, L.J.; Reuter, D.R.; Wei, R.Q.; Li, J.; Guo, J.; Bousquet, P.F,;
Ghoreishi-Haack, N.S,; et al. Preclinical activity of ABT-869, a multitargeted receptor tyrosine kinase inhibitor.
Mol. Cancer Ther. 2006, 5,995-1006. [CrossRef]

Jasinghe, V.J.; Xie, Z.; Zhou, ].; Khng, J.; Poon, L.E; Senthilnathan, P.; Glaser, K.B.; Albert, D.H.; Davidsen, S.K,;
Chen, C.S. ABT-869, a multi-targeted tyrosine kinase inhibitor, in combination with rapamycin is effective for
subcutaneous hepatocellular carcinoma xenograft. J. Hepatol. 2008, 49, 985-997. [CrossRef]

Roth, G.J.; Heckel, A.; Colbatzky, F.; Handschuh, S.; Kley, ].; Lehmann-Lintz, T.; Lotz, R.; Tontsch-Grunt, U.;
Walter, R.; Hilberg, F. Design, synthesis, and evaluation of indolinones as triple angiokinase inhibitors and
the discovery of a highly specific 6-methoxycarbonyl-substituted indolinone (BIBF 1120). . Med. Chem. 2009,
52, 4466-4480. [CrossRef]

Tai, W.T.; Shiau, C.W,; Li, Y.S.; Chang, C.W.; Huang, ] W.; Hsueh, T.T.; Yu, H.C.; Chen, K.F. Nintedanib
(BIBF-1120) inhibits hepatocellular carcinoma growth independent of angiokinase activity. J. Hepatol. 2014,
61, 89-97. [CrossRef]

Iverson, C.; Larson, G.; Lai, C.; Yeh, L.T.; Dadson, C.; Weingarten, P.; Appleby, T.; Vo, T.; Maderna, A.;
Vernier, ] M.; et al. RDEA119/BAY 869766: A potent, selective, allosteric inhibitor of MEK1/2 for the treatment
of cancer. Cancer Res. 2009, 69, 6839—-6847. [CrossRef]

Schmieder, R.; Puehler, F; Neuhaus, R.; Kissel, M.; Adjei, A.A.; Miner, ].N.; Mumberg, D.; Ziegelbauer, K.;
Scholz, A. Allosteric MEK1/2 inhibitor refametinib (BAY 86-9766) in combination with sorafenib exhibits
antitumor activity in preclinical murine and rat models of hepatocellular carcinoma. Neoplasia 2013, 15,
1161-1171. [CrossRef]

Wood, ].M.; Bold, G.; Buchdunger, E.; Cozens, R.; Ferrari, S.; Frei, J.; Hofmann, F; Mestan, J.; Mett, H,;
O'Reilly, T.; et al. PTK787/ZK 222584, a novel and potent inhibitor of vascular endothelial growth factor
receptor tyrosine kinases, impairs vascular endothelial growth factor-induced responses and tumor growth
after oral administration. Cancer Res. 2000, 60, 2178-2189.

Liu, Y.; Poon, R.T; Li, Q.; Kok, TW,; Lau, C.; Fan, S.T. Both antiangiogenesis and angiogenesis-independent
effects are responsible for hepatocellular carcinoma growth arrest by tyrosine kinase inhibitor
PTK787/ZK222584. Cancer Res. 2005, 65, 3691-3699. [CrossRef]

Murakami, M.; Kobayashi, S.; Marubashi, S.; Tomimaru, Y.; Noda, T.; Wada, H.; Eguchi, H.; Takeda, Y,;
Tanemura, M.; Umeshita, K.; et al. Tyrosine kinase inhibitor PTK/ZK enhances the antitumor effects of
interferon-a/5-fluorouracil therapy for hepatocellular carcinoma cells. Ann. Surg. Oncol. 2011, 18, 589-596.
[CrossRef]


http://dx.doi.org/10.1158/1078-0432.CCR-08-0509
http://dx.doi.org/10.1158/1535-7163.MCT-09-0472
http://dx.doi.org/10.1002/hep.510240132
http://dx.doi.org/10.1158/0008-5472.CAN-04-4409
http://dx.doi.org/10.1158/1535-7163.MCT-05-0410
http://dx.doi.org/10.1016/j.jhep.2008.08.010
http://dx.doi.org/10.1021/jm900431g
http://dx.doi.org/10.1016/j.jhep.2014.03.017
http://dx.doi.org/10.1158/0008-5472.CAN-09-0679
http://dx.doi.org/10.1593/neo.13812
http://dx.doi.org/10.1158/0008-5472.CAN-04-3462
http://dx.doi.org/10.1245/s10434-010-1310-y

Cancers 2019, 11, 1086 18 of 20

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Katsura, Y.; Wada, H.; Murakami, M.; Akita, H.; Hama, N.; Kawamoto, K.; Kobayashi, S.; Marubashi, S.;
Eguchi, H.; Tanemura, M.; et al. PTK787/Z2K222584 combined with interferon alpha and 5-fluorouracil
synergistically inhibits VEGF signaling pathway in hepatocellular carcinoma. Ann. Surg. Oncol. 2013, 20
(Suppl. 3), S517-5526. [CrossRef]

Yau, T.; Chan, P,; Pang, R.; Ng, K.; Fan, S.T.; Poon, R.T. Phase 1-2 trial of PTK787/ZK222584 combined with
intravenous doxorubicin for treatment of patients with advanced hepatocellular carcinoma: Implication for
antiangiogenic approach to hepatocellular carcinoma. Cancer 2010, 116, 5022-5029. [CrossRef]

Hennequin, L.E; Stokes, E.S.E.; Thomas, A.P,; Johnstone, C.; PI¢, PA.; Ogilvie, D.]J.; Dukes, M.; Wedge, S.R.;
Kendrew, J.; Curwen, J.O. Novel 4-anilinoquinazolines with C-7 basic side chains: Design and structure
activity relationship of a series of potent, orally active, VEGF receptor tyrosine kinase inhibitors. J. Med. Chem.
2002, 45, 1300-1312. [CrossRef]

Ciardiello, F,; Caputo, R.; Damiano, V.; Caputo, R.; Troiani, T.; Vitagliano, D.; Carlomagno, F.; Veneziani, B.M.;
Fontanini, G.; Bianco, A.R.; et al. Antitumor effects of ZD6474, a small molecule vascular endothelial growth
factor receptor tyrosine kinase inhibitor, with additional activity against epidermal growth factor receptor
tyrosine kinase. Clin. Cancer Res. 2003, 9, 1546-1556.

Carlomagno, F,; Vitagliano, D.; Guida, T.; Ciardiello, E; Tortora, G.; Vecchio, G.; Ryan, A.J.; Fontanini, G.;
Fusco, A.; Santoro, M. ZD6474, an orally available inhibitor of KDR tyrosine kinase activity, efficiently blocks
oncogenic RET kinases. Cancer Res. 2002, 62, 7284-7290.

Giannelli, G.; Azzariti, A.; Sgarra, C.; Porcelli, L.; Antonaci, S.; Paradiso, A. ZD6474 inhibits proliferation and
invasion of human hepatocellular carcinoma cells. Biochem. Pharmacol. 2006, 71, 479-485. [CrossRef]
Inoue, K.; Torimura, T.; Nakamura, T.; Iwamoto, H.; Masuda, H.; Abe, M.; Hashimoto, O.; Koga, H.;
Ueno, T.; Yano, H,; et al. Vandetanib, an Inhibitor of VEGF Receptor-2 and EGF Receptor, Suppresses Tumor
Development and Improves Prognosis of Liver Cancer in Mice. Clin. Cancer Res. 2012, 18, 3924-3933.
[CrossRef]

Sonpavde, G.; Hutson, T.E. Pazopanib: A novel multitargeted tyrosine kinase inhibitor. Curr. Oncol. Rep.
2007, 9, 115-119. [CrossRef]

Kumar, R.; Knick, V.B.; Rudolph, SK.; Johnson, ].H.; Crosby, RM.; Crouthamel, M.C.; Hopper, TM.;
Miller, C.G.; Harrington, L.E.; Onori, J.A.; et al. Pharmacokinetic-pharmacodynamic correlation from mouse
to human with pazopanib, a multikinase angiogenesis inhibitor with potent antitumor and antiangiogenic
activity. Mol. Cancer Ther. 2007, 6, 2012-2021. [CrossRef]

Podar, K.; Tonon, G.; Sattler, M.; Tai, Y.T.; Legouill, S.; Yasui, H.; Ishitsuka, K.; Kumar, S.; Kumar, R.;
Pandite, L.N.; et al. The small-molecule VEGF receptor inhibitor pazopanib (GW786034B) targets both tumor
and endothelial cells in multiple myeloma. Proc. Natl. Acad. Sci. USA 2006, 103, 19478-19483. [CrossRef]
Zhu, X.D.; Zhang, ].B.; Fan, P.L.; Xiong, Y.Q.; Zhuang, P.Y.; Zhang, W.; Xu, H.X.; Gao, D.M.; Kong, L.Q.;
Wang, L.; et al. Antiangiogenic effects of pazopanib in xenograft hepatocellular carcinoma models: Evaluation
by quantitative contrast-enhanced ultrasonography. BMC Cancer 2011, 11, 28. [CrossRef]

Yau, T.; Chen, PJ.; Chan, P.,; Curtis, C.M.; Murphy, P.S.; Suttle, A.B.; Gauvin, J.; Hodge, J.P.; Dar, M.M,;
Poon, R.T. Phase I dose-finding study of pazopanib in hepatocellular carcinoma: Evaluation of early efficacy,
pharmacokinetics, and pharmacodynamics. Clin. Cancer Res. 2011, 17, 6914-6923. [CrossRef]

Munshi, N.; Jeay, S.; Li, Y.; Chen, C.R.; France, D.S.; Ashwell, M.A.; Hill, ].; Moussa, M.M.; Leggett, D.S.; Li, C.J.
ARQ 197, a Novel and Selective Inhibitor of the Human c-Met Receptor Tyrosine Kinase with Antitumor
Activity. Mol. Cancer Ther. 2010, 9, 1544-1553. [CrossRef]

Chen, C.R,; Szwaya, J.; Rojnuckarin, A.; Uppalapati, U.; Huang, L.; Nakuci, E.; Cornell-Kennon, S.; Brown, J.;
McSweeney, D.; Bruseo, C.; et al. Abstract #820: Combination studies of tyrosine kinase inhibitors (TKIs):
Assessment of potential cytotoxic synergy of ARQ 197 with sorafenib or sunitinib. Cancer Res. 2009, 69, 820.
Aoyama, A.; Katayama, R.; Oh-hara, T.; Sato, S.; Okuno, Y.; Fujita, N. Tivantinib (ARQ 197) Exhibits
Antitumor Activity by Directly Interacting with Tubulin and Overcomes ABC Transporter-Mediated Drug
Resistance. Mol. Cancer Ther. 2014, 13, 2978-2990. [CrossRef]

Bouattour, M.; Raymond, E.; Qin, S.; Cheng, A.; Stammberger, U.; Locatelli, G.; Faivre, S. Recent developments
of c-Met as a therapeutic target in hepatocellular carcinoma. Hepatology 2018, 67, 1132-1149. [CrossRef]
Remsing Rix, L.L.; Kuenzi, B.M.; Luo, Y.; Remily-Wood, E.; Kinose, F.; Wright, G.; Li, J.; Koomen, ].M.;
Haura, E.B.; Lawrence, H.R.; et al. GSK3 alpha and beta are new functionally relevant targets of tivantinib in
lung cancer cells. ACS Chem. Biol. 2014, 9, 353-358. [CrossRef]


http://dx.doi.org/10.1245/s10434-013-2948-z
http://dx.doi.org/10.1002/cncr.25372
http://dx.doi.org/10.1021/jm011022e
http://dx.doi.org/10.1016/j.bcp.2005.11.005
http://dx.doi.org/10.1158/1078-0432.CCR-11-2041
http://dx.doi.org/10.1007/s11912-007-0007-2
http://dx.doi.org/10.1158/1535-7163.MCT-07-0193
http://dx.doi.org/10.1073/pnas.0609329103
http://dx.doi.org/10.1186/1471-2407-11-28
http://dx.doi.org/10.1158/1078-0432.CCR-11-0793
http://dx.doi.org/10.1158/1535-7163.MCT-09-1173
http://dx.doi.org/10.1158/1535-7163.MCT-14-0462
http://dx.doi.org/10.1002/hep.29496
http://dx.doi.org/10.1021/cb400660a

Cancers 2019, 11, 1086 19 of 20

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Tian, S.; Quan, H.; Xie, C.; Guo, H.; L, E; Xu, Y.; Li, J.; Lou, L. YN968DI1 is a novel and selective inhibitor
of vascular endothelial growth factor receptor-2 tyrosine kinase with potent activity in vitro and in vivo.
Cancer Sci. 2011, 102, 1374-1380. [CrossRef]

Yang, C.; Qin, S. Apatinib targets both tumor and endothelial cells in hepatocellular carcinoma. Cancer Med.
2018, 7, 4570-4583. [CrossRef]

Keating, G.M. Bevacizumab: A Review of Its Use in Advanced Cancer. Drugs 2014, 74, 1891-1925. [CrossRef]
Presta, L.G.; Chen, H.; O’Connor, S.J.; Chisholm, V.; Meng, Y.G.; Krummen, L.; Winkler, M.; Ferrara, N.
Humanization of an Anti-Vascular Endothelial Growth Factor Monoclonal Antibody for the Therapy of Solid
Tumors and Other Disorders. Cancer Res. 1997, 57, 4593-4599.

Cancer Government Bevacizumab. Available online: https://www.cancer.gov/about-cancer/treatment/drugs/
bevacizumab (accessed on 19 March 2019).

Zhu, A.X,; Finn, R.S.; Mulcahy, M.; Gurtler, J.; Sun, W.; Schwartz, ].D.; Dalal, R.P; Joshi, A.; Hozak, R.R; Xu, Y,;
et al. A Phase II and Biomarker Study of Ramucirumab, a Human Monoclonal Antibody Targeting the VEGF
Receptor-2, as First-Line Monotherapy in Patients with Advanced Hepatocellular Cancer. Clin. Cancer Res.
2013, 19, 6614-6623. [CrossRef]

Lu, D.; Shen, J.; Vil, M.D.; Zhang, H.; Jimenez, X.; Bohlen, P.; Witte, L.; Zhu, Z. Tailoring in Vitro Selection for
a Picomolar Affinity Human Antibody Directed against Vascular Endothelial Growth Factor Receptor 2 for
Enhanced Neutralizing Activity. J. Biol. Chem. 2003, 278, 43496—43507. [CrossRef]

Cancer Government Ramucirumab. Available online: https://www.cancer.gov/about-cancer/treatment/
drugs/ramucirumab (accessed on 19 March 2019).

Herbst, R.S.; Hong, D.; Chap, L.; Kurzrock, R.; Jackson, E.; Silverman, J.M.; Rasmussen, E.; Sun, Y.N.;
Zhong, D.; Hwang, Y.C,; et al. Safety, pharmacokinetics, and antitumor activity of AMG 386, a selective
angiopoietin inhibitor, in adult patients with advanced solid tumors. J. Clin. Oncol. 2009, 27, 3557-3565.
[CrossRef]

Coxon, A.; Bready, J.; Min, H.; Kaufman, S.; Leal, J.; Yu, D.; Lee, T.A.; Sun, J.-R.; Estrada, J.; Bolon, B.; et al.
Context-dependent role of angiopoietin-1 inhibition in the suppression of angiogenesis and tumor growth:
Implications for AMG 386, an angiopoietin-1/2-neutralizing peptibody. Mol. Cancer Ther. 2010, 9, 2641-2651.
[CrossRef]

Abou-Alfa, G.K; Blanc, ].F,; Miles, S.; Ganten, T.; Trojan, J.; Cebon, J.; Liem, A.K,; Lipton, L.; Gupta, C.; Wu, B.;
et al. Phase II Study of First-Line Trebananib Plus Sorafenib in Patients with Advanced Hepatocellular
Carcinoma. Oncologist 2017, 22, 780-e65. [CrossRef]

Liu, R.H. Health benefits of fruit and vegetables are from additive and synergistic combinations of
phytochemicals. Am. J. Clin. Nutr. 2003, 78, 5175-520S. [CrossRef]

Sak, K. Chemotherapy and dietary phytochemical agents. Chemother. Res. Pract. 2012, 2012, 282570.
[CrossRef]

Wang, C.Z.; Luo, X.; Zhang, B.; Song, W.X.; Ni, M.; Mehendale, S.; Xie, ].T.; Aung, H.H.; He, T.C.; Yuan, C.S.
Notoginseng enhances anti-cancer effect of 5-fluorouracil on human colorectal cancer cells. Cancer Chemother.
Pharmacol. 2007, 60, 69-79. [CrossRef]

Sugiyama, T.; Sadzuka, Y. Enhancing effects of green tea components on the antitumor activity of adriamycin
against M5076 ovarian sarcoma. Cancer Lett. 1998, 133, 19-26. [CrossRef]

Brakenhielm, E.; Cao, R.; Cao, Y. Suppression of angiogenesis, tumor growth, and wound healing by
resveratrol, a natural compound in red wine and grapes. FASEB ]. 2001, 15, 1798-1800. [CrossRef]

Cao, Z.; Fang, ].; Xia, C.; Shi, X,; Jiang, B.H. Trans-3,4,5’-Trihydroxystibene inhibits hypoxia-inducible factor
lalpha and vascular endothelial growth factor expression in human ovarian cancer cells. Clin. Cancer Res.
2004, 10, 5253-5263. [CrossRef]

Naksuriya, O.; Okonogi, S.; Schiffelers, R.M.; Hennink, W.E. Curcumin nanoformulations: A review of
pharmaceutical properties and preclinical studies and clinical data related to cancer treatment. Biomaterials
2014, 35, 3365-3383. [CrossRef]

Arbiser, J.L.; Klauber, N.; Rohan, R.; van Leeuwen, R.; Huang, M.T.; Fisher, C.; Flynn, E.; Byers, H.R.
Curcumin is an in vivo inhibitor of angiogenesis. Mol. Med. 1998, 4, 376-383. [CrossRef]

Yoysungnoen, P.; Wirachwong, P.; Bhattarakosol, P.; Niimi, H.; Patumraj, S. Effects of curcumin on tumor
angiogenesis and biomarkers, COX-2 and VEGEF, in hepatocellular carcinoma cell-implanted nude mice.
Clin. Hemorheol. Microcirc. 2006, 34, 109-115.


http://dx.doi.org/10.1111/j.1349-7006.2011.01939.x
http://dx.doi.org/10.1002/cam4.1664
http://dx.doi.org/10.1007/s40265-014-0302-9
https://www.cancer.gov/about-cancer/treatment/drugs/bevacizumab
https://www.cancer.gov/about-cancer/treatment/drugs/bevacizumab
http://dx.doi.org/10.1158/1078-0432.CCR-13-1442
http://dx.doi.org/10.1074/jbc.M307742200
https://www.cancer.gov/about-cancer/treatment/drugs/ramucirumab
https://www.cancer.gov/about-cancer/treatment/drugs/ramucirumab
http://dx.doi.org/10.1200/JCO.2008.19.6683
http://dx.doi.org/10.1158/1535-7163.MCT-10-0213
http://dx.doi.org/10.1634/theoncologist.2017-0058
http://dx.doi.org/10.1093/ajcn/78.3.517S
http://dx.doi.org/10.1155/2012/282570
http://dx.doi.org/10.1007/s00280-006-0350-2
http://dx.doi.org/10.1016/S0304-3835(98)00185-2
http://dx.doi.org/10.1096/fj.01-0028fje
http://dx.doi.org/10.1158/1078-0432.CCR-03-0588
http://dx.doi.org/10.1016/j.biomaterials.2013.12.090
http://dx.doi.org/10.1007/BF03401744

Cancers 2019, 11, 1086 20 of 20

123.

124.

125.

126.

127.

128.

129.

130.

Fotsis, T.; Pepper, M.; Adlercreutz, H.; Fleischmann, G.; Hase, T.; Montesano, R.; Schweigerer, L. Genistein, a
dietary-derived inhibitor of in vitro angiogenesis. Proc. Natl. Acad. Sci. USA 1993, 90, 2690-2694. [CrossRef]
Pili, R.; Chang, J.; Partis, R.A.; Mueller, R.A.; Chrest, E].; Passaniti, A. The alpha-glucosidase I inhibitor
castanospermine alters endothelial cell glycosylation, prevents angiogenesis, and inhibits tumor growth.
Cancer Res. 1995, 55, 2920-2926.

Stafford, S.J.; Schwimer, J.; Anthony, C.T.; Thomson, J.L.; Wang, Y.Z.; Woltering, E.A. Colchicine and
2-methoxyestradiol Inhibit Human Angiogenesis. J. Surg. Res. 2005, 125, 104-108. [CrossRef]

Saraswati, S.; Agrawal, S.S. Brucine, an indole alkaloid from Strychnos nux-vomica attenuates VEGF-induced
angiogenesis via inhibiting VEGFR2 signaling pathway in vitro and in vivo. Cancer Lett. 2013, 332, 83-93.
[CrossRef]

Busato, D.; Mossenta, M.; Baboci, L.; Di Cintio, F; Toffoli, G.; Dal Bo, M. Novel immunotherapeutic approaches
for hepatocellular carcinoma treatment. Expert Rev. Clin. Pharmacol. 2019, 12, 453-470. [CrossRef]

Winkler, F; Kozin, S.V.; Tong, R.T.; Chae, S.S.; Booth, M.F.; Garkavtsev, I.; Xu, L.; Hicklin, D.J.; Fukumura, D.;
di Tomaso, E.; et al. Kinetics of vascular normalization by VEGFR2 blockade governs brain tumor response to
radiation: Role of oxygenation, angiopoietin-1, and matrix metalloproteinases. Cancer Cell 2004, 6, 553-563.
Shrimali, RK; Yu, Z.; Theoret, M.R.; Chinnasamy, D.; Restifo, N.P.; Rosenberg, S.A. Antiangiogenic agents
can increase lymphocyte infiltration into tumor and enhance the effectiveness of adoptive immunotherapy
of cancer. Cancer Res. 2010, 70, 6171-6180. [CrossRef]

Palazon, A.; Tyrakis, P.A.; Macias, D.; Veliga, P.; Rundqvist, H.; Fitzpatrick, S.; Vojnovic, N.; Phan, A.T,;
Loman, N.; Hedenfalk, I; et al. An HIF-1a/VEGF-A Axis in Cytotoxic T Cells Regulates Tumor Progression.
Cancer Cell 2017, 32, 669-683.e5. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.90.7.2690
http://dx.doi.org/10.1016/j.jss.2004.11.017
http://dx.doi.org/10.1016/j.canlet.2013.01.012
http://dx.doi.org/10.1080/17512433.2019.1598859
http://dx.doi.org/10.1158/0008-5472.CAN-10-0153
http://dx.doi.org/10.1016/j.ccell.2017.10.003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Molecular Mechanisms of Neoangiogenesis Involved in Pathogenesis and Progression of HCC 
	Transarterial Chemoembolization (TACE) 
	Small-Molecule Kinase Inhibitors 
	Multi-Kinase Inhibitors Currently Licensed for HCC 
	Sorafenib (BAY 43-9006) 
	Regorafenib (BAY 73-4506) 
	Lenvatinib (E7080) 
	Cabozantinib (XL184, BMS-907351) 

	Multi-Kinase Inhibitors not Currently Licensed for HCC 
	Sunitinib (SU11248) 
	Erlotinib (CP-358774, OSI-774) 
	Brivanib (BMS-540215) 
	Cediranib (AZD2171) 
	Linifanib (ABT-869) 
	Nintedanib (BIBF1120) 
	Refametinib (BAY 869766) 
	Vatalanib (PTK787/ZK222584) 
	Vandetanib (ZD6474) 
	Pazopanib (GW786034) 
	Tivantinib (ARQ 197) 
	Apatinib (YN968D1) 


	Antibodies and Peptibody Targeting Angiogenesis Factors 
	Bevacizumab (rhuMAB) 
	Ramucirumab (IMC-1121B) 
	Trebananib (AMG386) 

	Plant-Derived Products Targeting Angiogenesis 
	Conclusions 
	References

