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Targeted therapies are the mainstay of systemic therapies for patients with
advanced, unresectable, or metastatic hepatocellular carcinoma. Several
therapeutic targets, such as c-Met, TGF-B, and FGFR, have been evaluated in
the past, though results from these clinical studies failed to show clinical benefit.
However, these remain important targets for the future with novel targeted
agents and strategies. The Wnt/B-catenin signaling pathway, c-Myc oncogene,
GPC3, PPT1 are exciting novel targets, among others, currently undergoing
evaluation. Through this review, we aim to provide an overview of previously
evaluated and potentially novel therapeutic targets and explore their continued
relevance in ongoing and future studies for HCC.
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Introduction

Hepatocellular Carcinoma (HCC) is the most common type of primary liver cancer
worldwide and accounts for over 75% of all cases of primary liver cancer (1). While the
incidence of HCC and overall HCC-specific mortality have shown a slight decline in recent
years, the prognosis remains poor, with an estimated 5-year relative survival rate of
approximately 22% (2, 3). Analyses from the Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) have identified notable changes in the underlying etiologies for HCC
over the last three decades, with steady increases in the incidence and mortality rates of liver
cancer linked to Hepatitis B viral infections (HBV), metabolic dysfunction-associated
steatotic liver disease (MASLD), and alcohol use (2, 4).

Treatment options for HCC are greatly influenced by the patient’s disease stage, burden
of disease, degree of liver dysfunction, and performance status. A multi-disciplinary
approach allows for optimal patient selection for various treatment options and is widely
considered the standard of care at most comprehensive cancer centers (5). Treatment
modalities commonly used in clinical practice include surgical resection, liver
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transplantation, percutaneous ablation, transarterial therapies,
external beam radiation, and systemic therapy (6). Patients with
localized and early-stage disease (Barcelona Clinic Liver Cancer
[BCLC] stage 0 or A) may be eligible for curative-intent treatment,
including surgical resection, liver transplantation, or percutaneous
ablation. Patients with unresectable and advanced/metastatic
disease (BCLC stage B and C) can benefit from palliative systemic
therapy (6). Certain patients with BCLC stage B who undergo
treatment with effective downstaging strategies can potentially be
eligible for liver transplantation (7). Systemic therapies for HCC are
broadly subdivided into two major subgroups: targeted therapies
and immune checkpoint inhibitors (ICIs). Targeted therapies are
drugs that interfere with specific molecules or pathways that are
involved in the growth, survival, and spread of cancer cells. Most
targeted therapeutic agents are either monoclonal antibodies
(mAbs) or drugs known as small molecule inhibitors (8).
Sorafenib, a small-molecule multi-kinase inhibitor (mTKI), was
the mainstay of systemic therapy in HCC for close to eleven years
following its approval in 2007 (9, 10). Lenvatinib, another mTKI,
was shown to be non-inferior and approved based on the results
from the REFLECT trial (11) for use in advanced HCC in 2018. In
2020, results from the IMBravel50 study significantly changed the
landscape of systemic therapy in HCC, and the combination of
atezolizumab, an ICI that targets anti-programmed cell death
ligand-1 (PD-L1), and bevacizumab, an anti-angiogenic mAb
targeting vascular endothelial growth factor A (VEGF-A), has
now been established as the first-line treatment for unresectable
HCC worldwide (12). In 2022, the combination of durvalumab, an
ICI targeting PD-L1, with tremelimumab, an ICI targeting cytotoxic
T lymphocyte-associated antigen 4 (CTLA-4) was also approved as
a first-line therapy option, based on the results of the HIMALAYA
study (13). In the current HCC systemic therapy landscape,
multiple targeted therapies are approved for use in the second-
line and beyond setting, including but not limited to additional
mTKIs (regorafenib and cabozantinib), the anti-angiogenic
monoclonal antibody ramucirumab, and the combination of the
ICIs nivolumab and ipilimumab (14-18).

The major differences between ICIs and targeted therapies lie in
their adverse event profiles and mechanisms of action. Immune
checkpoint inhibitors (ICIs) are drugs that disrupt the interaction
between immune checkpoint proteins and their ligands, thus
preserving the activation of T cells and their anti-tumor
immunological activity (19). ICIs are said to be well-tolerated as
compared to targeted therapies but can be associated with immune-
related adverse events (irAEs) which are unpredictable and
potentially long-term (20). The use of ICIs is discouraged in
patients with moderate to severe autoimmune conditions, and the
American Association for the Study of Liver Diseases (AASLD)
advises against their use in post-transplant patients due to the high
risk of graft loss and mortality (6).

Various other targeted therapeutic agents have been evaluated
in HCC, though these studies have failed to establish clinical benefit.
An intimate understanding of the agents that have been evaluated in
the past, the reasons for their lack of meaningful efficacy, and the
lessons learned from the respective trials is essential for developing
more effective targeted therapy regimens in the future. In this

Frontiers in Oncology

10.3389/fonc.2024.1432423

review, we first provide a brief overview of the currently approved
targeted therapies for HCC. Then, we summarize the major
characteristics, trial data, and challenges relating to previously
evaluated targeted therapeutic agents in HCC. Finally, we discuss
notable ongoing clinical trials of novel targeted therapy approaches
in HCC and the potential directions for future developments in
the field.

Sytemic therapy in HCC including
approved targeted therapies — a
brief overview

The preferred first-line systemic treatment option for patients
with advanced, unresectable, or metastatic HCC involves
immunotherapy combinations: atezolizumab and bevacizumab, or
durvalumab and tremelimumab (6). The global, open-label,
randomized phase III IMbrave 150 study established atezolizumab
and bevacizumab as a preferred first-line treatment option in patients
with advanced HCC, conferring a median overall survival (mOS) of
19.2 months (95% CI, 17.0 months - 23.7 months) with the
combination, compared to 13.4 months (95% CI, 11.4 months -
16.9 months) with sorafenib (HR, 0.66; 95% CI, 0.52 - 0.85; p <
0.001) (12). The phase III HIMALAYA trial evaluated durvalumab
and tremelimumab (given via the “STRIDE” dosing regimen,
involving a single priming dose of tremelimumab with monthly
durvalumab) versus sorafenib, and the STRIDE regimen led to a
mOS of 16.4 months (95% CI, 14.2 months - 19.6 months) in the
STRIDE arm, as compared to 13.8 months (95% CI, 12.2 months -
16.1 months) with sorafenib (HR, 0.78; 96.02% CI, 0.65 - 0.93; p =
0.0035) (13).

Among the currently approved mTKIs for use in HCC,
sorafenib and lenvatinib are the only two agents recommended
for use as first-line systemic therapy in HCC (6). Sorafenib inhibits
tumor angiogenesis by targeting several kinases involved in
oncogenic signaling, mainly RAF1, BRAF, the receptor tyrosine
kinase activity of vascular endothelial growth factor receptors
(VEGFRs) 1, 2, and 3, and platelet-derived growth factor receptor
B (PDGFR-B) (21-23). Commonly reported adverse events with
sorafenib therapy include hand-foot skin reaction, rash, diarrhea,
hypertension, weight loss, and fatigue (9, 24, 25). Lenvatinib works
in a similar fashion by inhibiting several kinase-mediated pathways
involved in cancer cell proliferation and tumor angiogenesis. These
include VEGFRs 1, 2, and 3, fibroblast growth factor (FGF)
receptors 1, 2, 3, and 4, PDGF receptor o, RET, and KIT (26-28).
Lenvatinib therapy shows adverse events similar to sorafenib,
among which hand-foot skin reaction, rash, diarrhea,
hypertension, weight loss, loss of appetite, and proteinuria are
common (29). The incidence of hand-foot skin reaction
and diarrhea was found to be higher with sorafenib therapy, and
hypertension, decreased appetite, weight loss, fatigue, and
proteinuria were found to be more commonly associated with
lenvatinib therapy in a meta-analysis (25). The principal
indication for sorafenib and lenvatinib in current practice is in
patients with advanced HCC who are unable to receive the
preferred first-line regimen(s) of atezolizumab and bevacizumab
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or durvalumab and tremelimumab. These patients usually have
contraindications for immune checkpoint inhibitors or intolerance
to these agents (6).

Several targeted therapy agents are approved in the second-line
and beyond setting for patients with disease that has progressed on
first-line treatment options. Regorafenib is an mTKI which mainly
acts on VEGFRs 1, 2, and 3, TIE2, PDGFR, FGFRs 1 and 2, KIT,
RAFI1, BRAF, and RET (30). The phase III RESORCE study
evaluated regorafenib in HCC patients who had developed disease
progression on sorafenib treatment. Regorafenib use resulted in a
mOS of 10.6 months (95% CI, 9.1 months - 12.1 months) which
was superior to the mOS of 7.8 months (95%CI, 6.3 months - 8.8
months) with placebo (14). The most common clinically relevant
grade 3 or 4 adverse events reported in this study with regorafenib
were hypertension, hand-foot skin reaction, and diarrhea (14).
Cabozantinib, an mTKI that inhibits several kinases - including
MET, AXL, RET, FLT3, and VEGFR2 - was approved for use in
patients with HCC who had been previously treated with sorafenib
based on results from the phase III CELESTIAL trial. The mOS was
10.2 months (95% CI, 9.1 months - 12.0 months) in the
cabozantinib group versus 8.0 months (95% CI, 6.8 months - 9.4
months) with HR 0.76 (95% CI, 0.63 - 0.92; p = 0.005). Progression-
free survival (PFS; HR, 0.44; 95% CI, 0.36 - 0.52; p < 0.001) and
objective response rate (ORR; 4% vs. <1%; p = 0.009) were also
found to significantly favor cabozantinib over placebo in the study
(15). The most common grade 3 or 4 adverse events reported in the
cabozantinib group were hand-foot skin reaction (described as
palmar-plantar erythrodysesthesia), hypertension, increased
aspartate aminotransferase level, and diarrhea (15). The efficacy
of cabozantinib as first line therapy in combination with
atezolizumab was investigated in the multicenter, open-label,
randomized, phase III trial COSMIC-312, but the difference in
mOS with the combination (16.5 months; 96% CI, 14.5 months -
18.7 months) as compared to sorafenib monotherapy (15.5 months;
96% CI, 12.2 months - 20 months) was not statistically significant
(HR, 0.98; 96% CI, 0.78 — 1.24; p = 0.87) (31).

Ramucirumab, a human monoclonal antibody against
VEGFR2, was evaluated for efficacy and safety in the global,
randomized, double-blind, placebo-controlled, phase III REACH
study (16). Although no significant benefit in mOS was seen in the
study population as a whole, the predefined subgroup of patients
having baseline alpha fetoprotein (AFP) levels above 400 ng/mL
showed a significant improvement in mOS (HR, 0.67; 95% CI, 0.51
- 0.90; p = 0.006). The subsequent randomized, double-blind,
placebo-controlled, phase III REACH-2 study further validated
these findings. In advanced HCC patients with baseline AFP
levels above 400 ng/mL who had progressed on prior sorafenib
therapy, mOS (HR, 0.71; 95% CI, 0.53 - 0.95; p = 0.0199) and PFS
(HR, 0.45; 95% CI, 0.34 - 0.60; p < 0.0001) were found to
significantly favor ramucirumab monotherapy over placebo (16,
17). In the ramucirumab group, hypertension and hyponatremia
were the only grade 3 or worse treatment-emergent adverse events
observed in 5% or more of patients and occurring at higher
frequencies than in the placebo group (17).

It is worthwhile to note that the adverse events seen with the use
of targeted therapies are different from the irAEs usually seen with
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the use of ICIs. These reactions are said to be unpredictable,
potentially long-term and can affect any organ system (20).
Commonly seen irAEs in HCC include fatigue, pyrexia, rash,
pruritus, diarrhea, decreased appetite, nausea, abdominal pain,
constipation, hepatitis, and hypothyroidism (20).

Notably, all the prospective trials mentioned above were
restricted to patients with a good performance status (ECOG 0-1)
and limited liver dysfunction (Child-Pugh, CP, class A). Clinical
data for patients with CP class B disease are limited, but they
highlight the unmet need to evaluate these and additional agents in
patients with CP class B liver function in future trials (32, 33).

Notable therapeutic targets: historical
perspectives and future directions

c-Met

The MET (MET proto-oncogene, receptor tyrosine kinase) gene
is responsible for encoding the c-Met (mesenchymal-epithelial
transition factor) protein, which is the cell surface receptor for
hepatocyte growth factor (HGF). The expression of c-Met is seen on
epithelial cells, endothelial cells, neurons, hepatocytes, and
hematopoietic cells (34). A complex interplay exists between HCC
and the cellular functions regulated by c-Met. Liver disease is
known to increase demands for hepatocyte proliferation, which in
turn promotes the up-regulation of c-Met activity. Although this
increase in activity is beneficial in chronic liver disease, an aberrant
increase in c-Met activity results in oncogenic cellular effects and
contributes to tumorigenesis, proliferation, and metastasis in HCC
(34-36). A significant increase in MET mRNA expression is seen in
hepatitis, liver cirrhosis, and HCC (37). Although the c-Met protein
was found to be overexpressed in 27.9% of HCC tumor specimens
(from 287 patients with HCC), there was no prognostic impact of
this finding in patients after surgical resection (38). c-Met/HGF and
related pathways also play a role in the development of resistance to
sorafenib therapy in patients with HCC (39-41). c-Met expression
was hence thought to be an important therapeutic target in HCC
and led to trials with agents inhibiting the cellular effects of c-Met
activation by HGF in patients with HCC. While the currently-
approved agent cabozantinib also inhibits c-Met activity as part of
its spectrum of kinase inhibition, several clinical trials have assessed
the utility of more potent c-Met inhibitors - including tivantinib,
tepotinib, capmatinib, and golvatinib - have been completed (42).

Tivantinib (ARQ 197) is an oral, small-molecule inhibitor of c-
Met that has been shown to inhibit intratumoral c-Met signaling in
tumor biopsy samples and is thought to preferentially act upon cell
lines expressing c-Met to induce apoptosis and exert anti-tumor
effects (43, 44). The safety and efficacy of tivantinib monotherapy
for patients with previously treated (with sorafenib) HCC having
tumors with high levels of c-Met (=2+ expression in>50% of
tumor cells by IHC) was studied in two large randomized, double-
blind, placebo-controlled studies: the METIV-HCC and JET-HCC
studies. The METIV-HCC study was conducted across ninety
centers in Australia, the Americas, Europe, and New Zealand, in
which 340 patients with c-Met-high HCC were enrolled, and 226
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patients received tivantinib. The JET-HCC study was conducted at
sixty centers in Japan, where 194 patients were eventually
randomized to receive either tivantinib (n = 133) or placebo (n =
61). Final analysis from the METIV-HCC study demonstrated a
mOS of 8.4 months (95% CI, 6.8 months — 10.0 months) in the
tivantinib group compared to 9.1 months (95% CI, 7.3 months -
10.4 months) with placebo, and the difference in risk of death was
not significant (HR, 0.97; 95% CI, 0.75 - 1.25; p = 0-81) across a
median follow-up period of 18.1 months (IQR, 14.1 months - 23.1
months) (45). Similar results were reported from the JET-HCC
study, where mOS was 8.5 months (95% CI, 6.2 months - 11.4
months) in the tivantinib group and 10.3 months (95% CI, 8.1
months - 11.4 months) in the placebo group, with an insignificant
difference in risk (HR, 0.82; 95% CI, 0.58 - 1.15) (46).

Tepotinib, an oral highly selective inhibitor of c-Met/HGF
signaling, was also assessed for safety and efficacy in two phase
Ib/TI studies for HCC patients. Tepotinib exerts its anti-tumor
activities in a manner different to tivantinib. Tivantinib is a non-
ATP competitive inhibitor of c-Met, while tepotinib competes with
adenosine triphosphate (ATP) for binding to the receptor, thus
preventing the phosphorylation and subsequent activation (47). A
single-arm phase Ib/II study conducted across various centers in
Europe and the US showed a 12-week PFES rate of 63.3% (versus
historical pre-specified control of 15%, p <0.0001) with tepotinib.
Although none of the observed trends were found to be statistically
significant, the investigators reported that a trend towards better
PFS at 12 weeks in patients with c-Met IHC 3+ (versus 2+), MET
amplification (versus no MET amplification), AFP elevation at
baseline of more than 200 mcg/L, and Hepatitis B/C virus
positivity was seen on subgroup analyses from the phase II cohort
(48). Similarly, a phase Ib/II study of tepotinib conducted in China,
South Korea, and Taiwan showed a significant improvement in
independently assessed time to progression (TTP) in patients
treated with tepotinib versus sorafenib (HR =0.42, 90% CI, 0.26 -
0.70, p =0.0043). Although the confidence interval reported was
larger than the usually accepted 95%, such modifications are often
seen in trials with similarly small sample sizes (49). A notable
difference between the trials was that the western study described
aimed to evaluate the efficacy of tepotinib in the second-line setting
(after sorafenib), whereas the Asian study investigated its use as
first-line systemic therapy. Although both studies met their primary
endpoints in phase IT and the results seemed promising, a phase III
study was not undertaken for tepotinib due to the observed modest
effect sizes and a limited patient pool.

Another highly specific competitive inhibitor of c-Met,
capmatinib, was evaluated for safety and efficacy in HCC patients
with tumors showing MET dysregulation who had not received
prior systemic therapy. Notably, the criteria for c-Met positivity
were modified midway through the study in light of preliminary
data indicating that high c-Met protein expression and increased
MET gene copy number predicted response to capmatinib. The
phase II, open-label, single-arm, multicenter study was conducted
across the Asia-Pacific region. Unfortunately, study enrollment was
prematurely halted due to challenges in identifying eligible patients.
The primary endpoint of time to progression was not analyzed due
to a limited sample size (50).
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A dual inhibitor of c-Met and VEGF, golvatinib, exhibited
strong inhibition of tumor growth and angiogenesis in xenograft
models (51). The combination of golvatinib with sorafenib was
evaluated in comparison to sorafenib monotherapy for patients
with advanced or metastatic HCC in an open-label, randomized
phase Ib/II study that completed accrual in 2015 (NCT01271504).
Phase I results reported partial response (PR) in two patients and
stable disease in three patients out of 13 patients enrolled at two
dose levels (52). Further studies for golvatinib in HCC have not
been undertaken.

Emibetuzumab, an anti-c-Met bivalent antibody that works by
inhibiting the ligand-dependent and ligand-independent initiation
of c-Met/HGF signaling, was evaluated for safety and efficacy in
combination with ramucirumab in several solid tumors in a two-
part, multicenter, nonrandomized, open-label phase Ib/II study
(53). The study included 45 patients with HCC, of whom 37 had
received prior sorafenib. Within the HCC cohort, a median PFS
(mPFS) of 5.4 months (95% CI, 1.6 months — 8.1 months) was
reported. Subgroup analysis of HCC patients with high c-Met
expression showed that HCC patients with tumors having c-Met
expression of 2+ or more in at least 50% of tumor cells had a mPES
of 8.1 months compared to patients below this expression cut-off,
who had a mPFS of 2.8 months. The risk of progression was
significantly reduced in the c-Met-high group as well (HR, 0.22;
90% CI, 0.08 - 0.59) (54). While further studies with emibetuzumab
have not been undertaken, potentially due to a lack of meaningful
anti-tumor activity and/or patient selection difficulties, these results
highlight the potential utility of biomarker-selected trials for HCC.

While some of these studies showed promise in their respective
settings, an overall lack of meaningful clinical efficacy with selective
c-Met inhibition (tepotinib, capmatinib) or drugs with more
promiscuous activity that includes c-Met inhibition (tivantinib,
golvatinib) may be attributed to several factors. Difficulty in
accrual and modest effect sizes seem to be the most likely reasons
for the discontinuation of most investigations. However, results
from these studies demonstrate an overall trend towards improved
outcomes within biomarker-selected populations, highlighting the
importance of biomarker-driven patient selection for future trials.
Hence, the findings from these studies should not be interpreted as
evidence of the ineffectiveness of c-Met inhibition in HCC, but
rather should be used to guide future study design.

c-Met inhibition remains an important therapeutic target in
HCC as indicated by several ongoing studies. Promising novel c-
Met-targeted approaches include chimeric antigen receptor T-cell
(CAR-T) therapy and Antibody-drug conjugates (ADCs). Jiang
et al. reported the successful construction of dual-targeting c-Met/
PD-LI (CP) CAR-T cells and found that the bispecific CAR-T cells
had promising anti-tumor effects in HCC cells, and these effects
were suggested to be more potent than those of monovalent c-Met
targeting CAR-T cells (55). ADCs exploit the targeted delivery of a
drug, usually a cytotoxic payload, to cancer cells expressing an
antigen to which the antibody portion of the ADC binds selectively.
The two are connected by a linker molecule, and the antibody-
mediated binding results in internalization of the ADC, causing
targeted drug release (56). Targeting the c-Met pathway via ADCs
has shown promise in preclinical studies. ABBV-400, an ADC
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composed of the c-Met-targeting antibody telisotuzumab
conjugated to a potent proprietary topoisomerase 1 inhibitor
(Topli) payload, showed promising efficacy in several solid tumor
models (57). In the dose-escalation study involving 47 patients with
various solid tumors receiving ABBV-400, the ORR was 24.4% (95%
CIL, 12.9% - 39.5%) (58). Further clinical investigation of this ADC
in HCC has been initiated. In addition to directly inhibiting the c-
Met/HGF pathway, employing c-Met as a target for Antibody-Drug
Conjugates (ADCs) to deliver chemotherapy drugs such as
oxaliplatin and doxorubicin has demonstrated activity in
preclinical HCC models (59, 60). Finally, the combination of c-
Met inhibition with immune checkpoint inhibitors warrants further
clinical investigation. Preclinical studies have demonstrated that
combining anti-PD1 with c-Met inhibition (capmatinib or
tivantinib) may lead to promising outcomes, decreasing tumor
growth and prolonging survival in mice with orthotropic tumors,
compared with anti-PD1 or c-Met inhibitors alone. c-Met
inhibition may also help potentially overcome immune
checkpoint blockade resistance in HCC, paving the way for future
clinical studies involving anti-PD1 with c-Met inhibition (61, 62).

TGF-pB

Transforming growth factor-p (TGF-B) is a cytokine that is
involved in the regulation of numerous cellular processes, including
but not limited to apoptosis, angiogenesis, cellular differentiation,
inflammation, and proliferation. Signaling pathways linked to TGF-f3
are also known to regulate the maintenance of genomic stability and
stem cell homeostasis (63, 64). The TGF-P signaling pathway involves
SMAD proteins as key intracellular effectors and SMAD-dependent
downstream signaling pathways constitute the canonical cellular
signaling pathways regulated by TGF-B. Non-canonical signaling
pathways, including the MAPK pathways such as ERK, JNK, and p38
MAPK, can also be activated by TGF-3 (65, 66). TGE-f signaling also
exhibits duality of function, which renders it challenging to target
TGF-B through anti-cancer therapies. TGF-f} signaling pathways act
as tumor suppressors in normal cells and early carcinomas by
controlling cell growth, death, and immortalization (67). As tumors
evolve, the protective and cytostatic effects of TGFp are frequently
diminished. Subsequently, TGF-f signaling promotes angiogenesis,
tumor progression, invasion, and metastasis (67, 68). Additionally,
TGE-B is often referred to as the “master regulator” for immune cell
proliferation, differentiation, development, and survival (63, 64, 66,
69). TGF-B promotes the production of proinflammatory Th17
cells, which contribute to MASLD-associated inflammation and
hepatocarcinogenesis (70, 71). TGF-B also acts as an inhibitor for
type I helper T (Thl) lymphocytes and type II helper T cell (Th2)
lineages, leads to a reduction in interferon gamma expression, and
suppresses natural killer (NK) T cells (72-74). During B cell
maturation, TGF-B and runt-related transcription factor 3
(RUNX3) facilitate the class switching of naive B cells to
immunoglobulin A (IgA) producing cells, which is implicated in
MASLD-associated HCC, through PD-L1 and IL-10 coexpression
and the suppression of hepatic cytotoxic CD8+ T lymphocytes (75).
Furthermore, TGF-B facilitates the differentiation of M2-type
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macrophages, which leads to an increase in the activity of CD4+
regulatory T lymphocytes (Tregs) and the suppression of CD8+ T cell
and NK cell activity, along with reduced antigen presentation on
dendritic cells (64, 76). The role of chronic inflammation in
hepatocarcinogenesis, often associated with liver fibrosis and
cirrhosis, is well established (74). TGF-B signaling also plays a role
in the activation of cancer-associated fibroblasts, which further
highlights its role in hepatocarcinogenesis (77, 78). Tumor cell
secreted TGF-P also upregulates the expression of programmed cell
death protein 1 (PD-1), thus playing a role in the induction of tumor
cell immunosuppressive mechanisms, particularly in virally induced
cancers (79). TGF-P regulates the epithelial mesenchymal transition
(EMT), angiogenesis by modulating VEGF, and tumor cell vascular
invasion by activating 1 integrin, among other cellular processes,
and promotes tumor progression in HCC (80-82). Within the liver,
TGF-f signaling mediates various stages of disease progression,
including initial liver injury, inflammation, fibrosis, cirrhosis, and
finally cancer. TGF- is thought to behave as a tumor suppressor in
the early stages of liver tumorigenesis, but evidence suggests that
TGEF-f signaling can contribute to tumor progression later, once cells
are able to overcome its cytostatic effects (83). TGF-P levels are often
found to be elevated in serum samples from patients with HCC (84).
An increase in growth factor sensitivity modulated by TGF-f is also
thought to contribute to sorafenib resistance in patients with
HCC (85).

Perhaps the most widely studied drug in this class for HCC was
the oral, small-molecule selective inhibitor of the TGF-} receptor
type I (RI), galunisertib. The utility of galunisertib has been studied
mainly as first-line combination therapy with sorafenib in advanced
HCC, in combination with stereotactic body radiation therapy
(SBRT) for advanced HCC, and briefly in combination with the
ICI nivolumab for advanced disease. A phase II study evaluated
galunisertib in four cohorts. In part A, 109 patients with AFP
elevations >1.5 times the upper limit of normal received
galunisertib (randomized to either 80 mg or 150 mg, twice per
day). Part B included 40 patients with lower AFP levels who
received 150 mg twice per day. The part B group had a longer TTP
(4.2 months; 95% CI, 1.7 months - 5.5 months) compared to part A
(2.7 months; 95% CI, 1.5 months - 2.9 months) (86). Part C explored
galunisertib combined with sorafenib in patients with advanced
HCC, and the reported safety profile was comparable to sorafenib
monotherapy. Among 44 patients receiving 150 mg galunisertib, the
mTTP was 4.1 months (95% CI, 2.8 months — 6.5 months), with
increased TTP associated with declining TGF-B1 levels on treatment
(87). The combination galusertinib plus nivolumab was being
evaluated in non-small cell lung cancer (NSCLC) and HCC in a
phase Ib/II study that reported preliminary efficacy in a subset of
NSCLC patients. However, the HCC cohort of the study was
terminated prematurely due to insufficient enrollment (88). Reiss
et al. reported a favorable safety profile with the combination of
galunisertib with SBRT for advanced HCC in a single-center pilot
study. The only grade 3 adverse event reported was achalasia in one
patient out of 15. Two instances of grade 2 alkaline phosphatase
increase and two instances of grade 2 hyperbilirubinemia were
reported (89). Galunisertib clinical development was discontinued
in 2020 (90).
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SAR439459 (SAR459), a monoclonal antibody against all
isoforms of TGF-f3, was investigated for use as both monotherapy
and in combination with the ICI cemiplimab in patients with
advanced solid tumors. The results from 14 patients with HCC
who received the combination were reported, and only one patient
showed an objective response. Progressive disease was the best
response in six patients from the HCC cohort. Along with
unsatisfactory tumor activity, there was a high reported bleeding
risk, which was particularly pronounced in patients with HCC,
where 11 out of the 14 patients reported a hemorrhagic adverse
event. Further investigations were not undertaken in light of these
findings (91). Bintrafusp alfa is a first-in-class bifunctional fusion
protein composed of the extracellular domain of the TGF-§ RII
receptor fused to a monoclonal antibody blocking programmed
death-ligand 1 (PD-L1). An open label phase I dose-escalation and
expansion trial of bintrafusp alfa in Asian patients with metastatic
or locally advanced solid tumors was conducted, which included
nine patients with HCC. One patient was reported to have stable
disease in the HCC cohort, and the safety profile was consistent
with expected safety outcomes. Grade 3 or worse treatment related
adverse events (TRAEs) were reported in three patients (grade 4
hyponatremia and grade 3 hypopituitarism; grade 3 intracranial
tumor hemorrhage; and grade 3 increased blood creatine
phosphokinase level, hyponatremia, and hypoacusis) in the
evaluable cohort of 23 patients. No treatment-related deaths or
TGF-B-related skin adverse events were reported in the HCC
cohort. The activity of the drug was found to be insufficient by its
manufacturer in three trials, and further investigations were
discontinued (92, 93).

The TGF- pathway remains an avenue of potential promise.
As the first-line regimen for advanced HCC now includes ICI use
for most patients, the utility of targeting the “master regulator” of
immune responses may be effective in this setting. The
combinations of future agents targeting TGF-f with ICIs may
potentially represent adjuncts or modifications to existing first-
line therapies, and trials designed in this setting may also overcome
the issues with accrual seen in previous studies. Preclinical data has
shown that the simultaneous blockade of TGF-B signaling with
VEGF blockade can reinvigorate the anti-tumor immune response
with ICIs. A novel combined anti-TGF-B/VEGF bispecific antibody,
Y332D, in addition to PD-1 blockade, exhibited potent and durable
anticancer effects in a variety of cancer cell lines. Clinically, this may
translate to dual blockade helping overcome resistance to ICIs in
these patients (94).

GARP (glycoprotein-A repetitions predominant) is a
transmembrane cell surface receptor for TGF-f3 that is abundantly
expressed on regulatory T lymphocytes and platelets. It is known to
be a critical regulator of the activation of latent TGE-B (95). The
oncogenic effects of the GARP and TGF-f} axis have been shown in
breast cancer orthotopic models. The selective blockade of TGF-31
production by regulatory T-cells achieved by antibodies against
GARP: TGF-B1 complexes was also reported to cause tumor
regression in mouse models with tumors otherwise resistant to
anti-PD-1 immunotherapy (95-97). Livmoniplimab (ABBV-151) is
a first-in-class mAb targeting the GARP: TGF-B1 complex that
leads to the blockade of the release of active TGF-B1. Results from a
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phase I study (NCT03821935) of livmoniplimab in combination
with budigalimab, an anti-PD-1 mAb, showed an adverse event
profile consistent with expected safety outcomes (98). The
combination is being investigated for use as second-line therapy
in advanced or metastatic HCC patients who have progressed on an
ICI-containing first-line regimen in a phase II randomized study
(NCT05822752), where patients will be randomized to two different
dosing regimens of livmoniplimab with budigalimab, compared to a
control arm of lenvatinib or sorafenib monotherapy. This study
represents an extremely relevant clinical scenario in the current
treatment landscape of HCC, where an effective first-line regimen is
in use and patients progressing on the current first-line regimen
require effective therapies (99). Similarly, the ongoing LIVIGNO-2
study (NCT06109272) is evaluating the optimum dosing, safety,
and efficacy of the combination of livmoniplimab with budigalimab
as a first-line regimen for locally advanced or metastatic HCC.

FGFR

The fibroblast growth factor (FGF) pathway plays a regulatory role
in several cellular processes that affect cell growth, survival,
differentiation, and migration (100). The fibroblast growth factor
receptor (FGFR) family of tyrosine kinases consists of four
transmembrane proteins, FGFR1-4. Twenty-two known FGFR
ligands (FGFs) exist, yet only 18 have been shown to induce the
dimerization of these receptors and activate cell signaling pathways
downstream. There is a fifth receptor (FGFR5) that lacks a tyrosine-
kinase domain and is postulated to be a co-receptor of FGFR1 that
affects its activity in response to ligands (100-102). The effectors of
FGFR lead to the downstream activation of four intracellular pathways:
mitogen-activated protein kinase (MAPK); phosphatidylinositol
3-kinase (PI3-kinase), phospholipase Cy (PLCy), and signal
transducer and activator of transcription (STAT). The activation of
these pathways plays an important role in cancer cell proliferation,
angiogenesis, and metastasis in HCC (103). Increased pre-operative
FGF2 levels are associated with tumor invasiveness and early post-
operative disease recurrence in patients with HCC undergoing
resection (104).

Brivanib, a selective dual inhibitor of the VEGF and FGF receptor
families, has demonstrated antiangiogenic and antiproliferative
effects in HCC xenograft models (105). The utility of brivanib as
first-line therapy in treatment-naive advanced HCC was first
evaluated in the phase IIT BRISK-FL study. Brivanib was reported
to be less well-tolerated than sorafenib, and the study did not meet its
primary endpoint of non-inferiority to sorafenib (106). The phase III
BRISK-PS study investigated the utility of brivanib as second-line
therapy for patients who received prior sorafenib and had disease
progression or intolerance to treatment. Although benefits were seen
in the secondary endpoints of TTP (HR, 0.56; 95% CI, 0.42 - 0.76; p <
0.001) and objective response rate (10% vs 2%; p = 0.003), the
primary endpoint of OS showed no improvement with brivanib over
placebo (107). Despite these results, the inhibition of FGFR remains a
potentially important therapeutic target for HCC. Lenvatinib and
regorafenib both exert their anti-tumor effects partly through the
inhibition of the FGFR signaling cascade (108, 109).
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It is notable that the inhibition of individual FGFR receptors,
from FGFR1 to FGFR4, is thought to have different therapeutic
implications. FGFR3 and FGFR4 are the major FGFR isoforms
overexpressed in HCC and represent potential pharmacological
approaches (110-112). Zhao et al. reported the results of a study
utilizing FGF19-positive HCC relevant xenograft and patient-derived
xenograft models, which showed that the combined use of lenvatinib
plus VEGFR2 antibodies with H3B-6527, a highly selective covalent
FGFR4 inhibitor, strongly enhanced the efficacy of the selective
FGFR4 inhibitor (113). Roblitinib (FGF401), a reversible and highly
selective inhibitor of FGFR4, was evaluated for efficacy alone and in
combination with spartalizumab, an anti-PD-1 antibody, in a phase
I/II study (NCT02325739). 2 out of 12 patients who received the
combination of roblitinib with spartalizumab showed a partial
response (114). Although the study was halted due to commercial
reasons, the utility of selective FGFR4 inhibitors is an ongoing subject
of investigation. Fisogatinib (BLU-554), a highly selective oral
irreversible FGFR4 inhibitor, showed clinical activity in a phase I
study exclusively in HCC patients with FGF19 staining positivity by
THC (115). H3B-6527 was evaluated for safety in a phase I trial
(NCT02834780), and interim analyses for HCC patients who had
received two prior lines of treatment reported a mPFS of 4.1 months
and a clinical benefit rate (defined as proportion of patients with
objective response or patients with stable disease for a minimum of
17 weeks) of 45.8% (116).

These results, along with the results of the previously mentioned
trials involving selective FGFR4 inhibitors, indicate that FGFR4
inhibition represents a potentially effective treatment option,
potentially in combination with VEGF inhibition, and highlight the
benefits of biomarker-based therapeutic selection. The evaluation of
futibatinib, a highly selective irreversible inhibitor of FGFR1-4
approved for use in intrahepatic cholangiocarcinoma, in combination
with pembrolizumab, is ongoing (NCT04828486) in HCC patients
with tumors with demonstrated FGF19 expression (117).

EGFR (with VEGF)

The epidermal growth factor receptor (EGFR) signaling pathway
is frequently altered in HCC and plays an important role in
tumorigenesis. EGFR links various inflammatory pathways
involving liver injury with hepatocarcinogenesis. Elevated levels of
ADAMI17, which is an enzyme catalyzing the extracellular domains of
EGFR, have been reported in models of liver injury prior to
carcinogenesis (118, 119). Similarly, VEGF plays a critical role in
tumor angiogenesis in HCC, and elevated levels of serum VEGF have
been described as a biologic marker of tumor invasiveness and
prognosis in HCC (120, 121). The combined effects of EGFR
inhibition with VEGF using the combination of erlotinib, a potent
selective EGFR/HER-1-related tyrosine kinase enzyme, and
bevacizumab, a VEGF-inhibiting antibody, have shown promising
results (122). A meta-analysis, which included eight phase II studies
and a total of 342 HCC patients, showed a 16-week PFS rate of 50.2%
(95% CI, 38.2% - 62.2%), and a 12-month OS rate of 44.9% (95% CI,
36.8% - 53.0%) (123). Although the combination is not currently used
in clinical practice, these results indicate a potential utility for the
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combination, especially in patients who are ineligible for ICIs but in
whom the beneficial effects of potent VEGF inhibition may prove
useful. EGFR inhibition was also shown to reverse resistance to
lenvatinib in-vitro in reports by He et al. (124) and Jin et al. (125).
Furthermore, in a subsequently conducted clinical study that
included twelve patients who progressed on initial lenvatinib
therapy, subsequent treatment with a combination of lenvatinib
and gefitinib yielded a partial response in four patients and stable
disease in another four (125). The combination may represent
untapped clinical potential, especially for patients who are ineligible
to receive the current ICI + VEGF inhibitor combination in whom
lenvatinib plays a major therapeutic role.

A summary of notable studies for previously evaluated targeted
therapy is presented in Table 1. Table 2 provides an overview of
future directions with previously evaluated targets.

Novel targets under investigation

While well-established oncogenic pathways like c-Met/HGF,
TGF-B, and FGFR remain important therapeutic targets for the
development of novel therapies or combinations in HCC, several
new targetable pathways have been identified for HCC in the last
few years.

The Wnt signaling pathway serves many vital functions in cell
proliferation and differentiation. The pathway can be divided into [3-
catenin-dependent (also known as canonical) signaling and (-
catenin-independent signaling sub-pathways (126). Dysregulation
of “canonical” Wnt/B-catenin signaling is commonly seen in HCC
(127). There are multiple ways in which this pathway can become
aberrantly activated and cause the development and progression of
HCC. Numerous studies indicate that mutations in CTNNBI, the
gene encoding B-catenin, in HCC tumors are linked to a better
prognosis and are linked with therapy responsiveness. On the other
hand, studies have also suggested that the accumulation of 3-catenin
in the cytoplasm and nucleus is linked to more poorly differentiated
tumors, vascular invasion, and cell proliferation in HCC (126-128).
Transducin B-like protein 1 (TBL-1) binds to TBL1 receptor 1 and is
known to function as a master regulator of the Wnt signaling
pathway by promoting downstream transcription of B-catenin (129,
130). Tegavivint (BC2059) is a novel inhibitor of TBL-1 that prevents
the binding of TBL-1 to B-catenin and promotes [B-catenin
degradation. Anti-tumor activity with the use of tegavivint has
been shown in pre-clinical studies involving desmoid tumors,
osteosarcoma, adrenocortical carcinoma (ACC), and acute myeloid
leukemia (AML) stem/blast progenitor cells (BPCs) (131-134). A
phase I dose escalation study (NCT03459469) of tegavivint in
desmoid tumors showed adverse events consistent with expected
safety outcomes (135). Investigation of the utility of tegavivint in
patients with advanced HCC recently commenced in a phase I/phase
IT exploratory study (NCT05797805). Notably, this study employs a
biomarker-selected population, with either AXIN1 or CTNNBI
mutations being required for enrollment, except for patients
enrolled in the single-agent dose escalation part of the trial.
Patients are required to have received at least one prior line of
systemic therapy with a PD-1/PD-L1 inhibitor or have documented
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TABLE 1 Notable studies and results for previously evaluated molecular targets.

Target Drug Name  Study HCC Start/End Locations Brief Notable Notable Notable Limitations
Phase patients of Study results for results for results for  (as noted by
Enrollment Description Objective Progression- Overall authors and
Response/ free survival Survival upon review)
Disease
Control
MET]/c-Met Tivantinib III 340 Start: 12/2012 Australia, the Tivantinib vs. Placebo in ORR = 05 HR = 0.96 HR =0.97 Tivantinib (45)
End: 12/2015 Americas, previously treated HCC DCR = 50% (95% CI, 0.75-1.22; (0.75-1.25; formulation
Europe, and with high p=072) p =0.81) changed after
New Zealand c-Met expression phase 2.
Tivantinib 11T 195 Start: 1/2014 Japan Tivantinib vs. Placebo in ORR = 0.7%; HR = 0.74 HR =0.82 Selection bias due (46)
End: 6/2016 previously treated HCC DCR = 67.2%; (95% CI, 0.52 - 1.04; (0.58 - 1.15) to biomarker test
with high p = 0.082) required
c-Met expression for inclusion
Tepotinib Ib/11 49 (in II) Start: 5/2014 Europe, USA Tepotinib in previously ORR = 10.2%; 12-week PFS NA Small number of (48)
End: 2/2017 treated HCC with DCR = 49% =63.3% (90% CI, patients with MET
c-Met overexpression 50.5 - 74.7) THC 3+ staining or
MET amplification
Tepotinib Ib/11 90 (in II) Start: 2/2014 China, South Tepotinib vs. Sorafenib ORR = 10.5%; HR=0.42 NA Small number of (49)
End: 08/2017 Korea in treatment-naive DCR = 50% (90% CI, 0.26 - 0.70, patients with MET
and Taiwan HCC with p =0.0043) THC 3+ status.
c-Met overexpression Underpowered due
to early
termination
of enrollment
Capmatinib il 30 Start: 3/2013 China, Capmatinib in systemic ORR = 10%; Primary endpoint NA Enrollment halted (50)
(in dose- End: 2/2017 Singapore, treatment-naive HCC DCR = 33% (TTP) not met; after revision of
expansion) Thailand with MET dysregulation, criteria for
not suitable for or MET positivity
progression following
locoregional therapy
Golvatinib I 13 Start: 07/2011 Europe, USA Golvatinib in previously ORR = 16.67% NA NA Limited sample (52)
End: 06/2015 treated HCC size
(from Phase II results
clinicaltrials.gov) not published
Emibetuzumab 1b/11 45 (in 1I) Start: 03/2014 USA Emibetuzumab plus ORR (for HCC) HCC: 9-month PFS NA Single arm design (54)
End: 12/2017 Ramucirumab in = 7%; DCR (for = 32.6% (95% with multiple solid
(from advanced solid tumors HCC) = 60%; CI, 16.7 - 49.5) tumor types and
clinicaltrials.gov) no biomarker-
based selection
(Continued)
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TABLE 1 Continued

Target Drug Name  Study HCC Start/End Locations Brief Notable Notable Notable Limitations
Phase patients of Study results for results for results for  (as noted by
Enrollment Description Objective Progression- Overall authors and
Response/ free survival Survival upon review)
Disease
Control
TGF-B Galunisertib I 147 Start: 03/2011 Europe, USA, A: Galunisertib in NA Part A 150mg vs. Part A 150mg vs. | Single arm design (86)
(Parts A and B) End: 06/2019 Australia, previously treated HCC Part B 150mg: Part B 150mg: and comparison
(from New Zealand with AFP > 1.5xULN HR = 1.5 (95% HR = 2.1 (95% with historical
clinicaltrials.gov) B: Galunisertib in CI, 1.0 - 2.2) CI, 1.3 - 3.3) control only
previously treated HCC
with AFP <1.5xULN
Galunisertib 11 44 Start: 03/2011 Europe, USA, C: Galunisertib and ORR = 4.5%; mTTP = 4.1 months mOS = 18.8 Single arm design (87)
(Part C) End: 06/2019 Australia, Sorafenib in systemic DCR = 52.2% (95% CI, 2.8 - 6.5) months (95% and no evaluation
(from New Zealand treatment-naive HCC CI, 14.8 - 24.8) of peripheral
clinicaltrials.gov) regulatory
T-cell counts
SAR439459 1/1b 14 Start: 10/2019 Europe, USA, SAR439459 plus ORR (for HCC) NA NA Study discontinued 91)
End: 09/2021 Canada, Cemiplimab in solid = 4.2%; DCR due to lack of
Australia, Asia tumors including HCC (for HCC = 25%) efficacy and
bleeding risk
Bintrafusp alfa 1 9 Start: 03/2016 Asia Bintrafusp alfa in Asian ORR (for HCC) NA NA Small number of (92)
End: 08/2018 patients with advanced = 0; DCR HCC cases
solid tumors (for HCC)
=11.1%)
FGFR Brivanib 11 1150 Start: 05/2009 Australia, the Brivanib vs. Sorafenib in ORR = 12%; HR = 1.01 (95% CI, HR = 1.07 (95% No biomarker- (106)
End: 08/2011 Americas, Asia, systemic treatment- DCR = 66%; 0.88 - 1.16; CI, 0.94 - 1.23; based selection (as
Europe, naive advanced HCC p =0.85) p =0.31) older study)
and Africa
Brivanib 111 395 Start: 02/2009 Asia, the Brivanib vs. Placebo in ORR = 10%; HR = 0.56 (95% CI, HR = 0.89 (95% Almost a quarter (107)
End: 06/2011 Americas, previously treated HCC DCR = 61%; 0.42 - 0.76; CI, 0.69 - 1.15;p | of brivanib patients
and Europe p <0.001) =0.33) withdrew due
to toxicity
EGFR Erlotinib 8xI1 342 NA NA Meta-analysis for Pooled ORR 16-week PFS = 12-month OS = Outcomes data not (123)
Erolitinib plus =12.6% 50.2% (95% CI, 44.9% (95% uniform across
Bevacizumab in 38.2 - 62.2) CI, 36.8 - 53.0) included studies

advanced HCC

HCC, Hepatocellular Carcinoma; MET, MET Proto-Oncogene, Receptor Tyrosine Kinase; c-Met, mesenchymal-epithelial transition factor; DCR, Disease Control Rate; ORR, Objective Response Rate; HR, Hazard Ratio; NA, Not applicable/Not reported; PFS, Progression
free survival; TGF-p, Transforming Growth Factor-P; AFP, alpha fetoprotein; OS, Overall Survival; ULN, Upper Limit of Normal; TTP, Time To Progression; FGFR, Fibroblast Growth Factor Receptor; EGFR, Epidermal Growth Factor Receptor; NB: Start and end dates are

mentioned from articles/abstracts cited. If not available, start and primary completion dates from clinicaltrials.gov have been noted.
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TABLE 2 Ongoing/Expected studies with evolutions of previously evaluated molecular targets.

Target Drug Mechanism Study Design
of Action (in brief)
TGF-B Livmoniplimab mAD targeting GARP: Livmoniplimab plus
TGF-B1 complex, blocks Budigalimab (ICI) for
active TGF-P3 release previously treated (ICI
treatment) HCC
FGFR Futibatinib Highly selective, Futibatinib plus
irreversible inhibition of Pembrolizumab (ICI)
FGFR1-4 for previously
treated HCC
MET/ ABBV-400 ADC: c-Met-targeting Expected soon
c-Met antibody telisotuzumab
conjugated to a potent
topoisomerase 1
inhibitor
(Topli) payload

Phase NCT Start/ Sample Location
Identifier Expected Size
Completion  (Estimated)
1 NCT05822752  Start: 09/2023 120 USA,
End: 12/2026 Europe,
Asia
11 NCT04828486 Start: 05/2021 25 USA

End: 05/2025

Expected soon

TGEF-B, Transforming Growth Factor-B; GARP, Glycoprotein-A Repetitions Predominant; ICI, Immune Checkpoint Inhibitor; HCC, Hepatocellular Carcinoma; FGFR, Fibroblast Growth Factor
Receptor; MET, MET Proto-Oncogene, Receptor Tyrosine Kinase; c-Met, mesenchymal-epithelial transition factor; ADC, Antibody-Drug Conjugate.

intolerance or contraindication to ICI use. The planned phase 2
component of the study involves testing the combination of
tegavivint with a PD-1/PDL-1 inhibitor (136). Furthermore, the
combination of tegavivint with the histone deacetylase inhibitor
panobinostat (LBH589) has shown significant therapeutic effects in
myeloma cell lines (137). This may also represent a potential
therapeutic combination that can be utilized for patients with HCC.
MYC, the gene encoding the c-Myc oncoprotein, is a “master
regulator” that controls various aspects of cellular growth regulation
and cellular metabolism (138). The MYC proto-oncogenes are
known to encode transcription factors that are frequently
activated oncoproteins in a wide array of human cancers (139,
140). The role of c-Myc in promoting hepatic tumorigenesis has
been well described, and high c-Myc expression is associated with a
poorer prognosis (141-144). In a study analyzing chemically-
induced liver cancer mouse models, c-Myc expression was found
to increase with hepatic injury but not in normal liver tissue (145).
C-Myc is also known to interact with hypoxia-inducible factor-1o
(HIF-10) in hepatic tumorigenesis. HIF-1o and c-Myc interact to
promote the expression of the VEGFA gene, which then drives
pathological tumor angiogenesis (146, 147). Until recently, due to a
lack of a structured binding pocket and its tightly autoregulated
expression, c-Myc has been considered “undruggable”. OTX-2002,
a first-in-class, programmable mRNA therapeutic that regulates
MYC gene expression by epigenomic modulation, is currently being
evaluated for use in patients with HCC and other advanced solid
tumors in the MYCHELANGELO 1 study (NCT05497453) (148,
149). Eight patients evaluated at initial doses showed evidence of
on-target epigenetic changes and decreases in MYC mRNA
expression levels (150). Further investigation is ongoing.
Glypican-3 (GPC3), previously called MRX7, is a membrane-
associated heparan sulfate proteoglycan that is up-regulated in
hepatocellular carcinoma (HCC), especially in poorly-differentiated
subsets, with absent or scarce expression in normal liver tissue (151,
152). Targeting GPC3 through novel GPC3-based immunotherapies,
such as CAR-T and T cell receptor (TCR) engineering T cell therapy,
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has generated worldwide attention. The safety of GPC3 directed
CAR-T cell therapy in HCC is being evaluated in a phase I first in
human dose escalation trial (NCT05003895) (153). The HCC
microenvironment also contains an abundance of TGF-B, which
may blunt natural or drug-stimulated anti-tumor immunity (74).
This finding underlies the rationale for the development of AZD5851,
a GPC3 CAR-T “armored” with dominant-negative TGFBRII, which
binds to TGFP but does not result in CAR-T cell inhibition, in a
multicenter phase I/II study evaluating the use of AZD5851 in
patients with GPC3+ advanced or recurrent hepatocellular
carcinoma (NCT06084884). Briefly, study treatment will include
three doses of lymphodepleting chemotherapy (fludarabine and
cyclophosphamide), followed by one dose of AZD5851
administered by intravenous (IV) infusion (154).

Palmitoyl-protein thioesterase 1 (PPT1) is a lysosomal protein
which plays an important role in the intracellular catabolism of lipid-
modified proteins. Dysregulated lysosomal activity and mammalian
target of rapamycin (mTOR) complex 1 signaling has been shown to
play a role in the development of resistance to chemotherapy
and targeted therapies in cancer cells (155-157). The role of
targeting autophagy has been previously explored by using
hydroxychloroquine (HCQ) in other solid tumors, which also acts
upon PPT1 to augment its autophagy modulating effects (158, 159).
In the context of HCC and its current therapies, preclinical data from
murine melanoma models have shown that PPT1 inhibition
enhances the anti-tumor activity of immune checkpoint inhibition
using an anti-PD-1 antibody (160). The potential utility of PPT1
blockade in conjunction with ICIs is being evaluated in an ongoing
phase IIb study using GNS561/ezurpimtrostat, a novel inhibitor of
PPT1, which has shown promising anti-tumor activity in pre-clinical
models (NCT05448677) (161, 162). After a safety lead in phase,
patients will be randomized to receive ezurpimtrostat in addition to
the combination of atezolizumab and bevacizumab, compared to the
control arm of atezolizumab and bevacizumab alone (163).

Table 3 provides an overview of ongoing investigations for some
novel targets.
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TABLE 3 Ongoing studies with notable novel molecular targets.

Drug

Mechanism
of Action

Study Design
(in brief)

Wnt/ Tegavivint TBL-1 inhibiton: Tegavivint dose escalation
B-catenin that prevents the followed by Tegavivint plus
binding of TBL-1 Pembrolizumab (ICI) in
to B-catenin and previously treated HCC;
promotes - CTNNBI or AXIN1
catenin degradation | mutations required in part 2
MYC/ OTX-2002 Programmable Part 1: OTX-2002 dose
c-Myc RNA causing escalation in advanced solid
epigenomic tumors
modulation of c- Part 2a: OTX-2002 + TKI
Myc expression One in previously treated
HCC
Part 2b: OTX-2002 + TKI
Two in previously treated
HCC
Part 2c: OTX-2002 + ICI in
previously treated HCC
GPC3 AZD5851 GPC3 CAR-T Lymphodepleting
armored with Chemotherapy followed by
dominant- AZD5851 in previously
negative TGFPRIL treated HCC
PPT1 Ezurpimtrostat PPT1 inhibition Ezurpimtrostat +
which Atezolizumab/Bevacizumab
regulates autophagy vs. Atezolizumab/
Bevacizumab alone for
treatment-naive HCC

10.3389/fonc.2024.1432423

NCT
Identifier

Start/ Location
Expected

Completion

Sample
Size
(Estimated)

/11 NCT05797805 Start: 09/2023 108 USA,
End: 05/2025 Canada

/1 NCT05497453 Start: 08/2022 190 USA, Asia
End: 06/2025

I/11 NCT06084884 Start: 11/2023 84 USA, Asia
End: 12/2027

11 NCT05448677 Start: 12/2022 3 France

End: 03/2024

TBL-1, Transducin B-like protein 1; ICI, Immune Checkpoint Inhibitor; HCC, Hepatocellular Carcinoma; RNA, Ribonucleic Acid; GPC3, Glypican-3; PPT1, Palmitoyl-protein thioesterase 1;

NB: Start and primary completion dates from clinicaltrials.gov have been noted.

Discussion

Systemic therapy for HCC is rapidly evolving, yet there remains
a significant unmet need to develop novel targeted therapies and
biomarkers. Although many targeted therapy trials in HCC have
failed to meet their primary endpoints or complete accrual, they
have still provided valuable insights to inform the design of the next
generation of clinical trials.

The development of c-Met inhibitors exemplifies this idea.
Studies investigating tepotinib, capmatinib, golvatinib, and
tivantinib were heterogeneous with regards to the inclusion of c-
Met overexpression as part of the eligibility criteria, and there was
no uniformly defined threshold for c-Met overexpression (46, 48—
50, 164). Improved biomarker selection might lead to the
identification of therapeutically relevant patient subsets in future
trials. A high rate of screening failures was also noted across many
of these studies due to multiple factors. Current studies exploring c-
Met as a therapeutic target commonly employ biomarker-based
selection and combination therapies or co-targeting of additional
pathways (57). Promising results with cabozantinib indicate that the
inhibition of the VEGF pathway may synergistically contribute to
anti-tumor activity for HCC patients in whom the c-Met pathway is
being targeted. More stringent selection based on c-Met status may
also result in more promising results with c-Met inhibition in HCC.
Combinations of c-Met inhibitors with immune checkpoint
inhibitors are yet to be explored in larger studies. Data from the
combination of emibetuzumab with ramucirumab suggest that
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patient selection for trials involving combinations with c-Met
inhibitors based on c-Met expression holds great promise (54).
Similarly, although prior trials with the agents targeting TGF-3
did not lead to any drugs approved for HCC treatment, the
potential utility of this pathway remains significant. The activity
of TGF-P as a regulator of immune responses is being leveraged in
its currently ongoing combination trials with ICIs. Further, the
combined inhibition of the TGF-P and VEGF pathways is another
important therapeutic avenue for future studies (64, 94, 97).
Inhibition of the Wnt/B-catenin signaling pathway also represents
an exciting therapeutic avenue for HCC, with promising results
from preclinical studies. Co-targeting strategies involving additional
oncogenic pathways have also been developed on the basis of
additional preclinical studies. For example, co-inhibition of the
RAS/RAF/MAPK pathway and co-inhibition of cyclin dependent
Kinases 4/6 have both shown promising results and represent
potential combination therapies for future trials (165-167).
Indeed, the potential of targeting the c-Myc pathway, traditionally
considered “undruggable”, holds tremendous clinical promise, as
does the potential addition of epigenomic modulators as a drug
class in the targeted therapy armamentarium (168). GPC3 is a novel
target that is highly specific in its expression in HCC tissue
compared to its absence in normal tissues (151, 152). Hence, it
represents an exciting novel target for HCC, and investigations
using novel strategies like CAR-T cell therapy which target GPC3
are ongoing. Similarly, the modulation of cancer cell lysosomal
activity by blocking PPT1 represents another promising new target,
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especially in the context of the enhancement of ICI activity with
PPT1 blockade (160).

There is an increasingly recognized need for biomarker-driven
patient selection for studies evaluating systemic therapy regimens in
HCC. In the era of precision medicine, with the rapid increase in the
use of next generation sequencing (NGS), significant improvements
in patient outcomes have been enabled with the use of biomarker-
based targeted therapeutic regimens in several solid tumors such as
lung cancer, melanoma, and intrahepatic cholangiocarcinoma (169-
172). Results from the studies involving c-Met targeting agents point
towards the utility of biomarker-driven patient selection in HCC (54).
Several ongoing studies employ a biomarker-based selection strategy.
For example, in the phase I/II study evaluating tegavivint, mutations
in either CTNNBI or AXINI genes will be required for enrollment
in the arm evaluating the combination of tegavivint with
pembrolizumab in the planned phase 2 component of the study
(136). Similarly, FGF19 expression in tumor cells is required for
enrollment in the ongoing study evaluating futibatinib (117).

With the increasing utilization of NGS based tissue assays in
routine clinical practice, there is growing interest in genome-directed
therapies for HCC patients. Tumor genomic profiling has the
potential to identify patients who are most likely to respond to
certain systemic therapies and those who develop resistance to such
therapies. A prospective analysis of tumor DNA from 127 patients, as
reported by Harding et al, showed that alterations in the PI3K-
mTOR pathway were associated with lower disease control rates,
shorter mPFS (HR, 3.8; 95% CI, 2.0 - 7.5; p <0.0001), and shorter
mOS (HR, 10.4; 95% CI, 121 - 5.31; p = 0.01). WNT-activated
tumors were found to have a shorter mPFS with ICI (HR, 9.2; 95% CI,
2.9-28.8; p < 0.0001) than non-altered tumors. 24% patients were
reported to have at least one actionable mutation, namely in the
TSC1/2, PTEN, FGF19, MET, IDHI, HRAS, NRAS, and PI3KCA
genes (173). Limousin et al. recently reported the results from a
tertiary care center in France evaluating the use of molecular-based
targeted therapies in HCC and hepato-cholangiocarcinoma (H-CCK)
patients refractory to atezolizumab/bevacizumab. The pilot study
results indicate a reasonable overall feasibility of this approach.
Briefly, among 14 patients with actionable genomic alterations,
nine were given an adapted targeted therapy. Three patients (two
with H-CCK and one with HCC) having alterations in CDK4, HER2,
and TSC2 achieved disease control with palbociclib, trastuzumab/
olaparib, and everolimus, respectively. However, the other six HCC
patients had disease progression despite various genomically-guided
treatment attempts (174). Liquid biopsy assays may also represent a
feasible tool for the detection of actionable or predictive genomic
alterations in HCC patients and reveal potential biomarkers for the
monitoring of targeted therapies (175, 176).

Perhaps the greatest area of unmet need in HCC systemic
therapy remains for patients with moderate liver dysfunction (CP
class B) (177). Limited data focusing on this population points
towards the potential to improve patient outcomes with systemic
therapies for these patients (32, 33). The biological plausibility of
the efficacy of drugs like c-Met inhibitors in this patient population
makes trial design a pragmatic and potentially feasible approach to
consider for this patient population (36, 42).
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Conclusions

With the advent of immune checkpoint inhibitors and targeted
therapies, the systemic therapy landscape for HCC has undergone a
paradigm shift in the past few years. Although several clinical trials
involving targeted therapies for HCC have not yielded tangible
clinical benefit, these therapeutic targets, including c-Met, TGF-f3,
and FGFR, remain relevant to current and future investigations
involving novel agents and modified patient selection and study
design. The Wnt/B-catenin signaling pathway, c-Myc, GPC3, and
PPT1 represent exciting novel targets for HCC. CAR-T cell therapy
and antibody-drug conjugates are additional novel therapy
modalities for HCCs under current investigation. Genomic
biomarker-based patient selection for targeted therapies holds
great promise and informs the design of the next generation of
clinical trials investigating targeted therapies for HCC.

Author contributions

RG: Conceptualization, Writing — original draft, Writing -
review & editing. JF: Writing — original draft, Writing - review &
editing. AP: Writing — original draft, Writing — review & editing.
CL: Conceptualization, Supervision, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

JE: Consulting - Eisai, Foundation Medicine, Genentech,
Guardant; Research funding institution - Abbvice, Genentech,
Iterion, Omega Therapeutics; Research funding personal — NIH.
AP: Medical advisory board - Genetech, Exelixis, AstraZeneca,
Boston Scientific. CL: Consulting - AstraZeneca, Genentech,
Histosonics, Incyte, Ipsen, QED, Transthera, Boston Scientific;
Speaker - AstraZeneca, Incyte. Dr. Liao is an editorial board
member of Frontiers in Oncology.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be constructed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1432423
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Guijarathi et al.

References

1. Altekruse SF, Devesa SS, Dickie LA, McGlynn KA, Kleiner DE. Histological
classification of liver and intrahepatic bile duct cancers in SEER registries. ] Registry
Manag. (2011) 38:201-5.

2. HanJ, Wang B, Liu W, Wang S, Chen R, Chen M, et al. Declining disease burden
of HCC in the United States, 1992-2017: A population-based analysis. Hepatology.
(2022) 76:576. doi: 10.1002/hep.32355

3. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA: A Cancer J Clin.
(2024) 74:12-49. doi: 10.3322/caac.21820

4. Vos T, Lim SS, Abbafati C, Abbas KM, Abbasi M, Abbasifard M, et al. Global
burden of 369 diseases and injuries in 204 countries and territories, 1990-2019: a
systematic analysis for the Global Burden of Disease Study 2019. Lancet. (2020)
396:1204-22. doi: 10.1016/S0140-6736(20)30925-9

5. Asrani SK, Ghabril MS, Kuo A, Merriman RB, Morgan T, Parikh ND, et al.
Quality measures in HCC care by the Practice Metrics Committee of the American
Association for the Study of Liver Diseases. Hepatology. (2022) 75:1289-99.
doi: 10.1002/hep.32240

6. Singal AG, Llovet JM, Yarchoan M, Mehta N, Heimbach JK, Dawson LA, et al.
AASLD Practice Guidance on prevention, diagnosis, and treatment of hepatocellular
carcinoma. Hepatology. (2023) 78(6): 1922-65. doi: 10.1097/HEP.0000000000000466

7. Reig M, Forner A, Rimola J, Ferrer-Fabrega J, Burrel M, Garcia-Criado A, etal
BCLC strategy for prognosis prediction and treatment recommendation: The 2022
update. J Hepatol. (2022) 76:681-93. doi: 10.1016/j.jhep.2021.11.018

8. Gerber DE. Targeted therapies: a new generation of cancer treatments. Am Fam
Physician. (2008) 77:311-9.

9. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, et al. Sorafenib in
advanced hepatocellular carcinoma. N Engl ] Med. (2008) 359:378-90. doi: 10.1056/
NEJMo0a0708857

10. Cheng AL, Kang YK, Chen Z, Tsao CJ, Qin S, Kim JS, et al. Efficacy and safety of
sorafenib in patients in the Asia-Pacific region with advanced hepatocellular
carcinoma: a phase III randomised, double-blind, placebo-controlled trial. Lancet
Oncol. (2009) 10:25-34. doi: 10.1016/S1470-2045(08)70285-7

11. Kudo M, Finn RS, Qin S, Han KH, Ikeda K, Piscaglia F, et al. Lenvatinib versus
sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma:
a randomised phase 3 non-inferiority trial. Lancet. (2018) 391:1163-73. doi: 10.1016/
S0140-6736(18)30207-1

12. Cheng AL, Qin S, Tkeda M, Galle PR, Ducreux M, Kim TY, et al. Updated efficacy
and safety data from IMbravel50: Atezolizumab plus bevacizumab vs. sorafenib for
unresectable hepatocellular carcinoma. J Hepatol. (2022) 76:862-73. doi: 10.1016/
jjhep.2021.11.030

13. Abou-Alfa GK, Lau G, Kudo M, Chan SL, Kelley RK, Furuse J, et al.
Tremelimumab plus durvalumab in unresectable hepatocellular carcinoma. NEJM
Evidence. (2022) 1:EVID0a2100070. doi: 10.1056/EVID0a2100070

14. Bruix J, Qin S, Merle P, Granito A, Huang YH, Bodoky G, 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. doi: 10.1016/S0140-6736(16)32453-9

15. Abou-Alfa GK, Meyer T, Cheng AL, El-Khoueiry AB, Rimassa L, Ryoo BY, et al.
Cabozantinib in patients with advanced and progressing hepatocellular carcinoma.
New Engl ] Med. (2018) 379:54-63. doi: 10.1056/NEJMo0al717002

16. Zhu AX, Park JO, Ryoo BY, Yen CJ, Poon R, Pastorelli D, et al. Ramucirumab
versus placebo as second-line treatment in patients with advanced hepatocellular
carcinoma following first-line therapy with sorafenib (REACH): a randomised,
double-blind, multicentre, phase 3 trial. Lancet Oncol. (2015) 16:859-70.
doi: 10.1016/S1470-2045(15)00050-9

17. Zhu AX, Kang YK, Yen CJ, Finn RS, Galle PR, Llovet JM, et al. Ramucirumab
after sorafenib in patients with advanced hepatocellular carcinoma and increased o-
fetoprotein concentrations (REACH-2): a randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet Oncol. (2019) 20:282-96. doi: 10.1016/S1470-2045
(18)30937-9

18. Yau T, Kang YK, Kim TY, El-Khoueiry AB, Santoro A, Sangro B, et al. Efficacy
and safety of nivolumab plus ipilimumab in patients with advanced hepatocellular
carcinoma previously treated with sorafenib: the checkMate 040 randomized clinical
trial. JAMA Oncol. (2020) 6:¢204564. doi: 10.1001/jamaoncol.2020.4564

19. Sangro B, Sarobe P, Hervas-Stubbs S, Melero I. Advances in immunotherapy for
hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol. (2021) 18:525-43.
doi: 10.1038/s41575-021-00438-0

20. Song YG, Yoo JJ, Kim SG, Kim YS. Complications of immunotherapy in
advanced hepatocellular carcinoma. J Liver Cancer. (2024) 24:9-16. doi: 10.17998/
jlc.2023.11.21

21. Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A, Rong H, et al. 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) 64:7099-109. doi: 10.1158/0008-5472.CAN-04-1443

Frontiers in Oncology

13

10.3389/fonc.2024.1432423

22. Chang YS, Adnane J, Trail PA, Levy J, Henderson A, Xue D, 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) 59:561-74. doi: 10.1007/s00280-006-0393-4

23. Strumberg D, Clark JW, Awada A, Moore MJ, Richly H, Hendlisz A, et al. Safety,
pharmacokinetics, and preliminary antitumor activity of sorafenib: A review of four
phase I trials in patients with advanced refractory solid tumors. Oncologist. (2007)
12:426-37. doi: 10.1634/theoncologist.12-4-426

24. Brose MS, Frenette CT, Keefe SM, Stein SM. Management of sorafenib-related
adverse events: A clinician’s perspective. Semin Oncol. (2014) 41:S1-16. doi: 10.1053/
j.seminoncol.2014.01.001

25. Luo J, Gao B, Lin Z, Fan H, Ma W, Yu D, et al. Efficacy and safety of lenvatinib
versus sorafenib in first-line treatment of advanced hepatocellular carcinoma: A meta-
analysis. Front Oncol. (2022)  12:1010726. doi: 10.3389/fonc.2022.1010726

26. Matsui J, Yamamoto Y, Funahashi Y, Tsuruoka A, Watanabe T, Wakabayashi T,
et al. 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) 122:664-71. doi: 10.1002/ijc.23131

27. Tohyama O, Matsui J, Kodama K, Hata-Sugi N, Kimura T, Okamoto K, et al.
Antitumor activity of lenvatinib (e7080): an angiogenesis inhibitor that targets multiple
receptor tyrosine kinases in preclinical human thyroid cancer models. J Thyroid Res.
(2014) 2014:638747. doi: 10.1155/2014/638747

28. Koyama N, Saito K, Nishioka Y, Yusa W, Yamamoto N, Yamada Y, et al.
Pharmacodynamic change in plasma angiogenic proteins: a dose-escalation phase 1
study of the multi-kinase inhibitor lenvatinib. BMC Cancer. (2014) 14:530.
doi: 10.1186/1471-2407-14-530

29. Kim BH, Yu SJ, Kang W, Cho SB, Park SY, Kim SU, et al. Expert consensus on
the management of adverse events in patients receiving lenvatinib for hepatocellular
carcinoma. ] Gastroenterol Hepatol. (2022) 37:428-39. doi: 10.1111/jgh.15727

30. Arai H, Battaglin F, Wang J, Lo JH, Soni S, Zhang W, et al. Molecular insight of
regorafenib treatment for colorectal cancer. Cancer Treat Rev. (2019) 81:101912.
doi: 10.1016/j.ctrv.2019.101912

31. Yau T, Kaseb A, Cheng AL, Qin S, Zhu AX, Chan SL, et al. Cabozantinib plus
atezolizumab versus sorafenib for advanced hepatocellular carcinoma (COSMIC-312):
final results of a randomised phase 3 study. Lancet Gastroenterol Hepatol. (2024) 9:310—
22. doi: 10.1016/S2468-1253(23)00454-5

32. Ogasawara S, Chiba T, Ooka Y, Kanogawa N, Saito T, Motoyama T, et al.
Sorafenib treatment in Child-Pugh A and B patients with advanced hepatocellular
carcinoma: safety, efficacy and prognostic factors. Invest New Drugs. (2015) 33:729-39.
doi: 10.1007/s10637-015-0237-3

33. Leal CRG, Magalhdes C, Barbosa D, Aquino D, Carvalho B, Balbi E, et al.
Survival and tolerance to sorafenib in Child-Pugh B patients with hepatocellular
carcinoma: a prospective study. Invest New Drugs. (2018) 36:911-8. doi: 10.1007/
$10637-018-0621-x

34. Okano J, Shiota G, Kawasaki H. Expression of hepatocyte growth factor (HGF)
and HGF receptor (c-met) proteins in liver diseases: an immunohistochemical study.
Liver. (1999) 19:151-9. doi: 10.1111/j.1478-3231.1999.tb00025.x

35. Boccaccio C, Comoglio PM. Invasive growth: a MET-driven genetic programme
for cancer and stem cells. Nat Rev Cancer. (2006) 6:637-45. doi: 10.1038/nrc1912

36. Marquardt JU, Seo D, Gomez-Quiroz LE, Uchida K, Gillen MC, Kitade M, et al.
Loss of c-Met accelerates development of liver fibrosis in response to CCl4 exposure
through deregulation of multiple molecular pathways. Biochim Biophys Acta (BBA) -
Mol Basis Dis. (2012) 1822:942-51. doi: 10.1016/j.bbadis.2012.02.012

37. Tavian D, De Petro G, Benetti A, Portolani N, Giulini SM, Barlati S. u-PA and c-
MET mRNA expression is co-ordinately enhanced while hepatocyte growth factor
mRNA is down-regulated in human hepatocellular carcinoma. Int | Cancer. (2000)
87:644-9. doi: 10.1002/(ISSN)1097-0215

38. Lee SJ, Lee J, Sohn I, Mao M, Kai W, Park CK, et al. A survey of ¢-MET
expression and amplification in 287 patients with hepatocellular carcinoma. Anticancer
Res. (2013) 33:5179-86.

39. Eder JP, Vande Woude GF, Boerner SA, LoRusso PM. Novel therapeutic
inhibitors of the c-met signaling pathway in cancer. Clin Cancer Res. (2009)
15:2207-14. doi: 10.1158/1078-0432.CCR-08-1306

40. Kim ES, Salgia R. MET pathway as a therapeutic target. ] Thorac Oncol. (2009)
4:444-7. doi: 10.1097/JT0O.0b013e31819d6{91

41. Chen]J,JinR, ZhaoJ, Liu], Ying H, Yan H, et al. Potential molecular, cellular and
microenvironmental mechanism of sorafenib resistance in hepatocellular carcinoma.
Cancer Lett. (2015) 367:1-11. doi: 10.1016/j.canlet.2015.06.019

42. Bouattour M, Raymond E, Qin S, Cheng AL, Stammberger U, Locatelli G, et al.
Recent developments of c-Met as a therapeutic target in hepatocellular carcinoma.
Hepatology. (2018) 67:1132. doi: 10.1002/hep.29496

43. Munshi N, Jeay S, Li Y, Chen CR, France DS, Ashwell MA, et al. ARQ 197, a
novel and selective inhibitor of the human c-met receptor tyrosine kinase with

frontiersin.org


https://doi.org/10.1002/hep.32355
https://doi.org/10.3322/caac.21820
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1002/hep.32240
https://doi.org/10.1097/HEP.0000000000000466
https://doi.org/10.1016/j.jhep.2021.11.018
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1016/S1470-2045(08)70285-7
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1056/EVIDoa2100070
https://doi.org/10.1016/S0140-6736(16)32453-9
https://doi.org/10.1056/NEJMoa1717002
https://doi.org/10.1016/S1470-2045(15)00050-9
https://doi.org/10.1016/S1470-2045(18)30937-9
https://doi.org/10.1016/S1470-2045(18)30937-9
https://doi.org/10.1001/jamaoncol.2020.4564
https://doi.org/10.1038/s41575-021-00438-0
https://doi.org/10.17998/jlc.2023.11.21
https://doi.org/10.17998/jlc.2023.11.21
https://doi.org/10.1158/0008-5472.CAN-04-1443
https://doi.org/10.1007/s00280-006-0393-4
https://doi.org/10.1634/theoncologist.12-4-426
https://doi.org/10.1053/j.seminoncol.2014.01.001
https://doi.org/10.1053/j.seminoncol.2014.01.001
https://doi.org/10.3389/fonc.2022.1010726
https://doi.org/10.1002/ijc.23131
https://doi.org/10.1155/2014/638747
https://doi.org/10.1186/1471-2407-14-530
https://doi.org/10.1111/jgh.15727
https://doi.org/10.1016/j.ctrv.2019.101912
https://doi.org/10.1016/S2468-1253(23)00454-5
https://doi.org/10.1007/s10637-015-0237-3
https://doi.org/10.1007/s10637-018-0621-x
https://doi.org/10.1007/s10637-018-0621-x
https://doi.org/10.1111/j.1478-3231.1999.tb00025.x
https://doi.org/10.1038/nrc1912
https://doi.org/10.1016/j.bbadis.2012.02.012
https://doi.org/10.1002/(ISSN)1097-0215
https://doi.org/10.1158/1078-0432.CCR-08-1306
https://doi.org/10.1097/JTO.0b013e31819d6f91
https://doi.org/10.1016/j.canlet.2015.06.019
https://doi.org/10.1002/hep.29496
https://doi.org/10.3389/fonc.2024.1432423
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Guijarathi et al.

antitumor activity. Mol Cancer Ther. (2010) 9:1544-53. doi: 10.1158/1535-
7163.MCT-09-1173

44. Yap TA, Olmos D, Brunetto AT, Tunariu N, Barriuso J, Riisnaes R, et al. Phase I
trial of a selective ¢-MET inhibitor ARQ 197 incorporating proof of mechanism
pharmacodynamic studies. JCO. (2011) 29:1271-9. doi: 10.1200/JC0O.2010.31.0367

45. Rimassa L, Assenat E, Peck-Radosavljevic M, Pracht M, Zagonel V, Mathurin P,
et al. Tivantinib for second-line treatment of MET-high, advanced hepatocellular
carcinoma (METIV-HCC): a final analysis of a phase 3, randomised, placebo-
controlled study. Lancet Oncol. (2018) 19:682-93. doi: 10.1016/S1470-2045(18)
30146-3

46. Kudo M, Morimoto M, Moriguchi M, Izumi N, Takayama T, Yoshiji H, et al. A
randomized, double-blind, placebo-controlled, phase 3 study of tivantinib in Japanese
patients with MET-high hepatocellular carcinoma. Cancer Sci. (2020) 111:3759-69.
doi: 10.1111/cas.14582

47. Brazel D, Zhang S, Nagasaka M. Spotlight on tepotinib and capmatinib for non-
small cell lung cancer with MET exon 14 skipping mutation. Lung Cancer (Auckl).
(2022) 13:33-45. doi: 10.2147/LCTT.S360574

48. Decaens T, Barone C, Assenat E, Wermke M, Fasolo A, Merle P, et al. Phase 1b/2
trial of tepotinib in sorafenib pretreated advanced hepatocellular carcinoma with MET
overexpression. Br ] Cancer. (2021) 125:190-9. doi: 10.1038/s41416-021-01334-9

49. Ryoo BY, Cheng AL, Ren Z, Kim TY, Pan H, Rau KM, et al. Randomised Phase
1b/2 trial of tepotinib vs sorafenib in Asian patients with advanced hepatocellular
carcinoma with MET overexpression. Br J Cancer. (2021) 125:200-8. doi: 10.1038/
541416-021-01380-3

50. Qin S, Chan SL, Sukeepaisarnjaroen W, Han G, Choo SP, Sriuranpong V, et al. A
phase II study of the efficacy and safety of the MET inhibitor capmatinib (INC280) in
patients with advanced hepatocellular carcinoma. Ther Adv Med Oncol. (2019)
11:1758835919889001. doi: 10.1177/1758835919889001

51. Nakagawa T, Tohyama O, Yamaguchi A, Matsushima T, Takahashi K, Funasaka
S, et al. E7050: A dual c-Met and VEGFR-2 tyrosine kinase inhibitor promotes tumor
regression and prolongs survival in mouse xenograft models. Cancer Sci. (2010)
101:210-5. doi: 10.1111/j.1349-7006.2009.01343.x

52. O’Neil BH, Bendell JC, Modiano MR, Machiels JPH, Versola MJ, Hodge JP, et al.
Phase I/II study of E7050 (golvantinib) in combination with sorafenib in patients (pts)
with advanced hepatocellular carcinoma (HCC): Phase I results. JCO. (2013) 31:294-4.
doi: 10.1200/jc0.2013.31.4_suppl.294

53. Liu L, Zeng W, Wortinger MA, Yan SB, Cornwell P, Peek VL, et al. LY2875358, a
neutralizing and internalizing anti-MET bivalent antibody, inhibits HGF-dependent
and HGF-independent MET activation and tumor growth. Clin Cancer Res. (2014)
20:6059-70. doi: 10.1158/1078-0432.CCR-14-0543

54. Harding J], Zhu AX, Bauer TM, Choueiri TK, Drilon A, Voss MH, et al. A phase
ib/II study of ramucirumab in combination with emibetuzumab in patients with
advanced cancer. Clin Cancer Res. (2019) 25:5202-11. doi: 10.1158/1078-0432.CCR-
18-4010

55. Jiang W, Li T, Guo ], Wang J, Jia L, Shi X, et al. Bispecific c-met/PD-L1 CAR-T
cells have enhanced therapeutic effects on hepatocellular carcinoma. Front Oncol.
(2021) 11:546586. doi: 10.3389/fonc.2021.546586

56. Dahlgren D, Lennernds H. Antibody-drug conjugates and targeted treatment
strategies for hepatocellular carcinoma: A drug-delivery perspective. Molecules. (2020)
25:2861. doi: 10.3390/molecules25122861

57. Reilly RM, Ji C, Matuszak RP, Anderson MG, Tucker L, Klunder N, et al.
Abstract 6311: ABBV-400: An ADC delivering a novel topoisomerase 1 inhibitor to c-
Met-positive solid tumors. Cancer Res. (2023) 83:6311. doi: 10.1158/1538-
7445.AM2023-6311

58. Sharma M, Kuboki Y, Camidge DR, Perets R, Sommerhalder D, Yamamoto N,
et al. Dose escalation results from a first-in-human study of ABBV-400, a novel c-Met-

targeting antibody-drug conjugate, in advanced solid tumors. JCO. (2023) 41:3015-5.
doi: 10.1200/JCO.2023.41.16_suppl.3015

59. Chen X, Ding G, Gao Q, Sun J, Zhang Q, Du L, et al. A human anti-c-met fab
fragment conjugated with doxorubicin as targeted chemotherapy for hepatocellular
carcinoma. PloS One. (2013) 8:63093. doi: 10.1371/journal.pone.0063093

60. Ma Y, Zhang M, Wang J, Huang X, Kuai X, Zhu X, et al. High-affinity human
anti-c-met IgG conjugated to oxaliplatin as targeted chemotherapy for hepatocellular
carcinoma. Front Oncol. (2019) 9:717. doi: 10.3389/fonc.2019.00717

61. Li H, Li CW, Li X, Ding Q, Guo L, Liu S, et al. MET inhibitors promote liver
tumor evasion of the immune response by stabilizing PDL1. Gastroenterology. (2019)
156:1849-1861.e13. doi: 10.1053/j.gastro.2019.01.252

62. de Azevedo RA, Cheng-En H, Jayaprakash P, Bhanu KR, Srinivasamani A,
Morrow B, et al. Abstract 4213: Targeting the cMet inhibitors combined with anti-PD-1
therapy: Preclinical approach to turn the resistance into opportunities for overcoming
tumor evasion. Cancer Res. (2022) 82:4213. doi: 10.1158/1538-7445.AM2022-4213

63. Li MO, Flavell RA. TGF-: A master of all T cell trades. Cell. (2008) 134:392-404.
doi: 10.1016/j.cell.2008.07.025

64. Chen W, ten Dijke P. Inmunoregulation by members of the TGFp superfamily.
Nat Rev Immunol. (2016) 16:723-40. doi: 10.1038/nri.2016.112

65. Chen PY, Qin L, Simons M. TGF signaling pathways in human health and
disease. Front Mol Biosci. (2023) 10:1113061/full. doi: 10.3389/fmolb.2023.1113061/full

Frontiers in Oncology

14

10.3389/fonc.2024.1432423

66. Gonzalez-Sanchez E, Vaquero ], Férnandez-Barrena MG, Lasarte J], Avila MA,
Sarobe P, et al. The TGF-B Pathway: A pharmacological target in hepatocellular
carcinoma? Cancers (Basel). (2021) 13:3248. doi: 10.3390/cancers13133248

67. Lebrun JJ. The dual role of TGFf in human cancer: from tumor suppression to
cancer metastasis. ISRN Mol Biol. (2012) 2012:381428. doi: 10.5402/2012/381428

68. Principe DR, Doll JA, Bauer J, Jung B, Munshi HG, Bartholin L, et al. TGEF-:
duality of function between tumor prevention and carcinogenesis. ] Natl Cancer Inst.
(2014) 106:djt369. doi: 10.1093/jnci/djt369

69. Larson C, Oronsky B, Carter CA, Oronsky A, Knox SJ, Sher D, et al. TGF-beta: a
master immune regulator. Expert Opin Ther Targets. (2020) 24:427-38. doi: 10.1080/
14728222.2020.1744568

70. Martinez GJ, Zhang Z, Reynolds JM, Tanaka S, Chung Y, Liu T, et al. Smad2
positively regulates the generation of th17 cells. J Biol Chem. (2010) 285:29039-43.
doi: 10.1074/jbc.C110.155820

71. Gomes AL, Teijeiro A, Burén S, Tummala KS, Yilmaz M, Waisman A, et al.
Metabolic inflammation-associated IL-17A causes non-alcoholic steatohepatitis and
hepatocellular carcinoma. Cancer Cell. (2016) 30:161-75. doi: 10.1016/
j.ccell.2016.05.020

72. Flavell RA, Sanjabi S, Wrzesinski SH, Licona-Limon P. The polarization of
immune cells in the tumour environment by TGFbeta. Nat Rev Immunol. (2010)
10:554-67. doi: 10.1038/nri2808

73. David CJ, Massagué J. Contextual determinants of TGFp action in development,
immunity and cancer. Nat Rev Mol Cell Biol. (2018) 19:419-35. doi: 10.1038/s41580-
018-0007-0

74. Chen J, Gingold JA, Su X. Immunomodulatory TGF-$ Signaling in
hepatocellular carcinoma. Trends Mol Med. (2019) 25:1010-23. doi: 10.1016/
j.molmed.2019.06.007

75. Shalapour S, Lin XJ, Bastian IN, Brain J, Burt AD, Aksenov AA, et al.
Inflammation-induced IgA+ cells dismantle anti-liver cancer immunity. Nature.
(2017) 551:340-5. doi: 10.1038/nature24302

76. de Gramont A, Faivre S, Raymond E. Novel TGF-B inhibitors ready for prime
time in onco-immunology. Oncoimmunology. (2016) 6:¢1257453. doi: 10.1080/
2162402X.2016.1257453

77. Achyut BR, Yang L. Transforming growth factor-B in the gastrointestinal and
hepatic tumor microenvironment. Gastroenterology. (2011) 141:1167-78. doi: 10.1053/
j.gastro.2011.07.048

78. Majumdar A, Curley SA, Wu X, Brown P, Hwang JP, Shetty K, et al. Hepatic
stem cells and transforming growth factor B in hepatocellular carcinoma. Nat Rev
Gastroenterol Hepatol. (2012) 9:530-8. doi: 10.1038/nrgastro.2012.114

79. Park BV, Freeman ZT, Ghasemzadeh A, Chattergoon MA, Rutebemberwa A,
Steigner J, et al. TGFP1-mediated SMAD3 enhances PD-1 expression on antigen-specific
T cells in cancer. Cancer Discovery. (2016) 6:1366-81. doi: 10.1158/2159-8290.CD-15-1347

80. Fransvea E, Angelotti U, Antonaci S, Giannelli G. Blocking transforming growth
factor-beta up-regulates E-cadherin and reduces migration and invasion of
hepatocellular carcinoma cells. Hepatology. (2008) 47:1557-66. doi: 10.1002/hep.22201

81. Fransvea E, Mazzocca A, Antonaci S, Giannelli G. Targeting transforming
growth factor (TGF)-BRI inhibits activation of Pl integrin and blocks vascular
invasion in hepatocellular carcinoma. Hepatology. (2009) 49:839-50. doi: 10.1002/
hep.22731

82. Mazzocca A, Fransvea E, Lavezzari G, Antonaci S, Giannelli G. Inhibition of
transforming growth factor B receptor I kinase blocks hepatocellular carcinoma growth
through neo-angiogenesis regulation. Hepatology. (2009) 50:1140-51. doi: 10.1002/
hep.23118

83. Fabregat I, Moreno-Caceres J, Sanchez A, Dooley S, Dewidar B, Giannelli G,
et al. TGF-P signalling and liver disease. FEBS J. (2016) 283:2219-32. doi: 10.1111/
febs.13665

84. Sacco R, Leuci D, Tortorella C, Fiore G, Marinosci F, Antonaci S. Transforming
growth factor B1 and soluble fas serum levels in hepatocellular carcinoma. Cytokine.
(2000) 12:811-4. doi: 10.1006/cyt0.1999.0650

85. Ungerleider N, Han C, Zhang J, Yao L, Wu T. TGFp signaling confers sorafenib
resistance via induction of multiple RTKs in hepatocellular carcinoma cells. Mol
Carcinogenesis. (2017) 56:1302-11. doi: 10.1002/mc.22592

86. Faivre S, Santoro A, Kelley RK, Gane E, Costentin CE, Gueorguieva I, et al. Novel
transforming growth factor beta receptor I kinase inhibitor galunisertib (LY2157299) in
advanced hepatocellular carcinoma. Liver Int. (2019) 39:1468-77. doi: 10.1111/
liv.14113

87. Kelley RK, Gane E, Assenat E, Siebler ], Galle PR, Merle P, et al. A phase 2 study
of galunisertib (TGF-B1 receptor type I inhibitor) and sorafenib in patients with
advanced hepatocellular carcinoma. Clin Trans Gastroenterol. (2019) 10:e00056.
doi: 10.14309/ctg.0000000000000056

88. Nadal E, Saleh M, Aix SP, Ochoa-de-Olza M, Patel SP, Antonia S, et al. A phase
Ib/1I study of galunisertib in combination with nivolumab in solid tumors and non-
small cell lung cancer. BMC Cancer. (2023) 23:708. doi: 10.1186/s12885-023-11153-1

89. Reiss KA, Wattenberg MM, Damjanov N, Prechtel Dunphy E, Jacobs-Small M,
Lubas MJ, et al. A pilot study of galunisertib plus stereotactic body radiotherapy in
patients with advanced hepatocellular carcinoma. Mol Cancer Ther. (2021) 20:389-97.
doi: 10.1158/1535-7163.MCT-20-0632

frontiersin.org


https://doi.org/10.1158/1535-7163.MCT-09-1173
https://doi.org/10.1158/1535-7163.MCT-09-1173
https://doi.org/10.1200/JCO.2010.31.0367
https://doi.org/10.1016/S1470-2045(18)30146-3
https://doi.org/10.1016/S1470-2045(18)30146-3
https://doi.org/10.1111/cas.14582
https://doi.org/10.2147/LCTT.S360574
https://doi.org/10.1038/s41416-021-01334-9
https://doi.org/10.1038/s41416-021-01380-3
https://doi.org/10.1038/s41416-021-01380-3
https://doi.org/10.1177/1758835919889001
https://doi.org/10.1111/j.1349-7006.2009.01343.x
https://doi.org/10.1200/jco.2013.31.4_suppl.294
https://doi.org/10.1158/1078-0432.CCR-14-0543
https://doi.org/10.1158/1078-0432.CCR-18-4010
https://doi.org/10.1158/1078-0432.CCR-18-4010
https://doi.org/10.3389/fonc.2021.546586
https://doi.org/10.3390/molecules25122861
https://doi.org/10.1158/1538-7445.AM2023-6311
https://doi.org/10.1158/1538-7445.AM2023-6311
https://doi.org/10.1200/JCO.2023.41.16_suppl.3015
https://doi.org/10.1371/journal.pone.0063093
https://doi.org/10.3389/fonc.2019.00717
https://doi.org/10.1053/j.gastro.2019.01.252
https://doi.org/10.1158/1538-7445.AM2022-4213
https://doi.org/10.1016/j.cell.2008.07.025
https://doi.org/10.1038/nri.2016.112
https://doi.org/10.3389/fmolb.2023.1113061/full
https://doi.org/10.3390/cancers13133248
https://doi.org/10.5402/2012/381428
https://doi.org/10.1093/jnci/djt369
https://doi.org/10.1080/14728222.2020.1744568
https://doi.org/10.1080/14728222.2020.1744568
https://doi.org/10.1074/jbc.C110.155820
https://doi.org/10.1016/j.ccell.2016.05.020
https://doi.org/10.1016/j.ccell.2016.05.020
https://doi.org/10.1038/nri2808
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1016/j.molmed.2019.06.007
https://doi.org/10.1016/j.molmed.2019.06.007
https://doi.org/10.1038/nature24302
https://doi.org/10.1080/2162402X.2016.1257453
https://doi.org/10.1080/2162402X.2016.1257453
https://doi.org/10.1053/j.gastro.2011.07.048
https://doi.org/10.1053/j.gastro.2011.07.048
https://doi.org/10.1038/nrgastro.2012.114
https://doi.org/10.1158/2159-8290.CD-15-1347
https://doi.org/10.1002/hep.22201
https://doi.org/10.1002/hep.22731
https://doi.org/10.1002/hep.22731
https://doi.org/10.1002/hep.23118
https://doi.org/10.1002/hep.23118
https://doi.org/10.1111/febs.13665
https://doi.org/10.1111/febs.13665
https://doi.org/10.1006/cyto.1999.0650
https://doi.org/10.1002/mc.22592
https://doi.org/10.1111/liv.14113
https://doi.org/10.1111/liv.14113
https://doi.org/10.14309/ctg.0000000000000056
https://doi.org/10.1186/s12885-023-11153-1
https://doi.org/10.1158/1535-7163.MCT-20-0632
https://doi.org/10.3389/fonc.2024.1432423
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Guijarathi et al.

90. Adams B. Eli Lilly cuts 3 cancer drugs amid Q4 clear-out. Questex LLC, New
York, NY, USA: Fierce Biotech (2020). Available at: https://www.fiercebiotech.com/
biotech/eli-lilly-cuts-three-cancer-drugs-amid-q4-clear-out.

91. Robbrecht D, Doger B, Grob JJ, Bechter OE, de Miguel MJ, Vieito M, et al. Safety
and efficacy results from the expansion phase of the first-in-human study evaluating
TGEFB inhibitor SAR439459 alone and combined with cemiplimab in adults with
advanced solid tumors. JCO. (2022) 40:2524-4. doi: 10.1200/JCO.2022.40.16_suppl.2524

92. Doi T, Fujiwara Y, Koyama T, Tkeda M, Helwig C, Watanabe M, et al. Phase I
study of the bifunctional fusion protein bintrafusp alfa in asian patients with advanced
solid tumors, including a hepatocellular carcinoma safety-assessment cohort.
Oncologist. (2020) 25:e1292-302. doi: 10.1634/theoncologist.2020-0249

93. Merck KGaA, Darmstadt, Germany Announces Mutual Decision to End
Bintrafusp Alfa Agreement with GSK. Darmstadt, Germany: Merck KGaA (2023).
Available at: https://www.emdgroup.com/en/news/bintrafusp-alfa-agreement-with-
gsk.html.

94. Niu M, Yi M, Wu Y, Lyu L, He Q, Yang R, et al. Synergistic efficacy of
simultaneous anti-TGF-B/VEGF bispecific antibody and PD-1 blockade in cancer
therapy. ] Hematol Oncol. (2023) 16:94. doi: 10.1186/s13045-023-01487-5

95. Metelli A, Wu BX, Fugle CW, Rachidi S, Sun S, Zhang Y, et al. Surface expression
of TGFB Docking receptor GARP promotes oncogenesis and immune tolerance in
breast cancer. Cancer Res. (2016) 76:7106-17. doi: 10.1158/0008-5472.CAN-16-1456

96. Metelli A, Salem M, Wallace CH, Wu BX, Li A, Li X, et al. Inmunoregulatory
functions and the therapeutic implications of GARP-TGF-B in inflammation and
cancer. | Hematol Oncol. (2018) 11:24. doi: 10.1186/s13045-018-0570-z

97. de Streel G, Bertrand C, Chalon N, Lienart S, Bricard O, Lecomte S, et al.
Selective inhibition of TGF-B1 produced by GARP-expressing Tregs overcomes
resistance to PD-1/PD-L1 blockade in cancer. Nat Commun. (2020) 11:4545.
doi: 10.1038/s41467-020-17811-3

98. Tolcher A, Roda-Perez D, He K, Moreno V, Gomez-Roca C, Machiels JP, et al.
770 Safety, efficacy, and pharmacokinetic results from a phase I first-in-human study of
ABBV-151 with or without anti-PD1 mAb (budigalimab) in patients with locally
advanced or metastatic solid tumors. J Immunother Cancer. (2022) 10. https://jitc.bmj.
com/content/10/Suppl_2/A801.

99. AbbVie. A Phase 2, Randomized Study to Evaluate the Optimized Dose, Safety,
and Efficacy of Livmoniplimab in Combination With Budigalimab for Locally
Advanced or Metastatic Hepatocellular Carcinoma (HCC) Patients Who Have
Progressed After an Immune Checkpoint Inhibitor Containing Regimen in First-
Line HCC. clinicaltrials.gov (2023). Available online at: https://clinicaltrials.gov/study/
NCT05822752 (Acccesed April 18, 2024).

100. Turner N, Grose R. Fibroblast growth factor signalling: from development to
cancer. Nat Rev Cancer. (2010) 10:116-29. doi: 10.1038/nrc2780

101. Sharpe R, Pearson A, Herrera-Abreu MT, Johnson D, Mackay A, Welti JC, et al.
FGFR signaling promotes the growth of triple-negative and basal-like breast cancer cell
lines both in vitro and in vivo. Clin Cancer Res. (2011) 17:5275-86. doi: 10.1158/1078-
0432.CCR-10-2727

102. Stehbens SJ, Ju RJ, Adams MN, Perry SR, Haass NK, Bryant DM, et al. FGFR2-
activating mutations disrupt cell polarity to potentiate migration and invasion in
endometrial cancer cell models. J Cell Sci. (2018) 131:jcs213678. doi: 10.1242/jcs.213678

103. Wang Y, Liu D, Zhang T, Xia L. FGF/FGFR signaling in hepatocellular
carcinoma: from carcinogenesis to recent therapeutic intervention. Cancers (Basel).
(2021) 13:1360. doi: 10.3390/cancers13061360

104. Poon RTP, NgIOL, Lau C, Yu WC, Fan ST, Wong J. Correlation of serum basic
fibroblast growth factor levels with clinicopathologic features and postoperative
recurrence in hepatocellular carcinoma. Am ] Surg. (2001) 182:298-304.
doi: 10.1016/S0002-9610(01)00708-5

105. Huynh H, Ngo VC, Fargnoli J, Ayers M, Soo KC, Koong HN, 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) 14:6146-53. doi: 10.1158/
1078-0432.CCR-08-0509

106. Johnson PJ, Qin S, Park JW, Poon RTP, Raoul JL, Philip PA, et al. Brivanib
versus sorafenib as first-line therapy in patients with unresectable, advanced
hepatocellular carcinoma: results from the randomized phase III BRISK-FL study.
JCO. (2013) 31:3517-24. doi: 10.1200/JCO.2012.48.4410

107. Llovet JM, Decaens T, Raoul JL, Boucher E, Kudo M, Chang C, et al. Brivanib in
patients with advanced hepatocellular carcinoma who were intolerant to sorafenib or
for whom sorafenib failed: results from the randomized phase ITI BRISK-PS study. JCO.
(2013) 31:3509-16. doi: 10.1200/JCO.2012.47.3009

108. Capozzi M, De Divitiis C, Ottaiano A, von Arx C, Scala S, Tatangelo F, et al.
Lenvatinib, a molecule with versatile application: from preclinical evidence to future
development in anti-cancer treatment. Cancer Manag Res. (2019) 11:3847-60.
doi: 10.2147/CMAR

109. Wilhelm SM, Dumas J, Adnane L, Lynch M, Carter CA, Schiitz G, et al.
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) 129:245-55. doi: 10.1002/ijc.25864

110. Qiu WH, Zhou BS, Chu PG, Chen WG, Chung C, Shih J, et al. Over-expression
of fibroblast growth factor receptor 3 in human hepatocellular carcinoma. World |
Gastroenterol. (2005) 11:5266-72. doi: 10.3748/wjg.v11.i34.5266

Frontiers in Oncology

10.3389/fonc.2024.1432423

111. Ho HK, Pok S, Streit S, Ruhe JE, Hart S, Lim KS, et al. Fibroblast growth factor
receptor 4 regulates proliferation, anti-apoptosis and alpha-fetoprotein secretion
during hepatocellular carcinoma progression and represents a potential target for
therapeutic intervention. J Hepatol. (2009) 50:118-27. doi: 10.1016/j.jhep.2008.08.015

112. Paur J, Nika L, Maier C, Moscu-Gregor A, Kostka J, Huber D, et al. Fibroblast
growth factor receptor 3 isoforms: Novel therapeutic targets for hepatocellular
carcinoma? Hepatology. (2015) 62:1767-78. doi: 10.1002/hep.28023

113. Zhao X, Joshi JJ, Aird D, Karr C, Yu K, Huang C, et al. Combined inhibition of
FGFR4 and VEGFR signaling enhances efficacy in FGF19 driven hepatocellular
carcinoma. Am ] Cancer Res. (2022) 12:2733-43.

114. Chan SL, Schuler M, Kang YK, Yen CJ, Edeline J, Choo SP, et al. A first-in-
human phase 1/2 study of FGF401 and combination of FGF401 with spartalizumab in
patients with hepatocellular carcinoma or biomarker-selected solid tumors. J Exp Clin
Cancer Res. (2022) 41:189. doi: 10.1186/s13046-022-02383-5

115. Kim RD, Sarker D, Meyer T, Yau T, Macarulla T, Park JW, et al. First-in-
human phase I study of fisogatinib (BLU-554) validates aberrant FGF19 signaling as a
driver event in hepatocellular carcinoma. Cancer Discovery. (2019) 9:1696-707.
doi: 10.1158/2159-8290.CD-19-0555

116. Macarulla T, Moreno V, Chen LT, Sawyer MB, Goyal L, Mufioz Martin AJ,
et al. Phase I study of H3B-6527 in hepatocellular carcinoma (HCC) or intrahepatic
cholangiocarcinoma (ICC). JCO. (2021) 39:4090-0. doi: 10.1200/
JC0.2021.39.15_suppl.4090

117. Mayo Clinic. Phase II Study of FGFR Inhibitor Futibatinib in Combination
With Anti-PD-1 Antibody Pembrolizumab in Patients With Advanced or Metastatic
Hepatocellular Carcinoma With FGF19 Expression After First Line Therapy.
clinicaltrials.gov (2023). Available online at: https://clinicaltrials.gov/study/
NCT04828486 (Acccesed April 18, 2024).

118. Berasain C, Nicou A, Garcia-Irigoyen O, Latasa MU, Urtasun R, Elizalde M,
et al. Epidermal growth factor receptor signaling in hepatocellular carcinoma:
inflammatory activation and a new intracellular regulatory mechanism. Digestive Dis.
(2012) 30:524-31. doi: 10.1159/000341705

119. Huang P, Xu X, Wang L, Zhu B, Wang X, Xia J. The role of EGF-EGFR
signalling pathway in hepatocellular carcinoma inflammatory microenvironment. J Cell
Mol Med. (2014) 18:218-30. doi: 10.1111/jemm.12153

120. Poon RTP, Ng IOL, Lau C, Zhu LX, Yu WC, Lo CM, et al. Serum vascular
endothelial growth factor predicts venous invasion in hepatocellular carcinoma: A
prospective study. Ann Surg. (2001) 233:227-35. doi: 10.1097/00000658-200102000-
00012

121. Zhang L, Wang JN, Tang JM, Kong X, YangJY, Zheng F, et al. VEGF is essential
for the growth and migration of human hepatocellular carcinoma cells. Mol Biol Rep.
(2012) 39:5085-93. doi: 10.1007/s11033-011-1304-2

122. Bozec A, Sudaka A, Fischel JL, Brunstein MC, Etienne-Grimaldi MC, Milano G.
Combined effects of bevacizumab with erlotinib and irradiation: a preclinical study on a
head and neck cancer orthotopic model. Br J Cancer. (2008) 99:93-9. doi: 10.1038/
sj.bjc.6604429

123. He L, Deng H, Lei ], Yi F, Li ], Fan XD, et al. Efficacy of bevacizumab combined
with erlotinib for advanced hepatocellular carcinoma: a single-arm meta-analysis based
on prospective studies. BMC Cancer. (2019) 19:276. doi: 10.1186/5s12885-019-5487-6

124. He X, Hikiba Y, Suzuki Y, Nakamori Y, Kanemaru Y, Sugimori M, et al. EGFR
inhibition reverses resistance to lenvatinib in hepatocellular carcinoma cells. Sci Rep.
(2022) 12:8007. doi: 10.1038/541598-022-12076-w

125. Jin H, Shi Y, Lv Y, Yuan S, Ramirez CFA, Lieftink C, et al. EGFR activation
limits the response of liver cancer to lenvatinib. Nature. (2021) 595:730-4. doi: 10.1038/
s41586-021-03741-7

126. Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene. (2017)
36:1461-73. doi: 10.1038/0nc.2016.304

127. Khalaf AM, Fuentes D, Morshid Al, Burke MR, Kaseb AO, Hassan M, et al.
Role of Wnt/&beta;-catenin signaling in hepatocellular carcinoma, pathogenesis, and
clinical significance. JHC. (2018) 5:61-73. doi: 10.2147/JHC

128. Xu C, Xu Z, Zhang Y, Evert M, Calvisi DF, Chen X. B-Catenin signaling in
hepatocellular carcinoma. J Clin Invest. (2022) 132:¢154515. doi: 10.1172/JCI154515

129. Li J, Wang CY. TBL1-TBLR1 and B-catenin recruit each other to Wnt target-
gene promoter for transcription activation and oncogenesis. Nat Cell Biol. (2008)
10:160-9. doi: 10.1038/ncb1684

130. Youssef Y, Karkhanis V, Chan WK, Jeney F, Canella A, Zhang X, et al.
Transducin b-like protein 1 controls multiple oncogenic networks in diffuse large B-
cell lymphoma. Haematologica. (2020) 106:2927-39. doi: 10.3324/haematol.
2020.268235

131. Fiskus W, Sharma S, Saha S, Shah B, Devaraj SGT, Sun B, et al. Pre-clinical
efficacy of combined therapy with novel B-catenin antagonist BC2059 and histone
deacetylase inhibitor against AML cells. Leukemia. (2015) 29:1267-78. doi: 10.1038/
leu.2014.340

132. Nomura M, Rainusso N, Lee YC, Dawson B, Coarfa C, Han R, et al. Tegavivint
and the B-catenin/ALDH axis in chemotherapy-resistant and metastatic osteosarcoma.
JNCI: ] Natl Cancer Institute. (2019) 111:1216-27. doi: 10.1093/jnci/djz026

133. Braggio DA, de Faria FCC, Koller D, Jin F, Zewdu A, Lopez G, et al. Preclinical
efficacy of the Wnt/B-catenin pathway inhibitor BC2059 for the treatment of desmoid
tumors. PloS One. (2022) 17:€0276047. doi: 10.1371/journal.pone.0276047

frontiersin.org


https://www.fiercebiotech.com/biotech/eli-lilly-cuts-three-cancer-drugs-amid-q4-clear-out
https://www.fiercebiotech.com/biotech/eli-lilly-cuts-three-cancer-drugs-amid-q4-clear-out
https://doi.org/10.1200/JCO.2022.40.16_suppl.2524
https://doi.org/10.1634/theoncologist.2020-0249
https://www.emdgroup.com/en/news/bintrafusp-alfa-agreement-with-gsk.html
https://www.emdgroup.com/en/news/bintrafusp-alfa-agreement-with-gsk.html
https://doi.org/10.1186/s13045-023-01487-5
https://doi.org/10.1158/0008-5472.CAN-16-1456
https://doi.org/10.1186/s13045-018-0570-z
https://doi.org/10.1038/s41467-020-17811-3
https://jitc.bmj.com/content/10/Suppl_2/A801
https://jitc.bmj.com/content/10/Suppl_2/A801
https://clinicaltrials.gov/study/NCT05822752
https://clinicaltrials.gov/study/NCT05822752
https://doi.org/10.1038/nrc2780
https://doi.org/10.1158/1078-0432.CCR-10-2727
https://doi.org/10.1158/1078-0432.CCR-10-2727
https://doi.org/10.1242/jcs.213678
https://doi.org/10.3390/cancers13061360
https://doi.org/10.1016/S0002-9610(01)00708-5
https://doi.org/10.1158/1078-0432.CCR-08-0509
https://doi.org/10.1158/1078-0432.CCR-08-0509
https://doi.org/10.1200/JCO.2012.48.4410
https://doi.org/10.1200/JCO.2012.47.3009
https://doi.org/10.2147/CMAR
https://doi.org/10.1002/ijc.25864
https://doi.org/10.3748/wjg.v11.i34.5266
https://doi.org/10.1016/j.jhep.2008.08.015
https://doi.org/10.1002/hep.28023
https://doi.org/10.1186/s13046-022-02383-5
https://doi.org/10.1158/2159-8290.CD-19-0555
https://doi.org/10.1200/JCO.2021.39.15_suppl.4090
https://doi.org/10.1200/JCO.2021.39.15_suppl.4090
https://clinicaltrials.gov/study/NCT04828486
https://clinicaltrials.gov/study/NCT04828486
https://doi.org/10.1159/000341705
https://doi.org/10.1111/jcmm.12153
https://doi.org/10.1097/00000658-200102000-00012
https://doi.org/10.1097/00000658-200102000-00012
https://doi.org/10.1007/s11033-011-1304-2
https://doi.org/10.1038/sj.bjc.6604429
https://doi.org/10.1038/sj.bjc.6604429
https://doi.org/10.1186/s12885-019-5487-6
https://doi.org/10.1038/s41598-022-12076-w
https://doi.org/10.1038/s41586-021-03741-7
https://doi.org/10.1038/s41586-021-03741-7
https://doi.org/10.1038/onc.2016.304
https://doi.org/10.2147/JHC
https://doi.org/10.1172/JCI154515
https://doi.org/10.1038/ncb1684
https://doi.org/10.3324/haematol.2020.268235
https://doi.org/10.3324/haematol.2020.268235
https://doi.org/10.1038/leu.2014.340
https://doi.org/10.1038/leu.2014.340
https://doi.org/10.1093/jnci/djz026
https://doi.org/10.1371/journal.pone.0276047
https://doi.org/10.3389/fonc.2024.1432423
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Guijarathi et al.

134. Penny MK, Lerario AM, Basham K]J, Chukkapalli S, Mohan DR, LaPensee C,
et al. Targeting oncogenic wnt/B-catenin signaling in adrenocortical carcinoma
disrupts ECM expression and impairs tumor growth. Cancers. (2023) 15:3559.
doi: 10.3390/cancers15143559

135. Cranmer LD, Abdul Razak AR, Ratan R, Choy E, George S, Liebner DA, et al.
Results of a phase I dose escalation and expansion study of tegavivint (BC2059), a first-
in-class TBL1 inhibitor for patients with progressive, unresectable desmoid tumor. JCO.
(2022) 40:11523-3. doi: 10.1200/JC0O.2022.40.16_suppl.11523

136. Iterion Therapeutics. A Phase 1/2 Exploratory Study of the TBL1 Inhibitor,
Tegavivint (BC2059), in Patients With Advanced Hepatocellular Carcinoma.
clinicaltrials.gov (2023). Available online at: https://clinicaltrials.gov/study/
NCT05797805 (Acccesed April 18, 2024).

137. Savvidou I, Khong T, Whish S, Carmichael I, Sepehrizadeh T, Mithraprabhu S,
et al. Combination of histone deacetylase inhibitor panobinostat (LBH589) with B-
catenin inhibitor tegavivint (BC2059) exerts significant anti-myeloma activity both in
vitro and in vivo. Cancers (Basel). (2022) 14:840. doi: 10.3390/cancers14030840

138. Miller DM, Thomas SD, Islam A, Muench D, Sedoris K. c-myc and cancer
metabolism. Clin Cancer Res. (2012) 18:5546-53. doi: 10.1158/1078-0432.CCR-12-
0977

139. Schaub FX, Dhankani V, Berger AC, Trivedi M, Richardson AB, Shaw R, et al.
Pan-cancer alterations of the MYC oncogene and its proximal network across the
cancer genome atlas. Cell Syst. (2018) 6:282-300.e2. doi: 10.1016/j.cels.2018.03.003

140. Dhanasekaran R, Deutzmann A, Mahauad-Fernandez WD, Hansen AS, Gouw
AM, Felsher DW. The MYC oncogene — the grand orchestrator of cancer growth and
immune evasion. Nat Rev Clin Oncol. (2022) 19:23-36. doi: 10.1038/s41571-021-
00549-2

141. Nevzorova YA, Hu W, Cubero FJ, Haas U, Freimuth ], Tacke F, et al.
Overexpression of c-myc in hepatocytes promotes activation of hepatic stellate cells
and facilitates the onset of liver fibrosis. Biochim Biophys Acta (BBA) - Mol Basis Dis.
(2013) 1832:1765-75. doi: 10.1016/j.bbadis.2013.06.001

142. Zheng K, Cubero FJ, Nevzorova YA. c-MYC—Making liver sick: role of c-MYC
in hepatic cell function, homeostasis and disease. Genes (Basel). (2017) 8:123.
doi: 10.3390/genes8040123

143. Min Z, Xunlei Z, Haizhen C, Wenjing Z, Haiyan Y, Xiaoyun L, et al. The
clinicopathologic and prognostic significance of c-myc expression in hepatocellular
carcinoma: A meta-analysis. Front Bioinf. (2021) 1:706835. doi: 10.3389/
fbinf.2021.706835

144. Moon H, Park H, Ro SW. c—myc—driven hepatocarcinogenesis. Anticancer Res.
(2021) 41:4937-46. doi: 10.21873/anticanres.15307

145. Fang CH, Zhang GQ, Zhu XY, Gong JQ. Distribution of oval cells and c-myc
mRNA expression in mouse hepatocarcinogenesis. Hepatobiliary Pancreat Dis Int.
(2004) 3:433-9.

146. Huang LE. Carrot and stick: HIF-alpha engages c-Myc in hypoxic adaptation.
Cell Death Differ. (2008) 15:672-7. doi: 10.1038/sj.cdd.4402302

147. Lin CP, Liu CR, Lee CN, Chan TS, Liu HE. Targeting c-Myc as a novel
approach for hepatocellular carcinoma. World ] Hepatol. (2010) 2:16-20. doi: 10.4254/
wih.v2.i1.16

148. Omega Therapeutics Announces Clinical Supply Agreement to Evaluate the
Combination of OTX-2002 and Atezolizumab in Hepatocellular Carcinoma | Omega
Therapeutics (2023). Available online at: https://ir.omegatherapeutics.com/news-
releases/news-release-details/omega-therapeutics-announces-clinical-supply-
agreement-evaluate/ (Acccesed April 18, 2024).

149. Rodriguez-Rivera II, Wu TH, Ciotti R, Senapedis W, Sullivan K, Gao JZ, et al. A
phase 1/2 open-label study to evaluate the safety, tolerability, pharmacokinetics,
pharmacodynamics, and preliminary antitumor activity of OTX-2002 as a single
agent and in combination with standard of care in patients with hepatocellular
carcinoma and other solid tumor types known for association with the MYC
oncogene (MYCHELANGELO I). JCO. (2023) 41:TPS627-7. doi: 10.1200/
JC0.2023.41.4_suppl. TPS627

150. BioSpace. Omega Therapeutics Announces Promising Preliminary Clinical
Data for OTX-2002 from Ongoing MYCHELANGELO™ 1 Trial . Available online
at: https://www.biospace.com/article/omega-therapeutics-announces-promising-
preliminary-clinical-data-for-otx-2002-from-ongoing-mychelangelo-i-trial/ (Acccesed
April 18, 2024).

151. Hsu HC, Cheng W, Lai PL. Cloning and expression of a developmentally
regulated transcript MXR7 in hepatocellular carcinoma: biological significance and
temporospatial distribution. Cancer Res. (1997) 57:5179-84.

152. Capurro M, Wanless IR, Sherman M, Deboer G, Shi W, Miyoshi E, et al.
Glypican-3: a novel serum and histochemical marker for hepatocellular carcinoma.
Gastroenterology. (2003) 125:89-97. doi: 10.1016/S0016-5085(03)00689-9

153. Xie C, Monge BMC, Mabry-Hrones D, Coffman KL, Hicks S, Redd B, et al. A
phase I study of GPC3 targeted CAR-T cell therapy in advanced GPC3-expressing
hepatocellular carcinoma (HCC). JCO. (2023) 41:TPS624-4. doi: 10.1200/
JCO.2023.41.4_suppl. TPS624

154. AstraZeneca. A Phase I/II Open-Label Study to Evaluate the Safety, Cellular
Kinetics and Efficacy of AZD5851, a Chimeric Antigen Receptor T-Cell Therapy
Directed Against GPC3 in Adult Participants With Advanced/Recurrent
HEpatocellular CarciNomA: ATHENA. clinicaltrials.gov (2023). Available online at:
https://clinicaltrials.gov/study/NCT06084884 (Acccesed April 18, 2024).

Frontiers in Oncology

10.3389/fonc.2024.1432423

155. Zeidman R, Jackson CS, Magee Al Protein acyl thioesterases (Review). Mol
Membr Biol. (2009) 26:32-41. doi: 10.1080/09687680802629329

156. Klempner SJ, Myers AP, Cantley LC. What a tangled web we weave: emerging
resistance mechanisms to inhibition of the phosphoinositide 3-kinase pathway. Cancer
Discovery. (2013) 3:1345-54. doi: 10.1158/2159-8290.CD-13-0063

157. Levy JMM, Towers CG, Thorburn A. Targeting autophagy in cancer. Nat Rev
Cancer. (2017) 17:528-42. doi: 10.1038/nrc.2017.53

158. Haas NB, Appleman L], Stein M, Redlinger M, Wilks M, Xu X, et al. Autophagy
inhibition to augment mTOR inhibition: a phase I/II trial of everolimus and
hydroxychloroquine in patients with previously treated renal cell carcinoma. Clin
Cancer Res. (2019) 25:2080-7. doi: 10.1158/1078-0432.CCR-18-2204

159. Karasic TB, O’Hara MH, Loaiza-Bonilla A, Reiss KA, Teitelbaum UR,
Borazanci E, et al. Effect of gemcitabine and nab-paclitaxel with or without
hydroxychloroquine on patients with advanced pancreatic cancer: A phase 2
randomized clinical trial. JAMA Oncol. (2019) 5:993-8. doi: 10.1001/
jamaoncol.2019.0684

160. Sharma G, Ojha R, Noguera-Ortega E, Rebecca VW, Attanasio J, Liu S, et al.
PPT1 inhibition enhances the antitumor activity of anti-PD-1 antibody in melanoma.
JCI Insight. (2020) 5:e133225. doi: 10.1172/jci.insight.133225

161. Brun S, Bassissi F, Serdjebi C, Novello M, Tracz J, Autelitano F, et al. GNS561, a
new lysosomotropic small molecule, for the treatment of intrahepatic
cholangiocarcinoma. Invest New Drugs. (2019) 37:1135-45. doi: 10.1007/s10637-019-
00741-3

162. Brun S, Bestion E, Raymond E, Bassissi F, Jilkova ZM, Mezouar S, et al.
GNS561, a clinical-stage PPT1 inhibitor, is efficient against hepatocellular carcinoma
via modulation of lysosomal functions. Autophagy. (2022) 18:678-94. doi: 10.1080/
15548627.2021.1988357

163. University Hospital, Grenoble. Ezurpimtrostat Autophagy Inhibitor in Association
With Atezolizumab-Bevacizumab in First Line Treatment of Unresectable Hepatocellular
Carcinoma, a Phase 2b Randomized Trial. clinicaltrials.gov (2023). Available online at:
https://clinicaltrials.gov/study/NCT05448677 (Acccesed April 18, 2024).

164. Eisai Inc. An Open-Label, Multicenter, Randomized, Phase Ib/II Study of
E7050 in Combination With Sorafenib Versus Sorafenib Alone as First Line Therapy in
Patients With Hepatocellular Carcinoma. clinicaltrials.gov (2021). Available online at:
https://clinicaltrials.gov/study/NCT01271504 (Acccesed April 18, 2024).

165. Galuppo R, Maynard E, Shah M, Daily MF, Chen C, Spear BT, et al. Synergistic
inhibition of HCC and liver cancer stem cell proliferation by targeting RAS/RAF/
MAPK and WNT/B-catenin pathways. Anticancer Res. (2014) 34:1709-13.

166. Gedaly R, Galuppo R, Daily MF, Shah M, Maynard E, Chen C, et al. Targeting
the wnt/B-catenin signaling pathway in liver cancer stem cells and hepatocellular
carcinoma cell lines with FH535. PloS One. (2014) 9:€99272. doi: 10.1371/
journal.pone.0099272

167. Ham A, Cho MH, Won HS, Jo J, Lee KE. f—catenin blockers enhance the effect
of CDK4/6 inhibitors on stemness and proliferation suppression in endocrine—resistant
breast cancer cells. Oncol Rep. (2022) 48:1-11. doi: 10.3892/or

168. Llombart V, Mansour MR. Therapeutic targeting of “undruggable” MYC.
eBioMedicine. (2022) 75. https://www.thelancet.com/journals/ebiom/article/PIIS2352-
3964(21)00550-8/fulltext.

169. Catherine Renna P. Biomarker-driven targeted therapies in solid tumor
Malignancies(2021). Available online at: https://jhoponline.com/issue-archive/2021-
issues/april-2021-vol-10-no-2/18875-biomarker-driven-targeted-therapies-in-solid-
tumor-malignancies (Acccesed April 01, 2024).

170. Munugala N, Maithel SK, Shroft RT. Novel biomarkers and the future of
targeted therapies in cholangiocarcinoma: a narrative review. Hepatobiliary Surg Nutr.
(2022) 11:253-66. doi: 10.21037/hbsn

171. Henry NL, Somerfield MR, Dayao Z, Elias A, Kalinsky K, McShane LM, et al.
Biomarkers for systemic therapy in metastatic breast cancer: ASCO guideline update.
JCO. (2022) 40:3205-21. doi: 10.1200/JCO.22.01063

172. Guo H, ZhangJ, Qin C, Yan H, Liu T, Hu H, et al. Biomarker-targeted therapies
in non-small cell lung cancer: current status and perspectives. Cells. (2022) 11:3200.
doi: 10.3390/cells11203200

173. Harding JJ, Nandakumar S, Armenia J, Khalil DN, Albano M, Ly M, et al.
Prospective genotyping of hepatocellular carcinoma: clinical implications of next-
generation sequencing for matching patients to targeted and immune therapies. Clin
Cancer Res. (2019) 25:2116-26. doi: 10.1158/1078-0432.CCR-18-2293

174. Limousin W, Laurent-Puig P, Ziol M, Ganne-Carrié¢ N, Nahon P, Ait-Omar A,
et al. Molecular-based targeted therapies in patients with hepatocellular carcinoma and
hepato-cholangiocarcinoma refractory to atezolizumab/bevacizumab. ] Hepatol. (2023)
79(6):1450-8. https://www.sciencedirect.com/science/article/pii/S0168827823050705.

175. Mauri G, Vitiello PP, Sogari A, Crisafulli G, Sartore-Bianchi A, Marsoni S, et al.
Liquid biopsies to monitor and direct cancer treatment in colorectal cancer. Br |
Cancer. (2022) 127:394-407. doi: 10.1038/s41416-022-01769-8

176. Johnson P, Zhou Q, Dao DY, Lo YMD. Circulating biomarkers in the diagnosis
and management of hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol. (2022)
19:670-81. doi: 10.1038/s41575-022-00620-y

177. Costa F, Wiedenmann B, Roderburg C, Mohr R, Abou-Alfa GK. Systemic
treatment in patients with Child-Pugh B liver dysfunction and advanced hepatocellular
carcinoma. Cancer Med. (2023) 12:13978-90. doi: 10.1002/cam4.6033

frontiersin.org


https://doi.org/10.3390/cancers15143559
https://doi.org/10.1200/JCO.2022.40.16_suppl.11523
https://clinicaltrials.gov/study/NCT05797805
https://clinicaltrials.gov/study/NCT05797805
https://doi.org/10.3390/cancers14030840
https://doi.org/10.1158/1078-0432.CCR-12-0977
https://doi.org/10.1158/1078-0432.CCR-12-0977
https://doi.org/10.1016/j.cels.2018.03.003
https://doi.org/10.1038/s41571-021-00549-2
https://doi.org/10.1038/s41571-021-00549-2
https://doi.org/10.1016/j.bbadis.2013.06.001
https://doi.org/10.3390/genes8040123
https://doi.org/10.3389/fbinf.2021.706835
https://doi.org/10.3389/fbinf.2021.706835
https://doi.org/10.21873/anticanres.15307
https://doi.org/10.1038/sj.cdd.4402302
https://doi.org/10.4254/wjh.v2.i1.16
https://doi.org/10.4254/wjh.v2.i1.16
https://ir.omegatherapeutics.com/news-releases/news-release-details/omega-therapeutics-announces-clinical-supply-agreement-evaluate/
https://ir.omegatherapeutics.com/news-releases/news-release-details/omega-therapeutics-announces-clinical-supply-agreement-evaluate/
https://ir.omegatherapeutics.com/news-releases/news-release-details/omega-therapeutics-announces-clinical-supply-agreement-evaluate/
https://doi.org/10.1200/JCO.2023.41.4_suppl.TPS627
https://doi.org/10.1200/JCO.2023.41.4_suppl.TPS627
https://www.biospace.com/article/omega-therapeutics-announces-promising-preliminary-clinical-data-for-otx-2002-from-ongoing-mychelangelo-i-trial/
https://www.biospace.com/article/omega-therapeutics-announces-promising-preliminary-clinical-data-for-otx-2002-from-ongoing-mychelangelo-i-trial/
https://doi.org/10.1016/S0016-5085(03)00689-9
https://doi.org/10.1200/JCO.2023.41.4_suppl.TPS624
https://doi.org/10.1200/JCO.2023.41.4_suppl.TPS624
https://clinicaltrials.gov/study/NCT06084884
https://doi.org/10.1080/09687680802629329
https://doi.org/10.1158/2159-8290.CD-13-0063
https://doi.org/10.1038/nrc.2017.53
https://doi.org/10.1158/1078-0432.CCR-18-2204
https://doi.org/10.1001/jamaoncol.2019.0684
https://doi.org/10.1001/jamaoncol.2019.0684
https://doi.org/10.1172/jci.insight.133225
https://doi.org/10.1007/s10637-019-00741-3
https://doi.org/10.1007/s10637-019-00741-3
https://doi.org/10.1080/15548627.2021.1988357
https://doi.org/10.1080/15548627.2021.1988357
https://clinicaltrials.gov/study/NCT05448677
https://clinicaltrials.gov/study/NCT01271504
https://doi.org/10.1371/journal.pone.0099272
https://doi.org/10.1371/journal.pone.0099272
https://doi.org/10.3892/or
https://www.thelancet.com/journals/ebiom/article/PIIS2352-3964(21)00550-8/fulltext
https://www.thelancet.com/journals/ebiom/article/PIIS2352-3964(21)00550-8/fulltext
https://jhoponline.com/issue-archive/2021-issues/april-2021-vol-10-no-2/18875-biomarker-driven-targeted-therapies-in-solid-tumor-malignancies
https://jhoponline.com/issue-archive/2021-issues/april-2021-vol-10-no-2/18875-biomarker-driven-targeted-therapies-in-solid-tumor-malignancies
https://jhoponline.com/issue-archive/2021-issues/april-2021-vol-10-no-2/18875-biomarker-driven-targeted-therapies-in-solid-tumor-malignancies
https://doi.org/10.21037/hbsn
https://doi.org/10.1200/JCO.22.01063
https://doi.org/10.3390/cells11203200
https://doi.org/10.1158/1078-0432.CCR-18-2293
https://www.sciencedirect.com/science/article/pii/S0168827823050705
https://doi.org/10.1038/s41416-022-01769-8
https://doi.org/10.1038/s41575-022-00620-y
https://doi.org/10.1002/cam4.6033
https://doi.org/10.3389/fonc.2024.1432423
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Targeted therapies in hepatocellular carcinoma: past, present, and future
	Introduction
	Sytemic therapy in HCC including approved targeted therapies – a brief overview
	Notable therapeutic targets: historical perspectives and future directions
	c-Met
	TGF-β
	FGFR
	EGFR (with VEGF)

	Novel targets under investigation
	Discussion
	Conclusions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


