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Abstract: Advanced hepatocellular carcinoma (HCC) is a deadly disease with few systemic therapeutic
options. Sorafenib is the only agent to be FDA approved for the first-line treatment of patients with HCC.
This drug increases overall survival (OS) by 3 months compared with placebo (10.7 months with sorafenib
vs. 7.7 months with placebo). More recently, the RESORCE trial demonstrated efficacy of regorafenib in
the second-line treatment of HCC: OS was increased from 7.8 months with placebo to 10.6 months with
regorafenib after patients experienced disease progression on sorafenib. However, there is still an unmet
need for effective systemic therapy of patients with advanced HCC. Numerous genetic pathways have been
studied along with drugs to target these pathways but, thus far, drugs targeting cell proliferation, metastasis,
angiogenesis, and metabolite use have been studied with minimal success. HCC can be divided into two
subclasses: proliferative and non-proliferative, each dependent on separate pathways. HCC can be caused
by alcoholic cirrhosis, hepatitis C virus (HHCV), and hepatitis B virus (HBV); however no etiology-specific
therapies have been demonstrated. Immunotherapy is currently being assessed in clinical trials and is
demonstrating some efficacy. More research is needed to determine the most essential pathways to target in
the war against this deadly cancer.
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Introduction malignant transformation of adjacent liver cells (2,3).
. ) Although liver transplantation remains the favored surgical
Hepatocellular carcinoma (HCC) is the second and . . . .
) : o modality, owing to lower risk of recurrence and improved
sixth leading cause of cancer related mortality in men . . -
el ™ e i long-term survival due to removal of the cirrhotic liver,

and women, respectively (1). The annual incidence is its use is not without limitations. Risks associated with

similar to the yearly death rate. Despite advances in our hepatic decompensation and neoplastic progression while

understanding of the molecular pathways involved in awaiting transplant, as well as lifelong immunosuppression

HCC, our therapeutic armamentarium remains limited post-transplant increase morbidity and mortality. Thus,

and survival dismal. In early stage disease [Barcelona clinic curative surgery is a limited option for patients with

liver cancer (BCLC) stages 0 and A], surgical resection,
ablation methods, and liver transplantation reportedly
extend survival by more than 5 years. However, less
than half of patients have resectable tumors at initial
presentation and, even after successful resection, 70%
will eventually relapse due to micrometastases and de novo
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HCC. Furthermore, there are currently no effective
adjuvant therapies. To date, there are only two approved
therapies for intermediate and advanced stage HCC:
transcatheter arterial chemoembolization (TACE) and the
multi-kinase inhibitor, sorafenib. TACE extends survival
to approximately 2 years in patients with intermediate
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Table 1 Relative frequency of genetic mutations in HCC

Pathway and function Target Prevalence (%)
Telomere stability TERT promoter 60
Wnt/B-catenin pathway CTNNB1 40
p53/cell cycle control TP53 25
Chromatin remodeling ARID1A 15
RAS/PI3K /mTOR RPS6KA3 10
FGF signaling FGF19 5
VEGF signaling VEGFA 3

HCC, hepatocellular carcinoma.

stage disease, although high rates of treatment failure
and risk of precipitating liver failure exist in patients with
advanced cirrhosis (4). Sorafenib extends survival of patients
with advanced stage disease, as shown in the landmark
trials SHARP [OS: 10.7 vs. 7.9; hazard ratio (HR), 0.69;
95% confidence interval (CI), 0.55-0.87; P<0.001] and
Asia-Pacific (OS: 6.5 vs. 4.2; HR, 0.68; 95% CI, 0.50-0.93;
P=0.014), with a favorable safety profile (5,6). This modest
but significant improvement in mortality ushered in a
new era for advanced HCC, where clinical trial efforts are
largely focused on targeted therapies involving multiple
pathways, most commonly related to tyrosine-kinase
growth factor receptors. Clinical trials have compared
a variety of novel agents to sorafenib—in the first-line
treatment of advanced HCC—or placebo—as salvage
therapy following progression from Sorafenib treatment,
sometimes in combination with TACE. However, outcomes
have been disappointing, resulting in either inferior or
comparable survival with a greater number of adverse
effects. Of the many compounds tested for the treatment
of patients with HCC, only a handful may have significant
impact on survival. In this review we present some of the
recent advances in HCC genomics and molecular pathway
discovery and exploitation, as well as recently completed
and ongoing clinical trials. We discuss the challenges and
current trends in the pursuit of more effective treatments of

advanced HCC.

Genetic alterations and molecular targets in HCC

HCC is a biologically complex and heterogeneous disease.
Most commonly it arises from hepatitis C virus (HCV),
hepatitis B virus (HBV), alcohol abuse, and other causes of
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liver cirrhosis. In the process of liver cirrhosis, it is believed
that chronic inflammation, continuous cycles of damage
and regeneration, and the presence of etiology-specific
carcinogens produce cumulative genetic derangements that
are involved in the hepatocarcinogenic process. There are,
on average, 30 to 40 mutations per liver tumor, and 5 to 8 of
these are thought to be driver mutations (7). Several studies
used deep genome sequencing to identify mutations in key
genes thought to be involved in various pathways critical to
normal cellular homeostasis, including telomerase reverse
transcriptase (TERT) expression, chromatin remodeling,
oxidative stress, cell cycle/TP53, Wnt/B-catenin, hepatic
differentiation, growth factor/angiogenic receptor (EGE,
IGF, ¢-MET, PDGF, FGF, VEGF), RAS/RAF/MAPK,
PI3K/AKT/mTOR, and IL6/JAK/STAT (8-11). The
most common gene mutations found in HCC are TERT
promoter, CI'NNBI1, TP53, and ARID1A (Table I1).
Studies have also identified alterations in pathways that are
involved in the interaction between tumor cells and their
microenvironment, such as overexpression of programmed
cell death-ligand-1 (PD-L1), which binds to lymphocyte
programmed cell death protein-1 (PD-1) and induces
immune tolerance (12). Transcriptional profiling of a large
number of patient samples revealed the relative prevalence
of genetic alterations in HCC; some of these mutations can
potentially serve as biomarkers to direct drug development
and clinical trials (7able 1) (13).

Genetic mutations in HCC often result in the
overexpression and/or continuous activation of a multitude
of signaling pathways. There are two genomic subclasses
of HCC phenotype based on shared molecular features:
proliferative and non-proliferative (14).

The proliferative subclass is more aggressive and has
a higher alpha feta protein (AFP). Histologically, poorly
differentiated cells are associated with the proliferative
subclass, which has a greater number of gene signatures
that are associated with a poor prognosis. The pathways
involved in the proliferative HCC subclass include mTOR,
MET, RAS, IGF, and Notch. This subclass can then be
further divided into two categories: one is led by activation
of the Wnt/TGF-B pathway, and the other involves the
keratin, type I cytoskeletal 19 protein (a 40 kDa protein that
in humans is encoded by the KRT19 gene) and an epithelial
cell adhesion molecule (EpCAM), both progenitor-cell
group markers.

The non-proliferative subclass has gene signatures
that are associated with more normal liver function and
better prognosis than the proliferative subclass. The non-
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proliferative subclass is correlated with better outcomes,
lower AFP levels, and good-to-moderate differentiation.

The proliferative subclass usually consists of HCC
secondary to HBV, while the non-proliferative subclass
consists of HCC secondary to HCV infection and alcoholic
cirrhosis (7).

Wnt/p-catenin pathway

The Wnt pathway is one of the primary pathways affected
in the proliferative subgroup of HCC described above. In
normal cellular homeostasis, in the absence of Wnt receptor
ligands, cytosolic B-catenin is continuously phosphorylated
and degraded in the cellular cytosol. This degradation is
completed by a multiprotein complex, which includes the
tumor suppressor proteins, APC and Axin, and results
in proteolysis (15). Conversely, when the Wnt receptor
forms a complex with the transmembrane domain Frizzled
protein and a LDL receptor-related protein family (LRP5 or
LRP6), the B-catenin destruction complex is inactivated and
consequently B-catenin is not phosphorylated. The B-catenin
then accumulates in the cytoplasm and nucleus and, in the
nucleus, binds to TCF/LEF, a DNA binding protein, which
then causes regulation of transcription of numerous target
genes. In addition, the presence of non-phosphorylated
B-catenin in the cytosol decreases cell-to-cell adhesion,
which, for the most part, depends on the integrity of the
e-cadherin-B-catenin-a-catenin complex formed in this
process.

CTNNBI1 is a common mutation in HCC, which results
in continuous activation of the WN'T pathway. This, in
turn, results in decreased cellular adhesion which then
leads to tumor proliferation, metastasis, and consequently
progression of HCC (7,16). The Wnt/B-catenin pathway
can be activated not only by mutations in the pathway
components, but also by soluble Wnt signaling antagonists
that cause excessive signaling and activation of the pathway.
Examples of these antagonists include sFRP, Dkk, and
Wht-inhibitory factor (WIF-1). However, high levels of
B-catenin can be seen in normal healthy liver parenchyma
and are correlated with metabolic cell fate more than
hepatocyte proliferation. Abnormally high levels of Wnt/
B-catenin signaling are still able to cause hepatocyte
proliferation, leading to liver tumor progression. Also, if
hepatocyte proliferation is inhibited, Wnt/B-catenin allows
for recruitment of stem-like precursor cells for growth
of hepatic parenchyma. It is clear that the Wnt/B-catenin
pathway is involved in hepatic tumorigenesis but the degree
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of involvement is unclear. B-catenin mutations have been
reported to occur in 8% to 44% of HCC (median, 20%).
The Wnt/B-catenin pathway is associated more with HCV-
related HCC than HBV-related HCC and could be a good
target for future therapeutic strategies, although there are
no therapies at this time (15).

PI3K pathway

The phosphoinositide 3 kinase (PI3K) pathway also plays
an important role in the proliferative subgroup of HCC
by allowing for cell survival and proliferation (7,15). PI3K
is an intracellular transducer enzyme with a regulatory
p85 subunit that can interact with phosphotyrosines and
activate enzymatic activities (17,18). AKT is one of the
downstream kinases of PI3K and, upon activation, is
responsible for the phosphorylation and regulation of many
downstream substrates. When a downstream target of PI3K
pathway, mTOR (the mechanistic target of rapamycin) is
activated by AKT, it leads to protein synthesis, lipogenesis,
and energy metabolism. This pathway is active in 40-50%
of HCC:s and is also seen in breast, colon, bile duct and lung
carcinomas. It is correlated with poorer prognosis, less tumor
differentiation, and earlier recurrence of cancer (15,17,18).

c-MET pathway

c-MET is a proto-oncogene that contributes to the
progression of HCC. It codes for the hepatocyte growth
factor receptor, which, on binding to the hepatocyte
growth factor (HGF), leads to downstream activation of the
MAPK and PI3K pathways. This then promotes hepatocyte
proliferation and regeneration leading to progression
of HCC. HGF is responsible for liver protection and is
increased when there is liver tissue damage and injury. It
also plays an anti-apoptotic role in liver cancer progression.
HGEF is likely recruited from bone marrow-derived liver
sinusoidal endothelial cell progenitor cells. The c-MET
receptor can also be activated by gene amplification,
overexpression, or activating mutations. Besides the
induction of the PI3K/AKT pathways, c-MET plays a
major role in the induction of the RAS/RAF pathway, which
upon translocation to the nucleus regulates a large number
of genes that are related to proliferation, cell motility, and
cell cycle progression. When ¢-MET activation results in
stimulation of the rat sarcoma viral oncogene homolog, this
binds with Grb2 and Son of Sevenless (SOS) and can result
in RAS and downstream RAF kinase activation, followed
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by MEK (an effector kinase) activation, which eventually
results in MAPK phosphorylation and activation. MAPK
is then able to undergo nuclear translocation and perform
its gene regulatory function (19-21). The activation of
¢-MET signaling is tightly regulated; disruption of c-MET
regulation and its effect on other signaling pathways has a
major effect on tumor genesis and proliferation. c-MET
activity is necessary for malignant transformation, including
dimerization, autophosphorylation, and kinase activity.
¢-MET transcription is increased in more than 30% of
HCC tumors, compared with surrounding normal liver
parenchyma. However, HGF expression is decreased in
HCC when compared with normal liver parenchyma (22,23).
In vitro studies showed that treating c-MET-overexpressing
HCC cells with the ¢-MET inhibitor, PHA665752, led
to decreased cellular growth and proliferation. This effect
was not observed in HCC cells that had low expression
of c-MET, indicating that ¢c-MET is a good target for
therapeutic strategies in those tumors with high expression
of ¢-MET. This finding is supported by data from studies
with Tivantinib (ARQ197), a selective oral small molecule
¢-MET protein inhibitor, which is discussed later in this
article (24). Other possible therapies include those that
target HGF (e.g., rilotumumab, ficlatuzumab), as well as
those that target the extracellular domain of cMET (e.g.,
MetMab) (25).

VEGF pathway

The vascular endothelial growth factor (VEGF) pathway
plays an essential role in angiogenesis, as well as
vasculogenesis through endothelial cell proliferation and
apoptosis. In addition the VEGF signaling cascade plays a
role in cellular migration (7,15,26). Progression to cirrhosis
has been linked to increased growth factor expression.
This includes VEGF and epidermal growth factor receptor
(EGFR), as well as HGF, platelet-derived growth factor
(PDGF) and insulin-like growth factor (IGF).

There are three main subtypes of VEGF receptors:
VEGFR-1, VEGFR-2, and VEGFR-3 (27). Binding of
ligand to one of these receptors results in dimerization
and auto phosphorylation of the intracellular tyrosine
sites. These phosphorylated tyrosine regions then serve as
docking sites for a variety of signal transduction proteins.
The role of VEGF1 signaling has not been completely
established but the most current supported theory is that
VEGFT1 activation plays a major role in the modulation of
VEGF2 (27). Research has also shown that VEGF1 positive
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cells, which are derived from the bone marrow, might play a
substantial role in different types of tumor progression (28).
VEGEF?2 is the most studied and best understood VEGF
receptor. Through the phosphorylation of its tyrosine sites,
VEGF?2 can activate phospholipase C (PLC)-y, and further
downstream protein kinase C. Activated protein kinase C
can induce MAPK signaling, which results in endothelial
cell proliferation. In addition, VEGF2 induces angiogenesis
by means of RAS homolog gene family-guanosine
triphosphatase (Rho-GTPase) activation and influences
the secretion of proteins like endothelial Von Willebrand
Factor, thus increasing endothelial vascular permeability
(27-30). VEGF3 on the other hand is thought to play a role
in lymphangiogenesis through the activation of protein
kinase C and the RAS pathway (27,28). Due to HCC being
a highly vascularized tumor, VEGF signaling increases
tumor cell growth and proliferation. Data has shown that
high levels of VEGF indicate a poor prognosis for patients
with HCC (31,32).

Most targeted agents evaluated act on tyrosine kinase
receptors involved in growth factor and angiogenic
pathways. Select drugs with activity against HCC and their
molecular targets are shown in 7able 2.

Completed phase Ill clinical trials
Inbibitors of angiogenesis

Since the landmark SHARP and Asia Pacific trials
demonstrated a survival benefit in advanced HCC in 2008
and 2009, phase III clinical trials evaluating novel agents
have thus far yielded negative results. Most drugs target
angiogenesis-related pathways, including VEGFR, PDGFR,
FGFR, and RET. Of note, almost all trials predominantly
included patients with Child-Pugh liver function class A,
and were designed to prove non-inferiority. We briefly
present select completed phase III trials and summarize

their major findings (Table 3).

Sorafenib

Sorafenib was shown to improve survival in multiple
randomized controlled trials (RCTs) and is the standard
of care for advanced HCC (33,34). The SHARP trial led
to sorafenib’s US food and drug administration (FDA)
and European Medicines Agency (EMA) approval for
the treatment of HCC in 2007 and 2006, respectively, by
showing a significant increase in the overall survival (OS)
of patients with advanced HCC from 7.9 to 10.7 months
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Table 2 Selected drugs for HCC treatment and their molecular targets

Drug Target
ADI-PEG20 Arginine
Bevacizumab VEGF

Brivanib VEGFR-2, FGFR-1

Cabozantinib
Cediranib
Cixutumumab
Erlotinib
Everolimus
Ipilimumab
Lenvatinib
Linifanib
Nivolumab
Orantinib
Ramucirumab
Regorafenib
Sorafenib
Sunitinib
Tivantinib

Tremelimumab

VEGFR, RET, c-MET

VEGFR, PDGFR, c-KIT

IGF-1R
EGFR
mTOR
CTLA-4

VEGFR, PDGR, FGFR, RET, SCFR

VEGFR, PDGFR
PD-1

VEGFR, PDGFR, FGFR

VEGFR

VEGFR, PDGFR, RET, c-KIT, BRAF, FGFR

VEGFR, PDGFR, RAF
VEGFR, PDGFR, RET, c-KIT

c-MET
CTLA-4

HCC, hepatocellular carcinoma.

Table 3 Phase III trial results in patients with HCC
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(P<0.001). This increased OS was seen in all pre-stratified
patient groups, including those with poor performance
status and macroscopic vascular invasion or hepatic spread.
Time to radiologically observed progression (T'TP) was
significantly increased with sorafenib compared with
placebo (5.5 vs. 2.8 months; P<0.001) while there was a
trend toward a longer time to symptomatic progression
following placebo (4.9 vs. 4.1 months, P=0.77). The disease
control rate was significantly higher with sorafenib (43% ws.
32%; P=0.002) (5).

Sorafenib-related adverse effects were the most common
reason for treatment discontinuation in the SHARP
study—80% of the treatment group reported adverse
effects, which included diarrhea, hand-foot skin reaction,
hypertension, and abdominal pain. The most frequent
adverse events leading to treatment discontinuation were
those affecting the gastrointestinal tract (5).

Between 2005 and 2007, Cheng and colleagues studied
the use of sorafenib in advanced HCC for patients in the
Asia-Pacific region (6); the study included 271 patients
from China, South Korea, and Taiwan. The median OS of
patients treated with sorafenib was 6.5 months, compared
with 4.2 months for those receiving placebo (P=0.014).
The TTP was also significantly longer following sorafenib
treatment (2.8 vs. 1.4 months; P=0.0005). The most
common adverse effects were hand-foot skin reaction,

Agent Trial n Control OS OScontrol Pvalue TTP/PFS TTP/PFS control P value
First-line
Brivanib BRISK-FL 1,150  Sorafenib 9.5 9.9 0.37 4.2 4.1 0.85
Doxorubicin + sorafenib 346 Sorafenib 9.3 10.5 3.6 3.2
Erlotinib + sorafenib SEARCH 720 Sorafenib + 9.5 8.5 0.20 3.2 4 0.91
placebo
Fluorouracil + leucovorin 371 Doxorubicin 6.4 9.47 0.07 2.93 1.77 <0.01
+ oxaliplatin
Linifanib 1,085  Sorafenib 9.1 9.8 1.05 5.4 4.0 0.001
Sorafenib SHARP 602  Placebo 10.7 7.9 <0.001 5.5 2.8 <0.001
Sorafenib Asian 226 Placebo 6.5 4.2 0.014 2.8 1.4 0.0005
Sunitinib SUN1170 1,074  Sorafenib 7.9 10.2 0.99 41 3.8 0.83
Second-line
Brivanib BRISK-PS 395  Placebo 9.4 8.2 0.33 4.2 2.7 <0.001
Everolimus EVOLVE-1 546  Placebo 7.6 7.3 0.68 3.0 2.6 NA
Ramucirumab REACH 565  Placebo 9.2 7.6 0.14 2.8 2.1 <0.0001

HCC, hepatocellular carcinoma.
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diarrhea, alopecia, fatigue, rash, and desquamation (6).
Neither the SHARP nor the Asia-Pacific trials stratified
patients for etiology of HCC. However, regarding patients
with viral hepatitis, the majority of patients in the SHARP
trial had HCV whereas the majority of patients in the Asian
trial had had HBV. Thus, in the SHARP trial, 60.4% of
viral hepatitis patients were infected with HCV and 39.6%
were infected with HBV, whereas in the Asian trial, 89.7%
of viral hepatitis patients had HBV and only 10.3% had
HCV. Because of the worse outcomes noted in the Asian
trial, a retrospective analysis was carried out on a phase
II trial of HCC patients who received sorafenib. The
aim of this post factum analysis was to observe variation
in outcomes of patients with HBV and HCV. Forty-six
patients were included: 33 with HBV and 13 with HCV.
TTP was found to be significantly longer in HCV patients
compared to HBV patients (6.5 vs. 4 months, respectively,
P=0.05). However, there was no significant improvement
in OS or progression-free survival (PFS). Due to the
small sample size and the fact that this was a retrospective
analysis, it cannot be concluded that sorafenib is more
efficacious in HCV patients over HBV patients (35).
Patients who are unable to tolerate, or have tumors
that progress on sorafenib therapy are obviously in
need of further treatment options. A number of agents
have been, or are currently being, investigated as first-
and second-line treatment options for advanced HCC.

Brivanib

The dual VEGFR and FGFR inhibitor brivanib has been
under investigation in the first-line advanced-stage HCC
setting (BRISK-FL trial), in combination with TACE for
intermediate stage HCC, and as salvage therapy in patients
who failed sorafenib (BRISK-PS trial) (36-38). The BRISK-
FL trial, statistically designed for non-inferiority against
sorafenib, demonstrated an OS of 9.5 months for brivanib
compared with 9.9 months for sorafenib (HR, 1.06; 95% CI,
0.93-1.22; P=0.373). There was also no difference in TTP
between brivanib and sorafenib (4.2 months vs. 4.1 months;
HR, 1.01; 95% CI, 0.88-1.16; P=0.853). In the BRISK-
PS trial, patients treated with brivanib were found to have
a median OS of 9.4 months compared with 8.2 months for
placebo (HR, 0.89; 95% CI, 0.69-1.15; P=0.331). TTP
however, was significantly higher in the brivanib arm
compared with placebo (4.2 vs. 2.7 months; HR, 0.56; 95%
CI, 0.42-0.78; P<0.001). The trial that investigated brivanib
in combination with TACE was terminated early due to the
lack of encouraging results from the BRISK trials. Intention
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to treat analysis of this study indicated no improvement in
OS following TACE + brivanib compared with TACE +
placebo. Most common grade III/IV adverse effects in all
three trials were hypertension, hyponatremia, fatigue, and
decreased appetite (38).

Sunitinib

The multikinase inhibitor, sunitinib, targets VEGFR, PDGFR,
c-KIT, and RET. The SUN1170 trial compared sunitinib
to sorafenib as first-line therapy in advanced HCC (39).
Median OS for sunitinib was found to be 7.9 months
compared with 10.2 months for sorafenib (HR, 1.30;
95% CI, 1.13-1.50; P=0.0019). TTP in the sunitinib arm
was 4.1 vs. 3.8 months in the sorafenib arm (HR, 1.13;
P=0.3082). Severe adverse events were significantly worse
with sunitinib (thrombocytopenia, 29.7%; and neutropenia,
25.7%). Thus, OS and safety favored sorafenib and the trial
was terminated early due to toxicity and futility.

Linifanib

Linifanib is a selective inhibitor of VEGFR and PDGFR.
A phase III trial accrued 1,035 patients in a comparison of
linifanib and sorafenib as first-line therapy. Trial investigators
found no difference in median OS (9.1 vs. 9.8 months; HR,
1.05; 95% CI, 0.90-1.22), although TTP was significantly
higher for linifanib (5.4 vs. 4.0 months; HR, 0.76; 95% CI,
0.64-0.90; P=0.001), and ORR was also higher (13% with
linifanib and 6.9% with sorafenib) (40). Linifanib was poorly
tolerated overall; the agent caused frequent grade 3/4 side
effects that required dose interruption and reduction, and/or
discontinuation of patients from treatment.

Ramucirumab

Ramucirumab is a recombinant immunoglobulin G1
(IgG1) monoclonal antibody that specifically binds to the
extracellular domain of VEGFR-2 with high affinity, thus
preventing binding of VEGF ligands and receptor activation.
As ramucirumab is an inhibitor of angiogenesis, it was
hypothesized that it would be effective in the management
of HCC, which is a highly angiogenic malignancy. In a
Phase III trial, the REACH study randomized 565 patients
with advanced sorafenib-refractory HCC to ramucirumab
versus placebo. All patients had an ECOG performance
status of 0 to 1 and Child-Pugh A liver disease (patients with
Child-Pugh B or C were excluded). Median OS was not
significantly different between the two groups (9.2 months
for ramucirumab vs. 7.6 months for placebo; HR, 0.866; 95%
CI, 0.717-1.046; P=0.1391). Likewise, median PFS was not
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significantly different (ramucirumab, 2.8 months vs. placebo,
2.1 months). Furthermore, patients receiving ramucirumab
had a higher incidence of grade 1 or 2 peripheral edema
(36% vs. 18% in placebo), ascites (22% wvs. 11%), and
headache (18% wvs. 5%). Grade 3 or higher adverse events
that were found to be at least five percentage-points higher
with ramucirumab compared to placebo included ascites,
hypertension, asthenia, AST elevation, thrombocytopenia,
and hyperbilirubinemia. Thus, ramucirumab is not approved
for advanced HCC treatment in a second-line setting.
However, alpha-fetoprotein (AFP) levels—known to be a
marker of poor prognosis—were monitored in the REACH
trial. When patients were stratified into two groups
according to baseline AFP levels of greater or less than
400 ng/mL, those with levels of greater than 400 ng/mL
who received ramucirumab over placebo had an improved
OS of 7.8 vs. 4.2 months, respectively (P=0.006). However,
in those patients with an AFP of less than 400 ng/mL,
there was no significant difference in outcomes between
ramucirumab and placebo groups. This implies that
patients with a higher AFP may have a better response to
ramucirumab in the second-line setting, a concept that is

now being studied in the ongoing REACH-2 trial (41).

Inbhibitors of cell proliferation

Everolimus

The EVOLVE-1 study evaluated the mTOR inhibitor
everolimus vs. placebo in patients with advanced HCC who
had failed sorafenib. There was no significant difference
in OS between everolimus (7.6 months) and placebo
(7.3 months) (HR, 1.05; 95% CI, 0.86-1.27; P=0.68). T'TP in
the everolimus arm was 3.0 months compared with 2.6 months
in the placebo group (HR, 0.93; 95% CI, 0.75-1.15). The
most common grade 3/4 adverse effects caused by everolimus
were anemia, asthenia, and decreased appetite (42).

Erlotinib

Erlotinib, a targeted anti-EGFR therapy, was studied in
the SEARCH trial in 2015. This study compared erlotinib
plus sorafenib with sorafenib alone using a non-inferiority
design (43). Median OS was 9.5 months in the sorafenib
plus erlotinib arm and 8.5 months in the sorafenib only
arm (HR, 0.92; 95% CI, 0.78-1.1; P=0.2). Likewise, TTP
was not significantly different between the two groups
(3.2 months with sorafenib plus erlotinib vs. 4 months
with sorafenib alone; HR, 1.13; 95% CI, 0.94-1.36;
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P=0.91). Higher rates of rash/desquamation, anorexia,
and diarrhea were observed in the sorafenib plus erlotinib
group. Furthermore, because of the increased adverse event
profile of erlotinib, patients treated with sorafenib plus
erlotinib were more frequently discontinued from the trial.
Because of these results, erlotinib was not approved for the
treatment of patients with advanced HCC (43).

Cytotoxic systemic chemotherapy

Systemic chemotherapy has played a minor role in the
treatment of advanced HCC. Recent trials have evaluated
chemotherapeutic agents as frontline therapy for this
disease. A trial evaluating doxorubicin plus sorafenib vs.
doxorubicin alone demonstrated significantly improved TTP
and OS in the doxorubicin plus sorafenib treated patient
group, compared with doxorubicin alone, but no difference
in toxicity (44). TTP was 6.4 months in the sorafenib-
doxorubicin group, and 2.8 months in the doxorubicin
monotherapy group (P=0.02). Median OS was 13.7 and
6.5 months, respectively (P=0.006). However, initial
enthusiasm was hampered following results from a larger trial
that enrolled 346 patients and used sorafenib as the control
arm, which was terminated early due to futility. A median OS
of 9.3 months was observed for doxorubicin plus sorafenib,
compared with 10.5 months for sorafenib alone (HR, 1.06;
95% CI, 0.8-1.4); median PFS was 3.6 vs. 3.2 months (HR,
0.90; 95% CI, 0.72-1.2) (45).

Combination chemotherapy with 5-fluorouracil, leucovorin,
and oxaliplatin (FOLFOX4) was compared with doxorubicin
monotherapy in an Asian trial (46). Median OS was
6.40 months with FOLFOX4 and 4.97 months with doxorubicin
(HR, 0.80; 95% CI, 0.63 to 1.02; P=0.07); median PFS was
2.93 5. 1.77 months (HR, 0.62; 95% CI, 0.49-0.79; P<0.001).
Grade 3/4 adverse effects were similar in both groups. Although
this trial demonstrated improved OS following FOLFOX4
treatment, sorafenib—the current standard of care for advanced
HCC—was not used as a comparison, thus limiting the
applicability of these findings (46).

Novel agents and ongoing trials

The landscape of HCC trials has shifted from anti-
angiogenic agents to novel drugs that have diverse
mechanisms of action. These include agents that target a
range of growth factor receptors [e.g., c-MET (receptor
for hepatocyte growth factor), KIT (receptor for stem cell
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growth factor), and RET (neurotropic factor receptor)],
agents that target metabolic pathways (e.g., arginine
deiminase), and those that target immune checkpoint
molecules (PD-1 and CTLA-4). Many of these agents have
shown promising data in phase II trials. We present select
ongoing trials and interim data.

Regorafenib, a multikinase inhibitor that has
antiangiogenic and other activities (47), can be effective
when given post-sorafenib treatment. Regorafenib effects its
antiangiogenic activity by targeting VEGFR-1-3 and TIE-2.
It exerts other anticancer activities by targeting c-KI'T, RET,
and both wild type and V600 mutated B-RAF, and affecting
the tumor microenvironment by targeting PDGFR and
FGFR. Sorafenib, similarly, targets VEGFR-1-3, PDGFR,
c-KIT, but also targets RAF-MEK-ERK, FL'T-3, and RET
pathways. An open label phase II study of regorafenib
showed an OS of 13.8 months and TTP of 4.3 months in a
single cohort of patients with advanced HCC unresponsive
to sorafenib (38). The most common regorafenib-related
side effects were hand-foot syndrome, fatigue, and
anorexia. Most recently, the phase III placebo-controlled
RESORCE trial demonstrated significantly improved OS
of HCC patients compared with placebo: 10.6 months
with regorafenib vs. 7.8 months with placebo (P<0.001) in
the second-line setting. This study included 573 patients
receiving regorafenib at a dose of 160 mg daily for 3 weeks
followed by a 1-week off-treatment period (4-week cycle).
Median PFS was 3.1 months following regorafenib
compared with 1.5 months following placebo (P<0.001),
translating into a 54% reduction in risk of progression or
death. The ORR with regorafenib was 10.6%, compared
with only 4.1% for placebo (P=0.005). Regorafenib is likely
to be approved for the treatment of advanced stage HCC,
eight years after the approval of sorafenib (48,49).

Targets in cell proliferation and metastasis

c-MET: tivantinib

Tivantinib is a selective oral inhibitor of c-MET (50). A
randomized phase II trial in patients with advanced HCC who
failed sorafenib treatment showed a statistically significant
improvement in T'TP in the Tivantinib group wvs. placebo
(1.6 vs. 1.4 months; HR 0.64; 90% CI, 0.43-0.94; P=0.04).
When selecting for patients with c-MET-high tumors,
TTP with tivantinib was nearly twice that of the placebo
group (2.7 vs. 1.4 months; HR 0.43; 95% CI, 0.19-0.97;
P=0.03). The most common grade 3 adverse event in the
tivantinib group was neutropenia (51). A phase III trial
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(JET-HCC) comparing tivantinib with placebo in patients
who failed sorafenib is ongoing. This trial is also examining
c¢-MET expression to further evaluate responsiveness to
tivantinib (52).

New angiogenesis inhibitors

Cabozantinib

Cabozantinib is a multiple tyrosine kinase with activity
against MET, RET, and VEGFREs, all essential pathways in
the development of HCC. A phase II clinical trial evaluated
the use of Cabozantinib in patients who were previously
treated and failed sorafenib therapy. Median PFS was
4.2 months, and there was 78% measurable disease
regression. Most common grade 3 adverse effects were
diarrhea, hand foot syndrome, and thrombocytopenia (53).
Because of this encouraging data, there is an ongoing phase
IIT trial called CELESTIAL that is evaluating Cabozantinib
versus placebo in patients who failed sorafenib (54).

Lenvatinib

Lenvatinib is an inhibitor of VEGFR-1-3, FGFR-1-4,
PDGFR-B, RET, and KIT. A phase I/II study showed a
median TTP of 12.8 months (95% CI, 7.23-14.7) and an
OS of 18.7 months (95% CI, 12.8-25.1). The most common
adverse events were hypertension, hand foot syndrome,
proteinuria, anorexia, thrombocytopenia, and fatigue (55).
In a currently running phase III RCT, lenvatinib is being
compared to sorafenib in the frontline treatment of patients

with advanced HCC (55).

New anti-metabolites

ADI-PEG20

Arginine deiminase is a microbial enzyme that depletes
arginine when injected systemically. Early studies showed
that arginine deprivation inhibited HCC growth in vitro
but normal liver tissue survives arginine depletion (56). A
phase II study looked at 71 patients with advanced HCC
and randomly assigned them to weekly ADI-PEG 20 at
doses of 150 or 320 TU m’. Of these patients, 46.3% had
failed previous systemic therapy. There were no objective
responses. Each dose group had 11 patients with stable
disease. The median duration of disease control was
2.8 months for both dose cohorts with a2 95% CI of
1.4-4.3 months in the 160 IU m” cohort and 2.4-3.3 months
in the 320 TU m’ cohort. There was no statistically
significant difference in OS between the two dose groups:
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6.2 months in the 320 ITU m” arm and 8.4 months in the
160 TU m’ arm, P=0.76. OS for all patients was 7.3 months.
Most common treatment-related adverse events were
systemic and local allergic reactions and metabolic changes
of grade 1-2: hypersensitivity skin rash in 26.8% of
patients, local tissue reaction at injection site in 22.5%,
hyperuricemia in 19.7%, pruritus in 15.5%, fatigue in 9.8%,
and hyperammonemia in 4.2% (57). Because of the good
toxicity profile and the data on HCC requiring arginine
for cell growth and proliferation, ADI-PEG20 was further
studied in HCC. A phase III trial evaluating the use of
ADI-PEG20 in patients who failed first-line treatment was
completed and showed that there was no OS benefit in the
population receiving ADI-PEG 20 compared with placebo.
Six hundred and thirty five patients were enrolled and
randomized 2:1 to ADI-PEG20, at a dose of 18 mg/m’ IM
weekly, or placebo, both with best supportive care. Results
showed that the median OS for ADI-PEG 20 was 7.8 us.
7.4 months for placebo (P=0.884; not significant). Median
PES was also not significantly different: both groups had
a PFS of 2.6 months (P=0.075). However, there was a
significant increase in OS benefit in patients with prolonged
arginine depletion. Patients with arginine depletion for
more than 8 weeks had a median OS of 12.3 months
compared with 7.3 months in patients who had arginine
depletion for four weeks or less (P=0.0032). Patients who
received ADI-PEG 20 had a higher rate of anaphylaxis
(2.1%). Fifteen percent of patients receiving ADI-PEG20
died within 20 days of last dose compared with 10.4% of
patients receiving placebo (58).

More potent pure anti-angiogenic inbibitors

Cediranib

Cediranib (AZD2171) is an oral inhibitor of VEGFR.
In 2012, a phase II trial was carried out by the North
Central Cancer Treatment Group, which administered
daily cediranib, at a dose of 45 mg or less, to 28 patients
with unresectable or metastatic HCC. The primary study
objective was to achieve an OS of 6 months. Patients had
an ECOG performance status of 0 or 1 and had received
no previous systemic therapy or external beam radiation
to their primary tumor site. At 6 months, 12 patients
(42.9%) were still alive, 15 patients (53.6%) had died, and
one (3.5%) was lost to follow-up. Twelve of the 15 patients
who died had no radiologic evidence of progression before
death. During treatment, a total of 7 patients had stable
disease, 7 developed progression of disease, and 14 were not
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evaluated post-baseline. The median TTP was 2.8 months
and median OS was 5.8 months (95% CI: 3.4-7.3 months).
No partial or complete responses were observed. Cediranib
was poorly tolerated: grade 4 adverse effects included
valvular heart disease, anemia, dehydration, liver infection,
transaminitis, and fatigue (59).

In 2013, Zhu et al. (60) looked at the efficacy,
pharmacokinetics, and possible biomarkers of cediranib
monotherapy in a phase II study. As shown in Tzble 2,
cediranib and sorafenib both inhibit VEGFR and PDGFR;
however cediranib differs from sorafenib in that it does
not have activity against RAF. In this phase II study,
cediranib was given at a dose of 30 mg daily to patients
with unresectable or metastatic HCC. Biomarkers—
VEGE, PIGE, sVEGFR-1, bFGF, IL-6, IL-8, TNF-alpha,
IFN-gamma, HGEF, IGF-1, sVEGFR-2, angiopoietin-2,
c-KIT, CAIX, SDF1-alpha, sTie2—were measured before
and after treatment. Seventeen patients were enrolled with
a median follow-up time of 17 months. The median PFS
was 5.3 months (95% CI, 3.5-9.7 months) and the median
OS was 11.7 months (95% CI, 7.5-13.6 months). The
3-month PFS rate was 77%. Fewer adverse effects were
observed than with higher doses of cediranib. Even so,
5% of patients had grade 3 fatigue, and 29% had grade 3
hypertension that was medically manageable. Hyponatremia
and hyperbilirubinemia were commonly observed (65% and
18% of patients, respectively). Biomarker studies indicated
that that PIGF and VEGF concentrations were increased,
and sVEGFR-1, sVEGFR-2, and Ang-2 were decreased by
cediranib. sVEGFR-1 and -2 were linked to poor survival
and there was an association between high pretreatment
levels of VEGF (or CAIX and Ang-2) levels and rapid
progression, indicating tumor hypoxia is a poor prognostic
marker for HCC. Proangiogenic factors, bFGF and
IGF-1, were also correlated with poor treatment outcomes.
IFN- gamma levels were associated with a longer PES (60).

Immune checkpoint inbibitors

Nivolumab + ipilimumab

The interaction between lymphocytes and HCC cells is
regulated by checkpoint inhibitor proteins such as PD-1
and CTLA-4, which induce immune tolerance upon
binding to their respective ligands. One study demonstrated
overexpression of PD-L1 in HCC cells. An ex vivo study
using extracted cytotoxic CD8+ T lymphocytes from
HCC patients demonstrated increased immunogenicity
against selected tumor antigens after exposure to the
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CTLA-4 inhibitor, ipilimumab (61,62). This provided
the rationale for a phase I/II trial evaluating the efficacy
of immunotherapy against HCC. The trial started with
a dose escalation followed by an expansion phase, aimed
at establishing a safe dose of nivolumab in three separate
cohorts by disease etiology (HCC patients with HBV, HCV,
or no co-infection) and assessing nivolumab efficacy in these
three separate patient groups. The third part of the study is
assessing the efficacy of nivolumab plus sorafenib combined,
and the fourth part of the study is assessing the safety and
efficacy of nivolumab plus ipilimumab combined in the
treatment of advanced HCC. Preliminary results showed
that nivolumab yielded good response rates in patients with
advanced HCC. Forty-two patients were enrolled in the first
phases and 19% had greater than 30% tumor reduction, half
of which continued to respond for 12 months. The OS rate
was 62% at 12 months (63).

Tremelimumab

Tremelimumab is a CTLA-4 inhibitor that potentiates
T-cell activation and proliferation against several solid
tumors. A pilot study evaluated the use of tremelimumab
in 20 patients with advanced HCC and HCV infection
Patients were given tremelimumab at a dose of 15 mg/kg
IV every 90 days until disease progression or severe toxicity.
Partial response rate was 17.6% and disease control rate
was 76.4%. TTP was 6.48 months (95% CI, 3.95-9.14)
and a significant drop in viral load was observed. The
most common grade III side effect was liver function test
elevation (64).

Conclusions

Since the landmark SHARP trial in 2007, sorafenib
monotherapy remains the only widely accepted standard
treatment for advanced HCC. While newer agents have
failed to demonstrate significantly improved survival in
clinical trials, our understanding of the tumor biology
and novel biomarkers continues to expand. However, this
knowledge-gain has not yet translated into development
of groundbreaking treatments. In a recent study by
Llovet et al., exploring the reasons for trial failure, the
authors identified four key obstacles to success during the
development of new therapies for HCC: clinical translation
of genomic studies, faulty trial design, liver toxicity, and
marginal efficacy of tested agents. There is a low prevalence
of molecular targets in HCC upon which most developed
agents act. The past decade has seen multiple negative trials,
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many of which have not been guided by our understanding
of genetic pathways in HCC. Current efforts should be
directed toward the development of biomarker-enriched
clinical trials, as well as drugs that target key oncogenic
pathways with a better understanding of the tumor biology
and genetics (65-67).
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