:' frontiers ‘ Frontiers in Immunology TYPE Review

@ Check for updates

OPEN ACCESS

EDITED BY
Belgin Sever,
Anadolu University, Turkiye

REVIEWED BY
Prasun Guha,

University of Nevada, Las Vegas,
United States

Di Chen,

Laboratory Corporation of America
Holdings (LabCorp), United States

*CORRESPONDENCE
Sheng Xiang
xiangshengdr2019@163.com

These authors have contributed
equally to this work and share
first authorship

RECEIVED 11 February 2023
ACCEPTED 22 May 2023
PUBLISHED 31 May 2023

CITATION
Jiang H, Liao J, Wang L, Jin C, Mo J and
Xiang S (2023) The multikinase inhibitor
axitinib in the treatment of advanced
hepatocellular carcinoma: the

current clinical applications

and the molecular mechanisms.

Front. Immunol. 14:1163967.

doi: 10.3389/fimmu.2023.1163967

COPYRIGHT

© 2023 Jiang, Liao, Wang, Jin, Mo and
Xiang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are

credited and that the original publication in

this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

PUBLISHED 31 May 2023
poI110.3389/fimmu.2023.1163967

The multikinase inhibitor axitinib
in the treatment of advanced
hepatocellular carcinoma: the
current clinical applications and
the molecular mechanisms

Hao Jiang", Jian Liao®, Liezhi Wang*, Chong Jin*,

Jinggang Mo® and Sheng Xiang™*

'Department of General Surgery, Taizhou Central Hospital (Taizhou University Hospital), Taizhou,
Zhejiang, China, ?Department of Nephrology, Jiaxing Hospital of Traditional Chinese Medicine,

Jiaxing, Zhejiang, China, *Department of General Surgery, Tiantai People's Hospital, Taizhou,
Zhejiang, China

Advanced hepatocellular carcinoma (HCC) is a formidable public health problem
with limited curable treatment options. Axitinib, an oral tyrosine kinase inhibitor,
is a potent and selective second-generation inhibitor of vascular endothelial
growth factor receptor (VEGFR) 1, 2, and 3. This anti-angiogenic drug was found
to have promising activity in various solid tumors, including advanced HCC. At
present, however, there is no relevant review article that summarizes the exact
roles of axitinib in advanced HCC. In this review, 24 eligible studies (seven studies
in the ClinicalTrials, eight experimental studies, and nine clinical trials) were
included for further evaluation. The included randomized or single-arm phase I
trials indicated that axitinib could not prolong the overall survival compared to
the placebo for the treatment of advanced HCC, but improvements in
progression free survival and time to tumor progression were observed.
Experimental studies showed that the biochemical effects of axitinib in HCC
might be regulated by its associated genes and affected signaling cascades (e.g.
VEGFR2/PAK1, CYP1A2, CaMKII/ERK, Akt/mTor, and miR-509-3p/PDGFRA). FDA
approved sorafenib combined with nivolumab (an inhibitor of PD-1/PD-L1) as the
first line regimen for the treatment of advanced HCC. Since both axitinib and
sorafenib are tyrosine kinase inhibitors as well as the VEGFR inhibitors, axitinib
combined with anti-PDL-1/PD-1 antibodies may also exhibit tremendous
potential in anti-tumoral effects for advanced HCC. The present review
highlights the current clinical applications and the molecular mechanisms of
axitinib in advanced HCC. To move toward clinical applications by combining
axitinib and other treatments in advanced HCC, more studies are still warranted
in the near future.
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Background

Liver cancer, a hypervascular tumor, ranks as the 6th most
common malignancy worldwide (1). Besides, it is the third most
common cause of cancer-associated mortalities (1). According to
the Cancer statistics 2023 on the category of liver cancer, it is
predicted to have 41,210 new cases and 29,380 deaths in the United
States (2). Hepatocellular carcinoma (HCC) is the most common
form of primary liver cancer, comprising over 80% of cases. HCC is
prevalent in Eastern Asia and Africa, where mortality and incidence
are highest (3). In patients with distant metastases of HCC, the 5-
year survival rate is only 2.4%. There are several factors that
contribute to the development of HCC, including viral infections
(the main cause), alcohol-related liver cirrhosis, genetic mutations,
diabetes mellitus, obesity, smoking, exposure to chemical
carcinogens, and non-alcoholic steatohepatitis, etc (4, 5). It
frequently occurs in patients with chronic liver disease. Several
factors play an important role in the pathophysiology of HCC, these
include but are not limited to genetic predisposition, cellular
microenvironment, and immune cells (6).

For early-stage HCC patients, resection, transplantation,
and local ablation are the preferred treatments. In patients with
intermediate stages of the disease, transarterial chemoembolization
(TACE), local ablation treatments (i.e., radiofrequency ablation),
and radiotherapy (RT) techniques are recommended, while those
with advanced disease should first receive systemic treatments (5).
Multiple randomized studies demonstrated that a better survival
rate was observed in patients treated with TACE versus those
treated only symptomatically (7). In the case of advanced or
unresectable HCC, systemic therapies are an effective treatment
modality. Specifically, sorafenib is a first-line systemic treatment for
unresectable HCC (8). In recent years, immunotherapy (i.e.,
ramucirumab, nivolumab, and pembrolizumab) also play an
important role in treating patients with advanced HCC who failed
the treatment of sorafenib (9).

Axitinib is a selective tyrosine kinase inhibitor (TKI) of vascular
endothelial growth factor receptors (VEGFRs) 1, 2, and 3 (10). This
anti-angiogenic drug was found to have promising activity in
various solid tumors. Axitinib has been approved for the
treatment of advanced renal cell carcinoma (RCC) after prior
systemic therapies have failed (11). According to mounting
evidence, angiogenesis is confirmed to contribute to the
pathogenesis and progression of HCC via several signal pathways,
e.g. VEGF/VEGF receptor (VEGFR) signalling (12). Since both
HCC and RCC are hypervascular cancers that can be effectively
controlled by angiogenesis inhibitors, axitinib has been studied as a
second-line treatment option in advanced HCC after sorafenib
failed (13).

At present, numerous phase I/II clinical trials on axitinib have
been completed and some of them have been published.
Nevertheless, there is still no relevant review for summarizing
all the clinical and experimental evidence of the effects of axitinib
on advanced-stage HCC. Therefore, we conducted this study,
which might better illustrate the status of axitinib in treating
advanced HCC.
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Overview of axitinib

Axitinib, known as AG 013736 (Inlyta; Pfizer Inc, New York,
New York), an oral tyrosine kinase inhibitor, is a potent and
selective second-generation inhibitor of VEGFRI, 2, and 3 (14).
As engagement of these VEGFRSs, cell growth and angiogenesis are
stimulated, leading to tumor growth. The VEGF/VEGFR pathway
plays an essential role in normal vascular development. Besides, it is
also associated with the survival, growth and metastasis of tumors
(15). Axitinib is a multitarget tyrosine kinase inhibitor that can not
only suppress EGFR1/2/3 and the gene cKIT, but also the platelet-
derived growth factor receptor (PDGFR) (16). Axitinib is an
indazole derivative synthesized by chemical synthesis with a
molecular weight of 386,47 Da (17). It can bind to the inactive
conformation of the catalytic domain of VEGF receptor tyrosine
kinases (RTKs). Taking axitinib orally produces rapid absorption
and a maximum plasma concentration within four hours. When
taken at therapeutic doses, axitinib has a high protein binding rate
exceeding 99%, preferring albumin over other proteins. Metabolism
of axitinib occurs predominantly in the liver by CYP3A4/5, but to a
lesser extent by CYP1A2, 2C19, and UGTI1Al, producing
pharmacologically inactive metabolites (17). The majority of
axitinib is excreted in the feces as a result of hepatobiliary
excretion, while less than 20% is excreted by the kidney. The
plasma concentration of axitinib increased significantly in
patients with moderate hepatic impairment (Child-Pugh B), but
not in patients with mild impairment (Child-Pugh A) (17, 18).

One of the on-target effects of VEGFR-tyrosine kinase
inhibitors include an increase in blood pressure. As a result, an
increase in diastolic blood pressure > 90 mm Hg was associated with
axitinib’s effectiveness in solid tumors (19). Higher exposure and
diastolic blood pressure were found to be independently correlated
with longer PES as wells as OS and a higher probability of partial
response (20).

A starting dose of 5 mg twice daily of axitinib is recommended
with continuous daily administration, while dose adjustments are
recommended according to individual tolerability. It is
recommended to raise the dose to 7 mg after two weeks in
patients who have shown good tolerance (e.g. no adverse events >
grade 2, no increases in BP > 150/90 mm Hg or introduction of
antihypertensive treatment) (17). If adverse events occur, a dose
reduction could be necessary followed by reintroduction
of treatment.

Axitinib was approved by both American and European
agencies in 2012 for the treatment of advanced renal cell
carcinoma following one prior systemic therapy failure (21).
VEGF inhibitors (e.g., bevacizumab) and VEGFR inhibitors (e.g.,
sorafenib, sunitinib, pazopanib, and axitinib) are effective against
advanced renal cell carcinoma. They are approval for treating
advanced RCC either as monotherapy or in combination with
interferon-alpha (bevacizumab) (14). In addition to kidney
cancer, axitinib was also found to improve the outcomes in
patients with other malignancies, included head and neck tumors,
thyroid cancer, breast cancer, non-small-cell lung cancer, pancreatic
cancer, melanoma, and HCC (16, 22, 23).
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Relevant studies reporting the roles of
axitinib in HCC

To identify the eligible studies, we searched several electronic
databases, including MEDLINE (PubMed), the Cochrane Library
databases, EMBASE (OVID), PsychINFO, SCOPUS, and ISI, from
their inception until December 31, 2022. Among the studies
included, only those studies reported using English were
considered to be eligible. PubMed search keywords with various
combinations were as follows: (((((“Axitinib”[Mesh]) OR (AG
013736)) OR (AG013736)) OR (AG-013736)) OR (Inlyta)) AND
(Ceeeeeeeeeec“carcinoma, Hepatocellular’[Mesh]) OR
(Carcinomas, Hepatocellular)) OR (Hepatocellular Carcinomas))
OR (Liver Cell Carcinoma, Adult)) OR (Liver Cancer, Adult)) OR
(Adult Liver Cancer)) OR (Adult Liver Cancers)) OR (Cancer,
Adult Liver)) OR (Cancers, Adult Liver)) OR (Liver Cancers,
Adult)) OR (Liver Cell Carcinoma)) OR (Carcinoma, Liver Cell))
OR (Carcinomas, Liver Cell)) OR (Cell Carcinoma, Liver)) OR (Cell
Carcinomas, Liver)) OR (Liver Cell Carcinomas)) OR
(Hepatocellular Carcinoma)) OR (Hepatoma)) OR (Hepatomas)).
In addition, registered studies in the ClinicalTrials (https://
clinicaltrials.gov/) were also included for data analyzing.

Studies in the ClinicalTrials

As listed in the page in ClinicalTrials.gov, seven clinical studies
have been registered focusing on the safety and the efficacy of
Axitinib in treating advanced HCC (Table 1). Six out seven (86%) of
these trials have been completed, while one trial was withdrawn. All
these studies were either Phase I or Phase II trial. The areas that
these trials conducted included Canada, Hong Kong, Chinese
Taipei, and Multi-center in multiple countries. The sample size in
these studies ranged from 9 to 224 participants. The age among
these participants were >18 years. The dosage regimens for Axitinib
administration were 5 mg twice daily orally. The treatment of
Axitinib continued until progressive disease, intolerable toxicity,
or patient withdrawal. The treatment cycle included 4 weeks, 8
weeks, and 3-6 months. The combination therapies with Axitinib,
including TACE, radiotherapy, Avelumab, and Crizotinib. The
responsible party included Pfizer, National Taiwan University
Hospital, Chinese University of Hong Kong, and Shin Kong Wu
Ho-Su Memorial Hospital. In the study of NCT01210495 (Phase 2),
the outcomes of the clinical trial were non-significant OS [12.7 (10.2
to 14.9) for Axitinib vs 9.7 (5.9 to 11.8) for Placebo, HR=0.907, 95%
CI: 0.646-1.274, P=0.2872] but a significant median PFS [3.6 (2.3 to
4.6) for Axitinib vs 1.9 (1.9 to 3.5) for Placebo, HR=0.618, 95%CI:
0.438-0.871, P=0.0039] as well as a significant Time to Disease
Progression (TTP) (HR=0.621, 95%CI: 0.434-0.889, P=0.006). In
another study of NCT03289533 (Phase 1), the investigators
demonstrated that patients received avelumab 10 mg/kg Q2W in
combination with axitinib 5 mg BID turned out to be a TTP of 5.52
months (1.91 to 7.39), an objective response of 13.6% (2.9 to 34.9), a
disease control of 68.2% (45.1 to 86.1), and a Time to Tumor
Response (TTR) of 1.91 (1.9 to 3.7). Five out of seven studies
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did post the outcomes. Serious adverse events were reported at
46.6% [Axitinib: 62/133 (46.6%) vs Placebo: 16/68 (23.5%)]
and36.36% (8/22).

Experimental (preclinical) studies

At present, there were eight experimental studies had reported
the molecular biological effects of axitinib in HCC development
(Table 2). These included studies were conducted in the USA,
China, Australia, Canada, and Singapore. The cell lines used in
these studies included various types of HCC cells. It has been shown
that axitinib inhibits cellular phosphorylation of VEGFR-2, VEGF-
induced endothelial cell survival, tube formation, and vascular
permeability in preclinical studies (24). A significant delay in the
growth of human xenograft tumors was observed when VEGFR-2
was expressed, suggesting a therapeutic potential for this protein
(18, 24). Therefore, inhibition of VEGFR-2, like axitinib, might be
effective for treating multi-blood vessel solid tumor (e.g., HCC). In
an early preclinical study developed by Ma et al. (25), the author
found that axitinib modulated the anti-tumor activity of
metronomic cyclophosphamide in multiple ways. Axitinib caused
a rapid decrease of blood vessel perfusion, exhibiting a transient
pro-apoptotic activity on the cancer cells.

Klotho is an aging suppressor gene, while its molecular
mechanisms in hepatocarcinogenesis remains unclear (26). Chen
et al. (27) demonstrated that Axitinib was an efficient VEGFR2
inhibitor for Klotho-mediated anoikis resistance. Axitinib exhibited
the anti-tumor function of Klotho in suppressing anoikis resistance
and anchorage-independent growth via inhibiting VEGFR2/PAK1
signaling, which provide a therapeutic intervention for those HCC
patients with high Klotho expression. Targeting Klotho/VEGFR2/
PAKI signaling pathway by Axitinib might be an effective treatment
for the hepatoma resistance to anoikis in hepatocarcinogenesis, thus
providing an intervention with HCC metastasis (27).

In recent years, tyrosine kinase inhibitors (TKIs) and
multikinase inhibitors (MKIs) have gained increasing importance
as oncology drugs that improve the treatment of many types of
tumors (28), including HCC. MKI axitinib was found to be
effective in inhibiting CYP1A2-catalyzed O-deethylation of 7-
ethoxyresorufin by ¢cDNA-expressed enzymes and human liver
microsomes (29). As a result, co-administering axitinib with
alternate substrates of CYP1A2 may result in interactions of each
other, together contributed to improving the efficacy of
pharmacological treatments.

As an alternative to traditional surgery, radiofrequency ablation
(RFA) is widely used for the treatment of HCC (30). Compared with
surgical resection, RFA is a simpler modality that inflicts less injury
to the liver. Mounting studies have reported that RFA in
combination with immunosuppressant could increase the clinical
efficacy of HCC. Liu et al. (31) found that insufficient RFA enhanced
HCC cancer cell proliferation by activating CaMKII/ERK-
dependent VEGF overexpression, while 5 pM Axitinib could
significantly suppress HCC cell proliferation and viability via
inhibiting VEGFR.
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TABLE 1 Studies registered in the ClinicalTrials.

Number Serious
Clinical Status iR of Therapies Responsible Outcomes Adverse
Trials ID ) (Axitinib) Party Events
patients
(%)
5 mg, BID, January Uglz;elrt S}ity No
NCT01334112, Canada Completed Advanced 30 Over Orally, in 2011 to Network No Results Results
Phase 2 HCC 18 cycles of 4 March > Posted
weeks 2018 Toronto; Posted
Pfizer
April 2011 National No
NCT01273662, Multi- Completed Advanced 45 Over 5 mg, BID, to Taiwan No Results Results
Phase 2 center HCC 18 Orally December University Posted Posted
2016 Hospital
Median OS: 12.7
(10.2 to 14.9) for
Axitinib vs 9.7
(5.9 to 11.8) for
Placebo,
HR=0.907, 95%
CI: 0.646-1.274, Axitinib:
70 1 mg, 5 mg December, P.:0.2872; 62/133
NCT01210495, centers Advanced Over BID, Orally 2010 to Median PES: 3.6 (46.6%)
Completed 224 vs Placebo; Pfizer (2.3 to 4.6) for Vs
Phase 2 (13 HCC 18 K December, .
countries) Duration: 3-6 2016 Axitinib vs 1.9 Placebo:
months (1.9 to 3.5) for 16/68
Placebo, (23.5%)
HR=0.618, 95%
CI: 0.438-0.871,
P=0.0039;
TTP: HR=0.621,
95%CI: 0.434-
0.889, P=0.006
NCT01352728,  Hong Unresectable Over | TACEtSmg | May 2011 Chinese No Results Mo
Phase 2 Kong Completed HCC 50 18 éxmmb, to June, University of Posted Results
Daily, Orally 2018 Hong Kong Posted
1mg, 2mg,
3mg, BID,
Orally; June, 2016 Shin Kong No
NCT02814461, Chinese Completed Advanced 9 20-85 Combination to Wu Ho-Su No Results Results
Phase 1 Taipei HCC with November Memorial Posted Posted
radiotherapy; 2018 Hospital
Duration:
total 8 weeks
TTP=5.52 (1.91
to 7.39);
avelumab 10 Objective
mg/kg QW | September, Response= 13.6
NCT03289533, Advanced Over in 2017 to (2.9 to 34.9); 8/22
Phase 1 NA Completed HCC 2 20 combination September, Phizer Disease Control= (36.36%)
with axitinib 2020 68.2 (45.1 to
5 mg BID 86.1)
TTR=1.91 (1.9 to
3.7)
September
NCT01441388, NA Withdrawn Adgé“ée‘i NA Over Crizotinib | 27,2011 to Phiser No Results Ref;’]ts
Phase 1 . 18 plus axitinib December Posted
Glioblastoma 20, 2011 Posted

NA, Not available; HCC, Hepatocellular carcinoma; HR, Hazard ratio; CI, Confidence interval; OS, Overall Survival; PFS, Progress Free Survival. TACE, Transarterial Chemoembolisation; TTP,
Time to Disease Progression; TTR, Time to Tumor Response.

During tumor angiogenesis, tumor vessels have structural and  study, the authors also found that tumor growth was significantly
functional abnormalities, and they are essential for tumor growth,  suppressed by Axitinib compared with the controls. In addition to
progression, and metastasis (32). Inhibiting tumor vasculature may  the above findings, they further suggested that the therapeutic
be an effective cancer therapy target. Lv et al. (33) established a VX2  effects of Axitinib in suppressing VX2-mediated HCC in rabbits
liver tumor-bearing rabbit model and further demonstrated that  could be noninvasively and quantitatively monitored with CT
axitinib exhibited antitumor efficacy on HCC animal model. In this  spectral imaging parameters.
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TABLE 2 Experimental (preclinical) studies reported that biological effects of axitinib in HCC.

Study

area

Materials

Signaling
pathway

Molecular mechanisms

Cell lines and

VEGFR2/

Axitinib is an efficient inhibitor for Klotho-mediated anoikis resistance, which might provide

Chen et al,, 2013 Chi hy hepat
eneta na t'lslsm:: epatoma PAK1 a therapeutic intervention for those HCC patients with high Klotho expression.
issug
Gu et al,, 2013 Australia Human liver CYPIAZ Axitinib potently suppressed CYP1A2-dependent 7-ethoxyresorufin O-deethylation activity at
tissue a low level.
Human HCC cell 5 uM Axitinib significantly inhibited cancer cell proliferation and viability; Insufficient
Liu et al,, 2015 China ERK, VEGFR radiofrequency ablation enhanced liver cancer cell proliferation by activating CaMKII/ERK-

line

China liver tumor — NA

Lv et al, 2016
ve bearing rabbits

dependent VEGF overexpression.

Axitinib exhibits antitumor efficacy on liver tumor; tumor growth was significantly
suppressed by Axitinib compared with the control, tended to be smaller with higher dosages.

HCC cell line,

Chiew et al,, 2017 | Singapore | HUVEC, and Akt/mTor
mouse model
Glycolysis and
Cells and clinical
Amin et al,, 2019 Canada ¢S and cinie the citric acid
samples
cycle
Lin et al., 2019 China Rats and cells NA
{R-509-
Li et al,, 2020 China HCC cells miR-509-3p/
PDGFRA

NA, not available.

At present, treatment efficacy is commonly monitored by
computed tomography (CT) scans and magnetic resonance
imaging (MRI). Treatment effects for solid tumors are typically
characterized by the reduction in tumor size or tumor attenuation
(34). Amin et al. (35) demonstrated that 5,6-dihydrouracil and
glycopyranose increased after treatment with axitinib, while
glutamic acid, glutamine, and a lactose derivative decreased with
treatment-response. In Amin et al.’s study, the clinical samples were
collected at 2-4 weeks after initiation of axitinib. Since such a
phenomenon of the treatment-related changes in the metabolome
was detected, the clinicians may identify individuals who are not
benefiting from a chemotherapeutic agent, which may serve as a
part of an adaptive treatment algorithm.

Among axitinib patients, diarrhea is the most common adverse
reaction, with a mean frequency in all grades exceeding 50% (36).
Loperamide, an opioid receptor agonist, is widely prescribed to treat
chronic diarrhea and acute diarrhea as well (37). Chemotherapy-
induced diarrhea is commonly treated with high-dose loperamide,
which is considered the standard first-line treatment. As a result,
concurrent use of loperamide and axitinib may ensure the efficacy
of antitumor properties as well as minimize the side effects.
However, loperamide is a substrate of CYP2C8, CYP3A4 and P-
gp, suggesting there may be a direct correlation between axitinib
and loperamide (38). Lin et al. (39) showed that axitinib inhibited
the metabolism of loperamide noncompetitively in vitro and
affected the pharmacokinetic characteristics of loperamide in vivo.
The peak time of loperamide increased while blood clearance
decreased under the impact of axitinib. As a result, since the
pharmacokinetics of LOP have been altered remarkably, it is
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Axitinib induces HUVEC apoptosis and reduced vascular networks, but is unable to kill liver
cancer cells; Axitinib had a lower anti-angiogenic effect than sunitinib.

Under axitinib treatment, 5,6-dihydrouracil and glycopyranose increased, while glutamic acid,
glutamine, and a lactose derivative decreased with treatment-response.

Axitinib inhibited the metabolism of loperamide noncompetitively in vitro and affect the
pharmacokinetic characteristics of loperamide in vivo.

LINC00467 promoted the proliferation and invasion of the HCC cells. Besides, high level of
LINC00467 contributed to Axitinib resistance of HCC through miR-509-3p/PDGFRA axis.

recommended to avoid the combination of axitinib and LOP,
even if the two drugs are administered at therapeutic doses.

The PDGEFR gene has been reported to be highly expressed in
HCC (40). PDGFR can be regulated by Axitinib, while PDGFRA
and PDGFRB are two isoforms of PDGFR. High expression of
PDGFRA/B was found to be closely associated with low OS in HCC
patients (41). A recent study conducted by Li et al. (42) indicated
that LINC00467 promoted the proliferation and invasion of the
HCC cells. The authors also found that high level of LINC00467
contributed to Axitinib resistance of HCC through miR-509-3p/
PDGFRA axis. LINC00467, one of the IncRNAs being detected, has
been found to serve as an oncogene in multiple cancers, including
neuroblastoma, lung cancer, and colorectal cancer (43). In Li et al.’s
study (42), LINC00467 was upregulated in HCC samples as
compared to the normal live tissues by analyzing TCGA database.
The authors further observed that LINC00467 inhibition might
suppress the proliferation and invasion but promoted the apoptosis
of the HCC cells. They also suggested that LINC00467 might
involve in the Axitinib resistance of HCC.

Inconsistent with the above studies, Chiew et al. (44) reported
that Axitinib induced HUVEC apoptosis and reduced vascular
networks via the Akt/mTOR signaling pathway, but is unable to
kill the HCC cells. They concluded that Axitinib had a lower anti-
angiogenic effect than sunitinib for treating HCC in a 3D co-culture
spheroid of tumor cells.

Taken together, the above experimental/preclinical studies
demonstrated that the molecular mechanisms of anti-tumor
action of the Axitinib presents itself as a multifaceted process.
The associated signaling molecules included VEGFR2/PAKI,
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CYP1A2, CaMKII/ERK, Akt/mTor, and miR-509-3p/PDGFRA.
Figure 1 showed the molecular mechanism underlying the roles
of axitinib in advanced HCC. The biochemical mechanisms might
be associated with glycolysis and the citric acid cycle. These in vitro
and in vivo studies may improve the understanding of the biological
functioning of Axitinib in the treatment of HCC, indicating that
Axitinib is worthy to be popularized in clinical practice.

Published clinical trials

After a systematically search in the six common databases, we
have identified nine published clinical trials (Table 3). The year of
publication among the included studies ranged from 2015 to 2021.
The study location/area/region included Japan, Canada, China, and
multi-center involving multiple countries. The study design
included phase I, phase II, and case report, either single arm or
randomized. The sample size ranged from 1 to 202 participants. The
tumor stage of HCC included advanced, metastatic, and inoperable
HCC. The age of the participants ranged from 18 to 84.
The administration of Axitinib was mainly 5 mg twice daily
orally, while 1 mg, 2mg, 3mg, and 7mg twice daily were also
investigated. The treatment period included 4 weeks, 8 week, and
16 weeks. The combination therapies included transarterial
chemoembolization, radiotherapy, and avelumab intravenously.
The most common adverse event reported in the nine included
studies was hypertension. Other side-effect included diarrhea,
decreased appetite, thrombocytopenia, ulcerative oral mucositis,
rash, polyhidrosis, fatigue, emesis, hyperbilirubinemia,

Axitinib

Inhibiting
phosphorylation

10.3389/fimmu.2023.1163967

high transaminases, abdominal pain, asthenia, palmar-
plantarerythrodysesthesia syndrome, proteinuria, alkaline
phosphatase, and bilirubin.

A randomized phase II study developed by Kang et al. (45) in
2015 recruited 134 advanced HCC patients under axitinib
treatment (5 mg BID in 4-week cycles, orally) and 68 patients
received placebo. The investigators found that Axitinib did not
improve OS over placebo (HR=0.907, 95%CI: 0.646-1.274, median
months: 12.7 vs 9.7). But Axitinib could significantly improve the
PES, TTP, and BCR (all P<0.05). Interestingly, though the OS
between the axitinib and placebo group did not reach statistical
significance, the authors found the OS was better in some
subgroups, such as Eastern Cooperative Oncology Group
performance status (ECOG PS) 1, excluding those intolerant to
prior antiangiogenic therapy, as well as those patients with baseline
o-fetoprotein =400 ng/ml. In regard to PFS, the survival time was
significantly better in patients under axitinib treatment at Asian, but
not non-Asian. In this study, the authors also investigated several
serum soluble protein biomarkers to predict the survival of the
patients. The results showed that patients with low baseline serum
level of E-selectin or stromal cell-derived factor-1 had a significantly
higher OS than those with a high level. In addition, the investigators
further found a prognostic association between lower baseline levels
of circulating IL-6 or angiopoeitin-2 and longer OS (all P<0.05).
The adverse events in this study included diarrhoea (54%),
hypertension (54%), and decreased appetite (47%). This study
indicated that axitinib could prolong rather the PFS and TTP
than the OS of patients with advanced HCC, with an acceptable
safety profile. E-selectin, stromal cell-derived factor-1, IL-6, and
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TABLE 3 Published studies reported the effect of axitinib in advanced HCC.
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Cancer
Study and = Study Clinical type, o Therapeutic effects or molecular
Number Axitinib . Adverse events (%)
references  area phase of mechanisms
patients
Axitinib did not improve OS over plalcebo Diarrhoea (54%),
. (HR=0.907, 95%CI: 0.646-1.274, median i
Kang et al., 11/ Advanced 5 mg BID in 4- i hypertension
Japan i 25-84 months: 12.7 vs 9.7). But it could .
2015 Randomized | HCC, 202 week cycles, orally . . (54%), decreased appetite
51gn1ﬁcantly improve the PFS, TTP, and
(47%).
BCR.
H tensi 16.7%),
McNamara Single-arm Advanced 5 mg twice daily Tumor control rate at 16 weeks was 42.3% ypertension ( X %)
Canada 27-85 thrombocytopenia
et al,, 2015 phase II HCC, 30 orally, 16 weeks (95% CI: 22.3%-63.1%). i
(13.3%), diarrhea (10.0%)
. - .. Ulcerative oral mucositis,
Combined axitinib and cabozantinib (50 .
. . . . . rash, polyhidrosis,
Zhang et al., . Case Metastatic 7 mg twice daily mg, qd, po) after failed sorafenib . .
China 64 . . fatigue, loss of appetite,
2015 report HCC, 1 orally treatment. The patient had a total survival .
emesis, and elevated
of 10 months.
blood pressure
Multi- No significant association was found in the
Lo et al., center Single arm Advanced 18-78 5 mg twice daily PFS (P=0.310) or progression at 16 wk NA
2016 Clinical phase IT HCC, 15 orally (P=0.849). But a borderline statistically
Trial significant OS was observed (P=0.050).
Singl. The 2- OS rat 43.7%, and th
ingle arm 5 mg twice daily © cryear Lo ate was £2.76, and the Hyperbilirubinemia
phase II . median OS was 18.8 months. The median . .
Chan et al., . Inoperable 61.8 + orally combined (14%), increase in
China (follow-up: R . TTP was 10.4 months (95% CI: 5.4-12.7) K
2017 HCC, 50 7.6 with transarterial transaminases (44%), and
39.9 o and the PFS was 8.4 months (95% CI: 3.9- K i
chemoembolization abdominal pain (24%)
months) 11.2).
Median OS in the axitinib and the placebo
arm, respectively, was 12.3 months and
Multi 11.2 months in non-Asia (P=0.465) and
i twice dail 13. h ) in Asi
Kudo et al., center 11/ Advanced 5 mg 'wu:e daily 3:5 months and' 6 3 months in SI? Hypertension, diarrhea,
.. . 65 orally in 4-week (P=0.226). PFS significantly longer in the . .
2018 Clinical Randomized | HCC, 202 . X asthenia, fatigue, etc.
. cycles axitinib group (3.6 months) than in the
Trial . .
placebo arm (1.8 months) in Asia (HR
0.556, 95% CI 0.370-0.835; P= 0.0023) but
not in non-Asia group.
Fati %), i
. . i The disease control rate was 62.2%. atigue (60%) ar.lorexm
Lin et al, . 11/ Advanced 5 mg twice daily . (57%), hypertension
China . 32-76 Median PFS and OS were 2.2 months and
2020 Randomized | HCC, 45 orally X (56%), and rash (49%),
10.1 months, respectively.
etc.
H tensi 50.0%),
5 mg twice daily L ypertension ( %)
orally combined The objective response rate was 13.6% palmar-
Kudo et al., Japan Phase Tb Advanced 20-84 avehj,mab 10 me/ (95% CI: 2.9-34.9%) per RECIST 1.1 and plantarerythrodysesthesia
2021 P HCC, 22 i & 31.8% (95% CI: 13.9-54.9%) per mRECIST  syndrome (22.7%), and
kg intravenously .
every 2 weeks for HCC. decreased appetite
R (13.6%).
1 mg, 2mg, and Hypertension,
Yang et al, ‘ Advanced 3mg twicj.e daily for ~ Overall response rate W?s 66.7%. 1-year prot-einuria, incr'eased
China Phase I 37-83 8 weeks in OS was 66.7% and median PFS was 7.4 alanine transaminase,
2021 HCC, 9 L . .
combination with months. alkaline phosphatase, and
radiotherapy bilirubin.

NA, Not available; HCC, Hepatocellular carcinoma; HR, Hazard ratio; CI, Confidence interval; OS, Overall Survival; PES, Progress Free Survival; RECIST, Response Evaluation Criteria
in Solid Tumors.

angiopoeitin-2 were the potential prognostic and predictive  weeks was 42.3% (95% CI: 22.3%-63.1%) through the standards of
RECIST1.1. The median duration of tumor control on Axitinib
treatment was 3.6 months (95% CI, 2.8-9.2 months). PFS (P=
0.0005) and OS (P = 0.04) were found to be associated with the

greatest percentage change from baseline in the sum of the

biomarkers in the action of axitinib on advanced HCC.

In a previous single-arm phase II study in Canada, McNamara
et al. (46) recruited 30 advanced HCC patients and all the patients
received Axitinib 5 mg twice daily orally for16 weeks (without a

placebo group). The authors found the tumor control rate at 16  diameters of tumor lesions by using RECIST 1.1. Similar trend
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was found in Choi criteria but not for mRECIST criteria. For
different race of the investigated patients, the median OS in
Asians was 9.7 months vs 6.6 months for non-Asian (P=0.19), no
significant different was found. In this study, no biomarker was
identified that could be predicted the PFS and the OS (all P>0.05).
The adverse events reported in this trial included hypertension
(16.7%), thrombocytopenia (13.3%), and diarrhea (10.0%). In the
further analysis, median PFS in patients who developed grades 1-3
hypertension was 10.7 months vs 2.8 months in those who did not
(P=0.0004). In aspect of the OS, patients who developed
hypertension was 17.2 months vs 6.0 months in those who did
not (P < 0.0001). This study suggested that axitinib could encourage
tolerable clinical activity in HCC patients, which need more
potential biomarkers to evaluate the responses of axitinib treatment.

At present, in addition to McNamara et al.’s study, there were
another two single arm phase II studies had published. Lo et al. (13)
conducted a multi-center clinical trial which investigated 15
advanced HCC patients in Australia, Canada, and UK. The
researchers reported that no significant association was found in
the PFS (P=0.310) or progression (P=0.849) after the treatment of
axitinib 5 mg twice daily orally at 16 weeks. However, they observed
a borderline statistically significant on the OS (P=0.050), even
though limited by a small sample size. On the other hand, the
authors also indicated that dynamic contrast-enhanced ultrasound
(DCE-US) might be potentially useful in monitoring early tumor
response of advanced HCC to axitinib treatment. Besides, tumor
fractional blood volume measurement using the DCE-US infusion
technique might be a promising imaging biomarker to predict OS in
patients with advanced HCC who under axitinib treatment.
Another single arm phase II trial developed by Chan et al. (47)
had recruited 50 inoperable HCC patients who treated with 5 mg
Axitinib twice daily orally combined with transarterial
chemoembolization with a follow-up of 39.9 months. This study
showed that the 2-year OS rate was 43.7% and the median OS was
18.8 months after the treatment of the combination of Axitinib and
transarterial chemoembolization. The median TTP was 10.4
months (95% CI: 5.4-12.7) and the PFS was 8.4 months (95% CI:
3.9-11.2). In this study, the common adverse events of grade 3 were
increase in transaminases (44%), abdominal pain (24%), and
hyperbilirubinemia (14%), which might be associated with the
treatment of transarterial chemoembolization. Under the
treatment of Axitinib, the side-effect included hypertension (24%)
and hand-foot skin reaction (14%). The authors also investigated
the predictive parameters of efficacy of the treatment. They found
that patients who developed hypertension had a better median PFS
when compared to those without a hypertension (11.6 months vs
4.5 months, P=0.0017). Similarly, the median OS was also better in
those with hypertension than the absence of hypertension (25
months vs 14.1 months, P= 0.0222). Interestingly, a higher grade
of hypertension also was correlated to a better median PFS (P=
0.004). In the multivariate analyses, the presence and grading of
hypertension and Eastern Cooperative Oncology Group (ECOG)
performance status were the independent prognostic factors for OS
(all P<0.05). The above studies revealed that combining axitinib
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with TACE or DCE-US might effective for patients with
inoperable HCC.

A previous phase II randomized multi-center clinical trial (48)
demonstrated that the median OS in the axitinib (5 mg twice daily
orally in 4-week cycles) and the placebo arm, respectively, was 12.3
months and 11.2 months in non-Asia (P=0.465) and 13.5 months
and 6.3 months in Asia (P=0.226). These results indicated axitinib
did not prolong the OS of the advanced HCC patients. However,
PES significantly longer in the axitinib group (3.6 months) than in
the placebo arm (1.8 months) in Asia (HR 0.556, 95% CI 0.370-
0.835; P= 0.0023) but not in non-Asia group (P>0.05). In line with
the above findings, the adverse events were hypertension, diarrhea,
asthenia, and fatigue, etc. This study revealed that the PFS in the
axitinib/BSC arm could be affected by different population, showing
that longer PFS was identified in patients from Asia rather than
non-Asia. In a phase II randomized trial developed in China, Lin
et al. (49) reported the disease control rate was 62.2% in 45
advanced HCC patients received 5 mg axitinib twice daily orally.
Median PES and OS of the participants were 2.2 months and 10.1
months, respectively. Of note, the side-effects were detected as
fatigue (60%), anorexia (57%), hypertension (56%), and rash
(49%), which were higher than that of other phase II studies. This
study observed that Axitinib is moderately active and has acceptable
toxicity for patients with advanced HCC who have failed to respond
to sorafenib monotherapy in the first instance.

In addition to the above clinical trials, Zhang et al. (16)
presented a case report on the topic of the combination of
axitinib and cabozantinib after failed sorafenib treatment in a
metastatic HCC patient. This male patient aged at 64 y old,
complained of discomfort in upper abdomen. This patient was
diagnosed with lung and bone metastases of stage D primary HCC
with chronic type B hepatitis. The author reported that this
advanced HCC patient received the combination of axitinib (7
mg twice daily orally) and cabozantinib (50 mg, qd, orally) after
failed sorafenib treatment. However, the patient had a total survival
of 10 months after these treatments. The patient exhibited disease
progression after treating with sorafenib for 2.5 months. Then, he
was treated with treated with angiogenesis inhibitor axitinib and c-
Met inhibitor cabozantinib, but turned to be a poor outcome.
This study highlighted that options of appropriate therapies and
timing needed enhanced communication and collaboration of
relevant disciplines, which might facilitate to improve the
therapeutic efficacy.

Directions for future research

Most of the above included studies were designed for treating
the advanced HCC patients with axitinib alone. The outcomes
turned out to be no significant benefit from axitinib treatment on
the OS. Even though this agent could prolong the OS of the
sufferers, there was no significant difference between axitinib
treatment and the placebo. However, we should note that patients
received axitinib treatment had a significant better PFS as compared
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to the controls. Therefore, many scholars believed that Axitinib
might serve as the second-line treatment for patients with advanced
HCC who failed sorafenib treatment.

Mounting evidence demonstrated that the combination of
immunotherapy (included the combination of different
immunosuppressors) and radiotherapy/chemotherapy/ablation
may significantly promote the therapeutic efficacy in patients with
unresectable or metastatic HCC (50-53). Combination therapy may
have better antitumor properties than monotherapy. Though
monotherapy with axitinib showed no significant survival
benefits, the combination of anti-PD-1/PD-L1, anti-CTLA-4, or
other tyrosine kinase inhibitors (TKIs) may be a promising regimen
for advanced HCC. Immunotherapy is a promising therapy option
for unresectable and advanced HCC. Immune checkpoint inhibitors
(ICIs) have been shown to be highly effective in the treatment for
this type of cancer. PD-1/PD-L1 is one of the widespread
applications of ICI, having the potent anticancer effect for
advanced HCC. According to the lately evidence, ICIs combined
with kinase inhibitors exhibit a potential superior anti-tumor effect
on advanced HCC. Mechanistically, PD-1/PD-L1 blockade with its
antibody can restore T-cell function, while axitinib is an inhibitor
against multiple types of VEGFR. Both anti-PD-1 and anti-VEGFR
enhance the therapeutic anti-tumor effects. Current evidence
indicates that single-agent axitinib showed none of significant
overall survival benefit for patients with advanced HCC.
However, promisingly, axitinib combined with anti-PD-1/PDL-1
agents have exerted a potential anticancer effect on advanced HCC.
Within the topic of this review, Kudo et al. (54) earlier detected
axitinib plus anti-PD-1/PDL-1 agents had the possible antitumor
potential effect on advanced HCC. In this study, axitinib combined
with anti-PD-L1 monoclonal antibody (avelumab) presented with a
manageable toxicity profile. 72.7% of the advanced HCC patients
complicated with Grade 3 treatment-related adverse events,
including hypertension, palmar-plantar erythron dysesthesia
syndrome, and loss of appetite. However, no Grade 4 treatment-
related adverse events or treatment-related deaths occurred under
these regimens. Though the objective response rate appeared to be
numerically lower compared to other similar trials in the first-line
HCC setting, a combination treatment of axitinib and avelumab
exerted with clinical activity as first-line treatment. The authors
suggested that the inconsistent results might be correlated to the
limited patient numbers and differences in trial design. Several
undergoing phase 1 and phase 3 studies (55-57) have investigated
the anti-PD-1 monoclonal antibody plus anti-VEGF multikinase
inhibitor in patients with advanced HCC. The objective response
rates were up to 36% per RECIST and 46% per mRECIST,
indicating the promising anti-tumor effects on advanced HCC.
Furthermore, Kudo et al. (54) also found that patients without
baseline vascular invasion or with baseline extrahepatic spread
presented with a higher ORR per RECIST 1.1 and favorable OS.
In addition, patients with PD-L1+ tumors had longer OS than those
with PD-L1- tumors. Therefore, anti-VEGF multikinase inhibitor
plus anti-PD-1 monoclonal antibody may be more suitable for the
patients who without baseline vascular invasion, with baseline
extrahepatic spread, or with PD-L1+ tumors. The United States
FDA approved sorafenib and nivolumab as the first anti-PDL-1/
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PD-1 antibodies for the treatment of HCC. Since both sorafenib and
axitinib are the important tyrosine kinase inhibitors, axitinib
combined with anti-PDL-1/PD-1 antibodies may also have
promising outcomes in advanced HCC treatment, which is
waiting for more well-designed RCT to prove it.

At present, there were two phase I trials have been published
recently within the topic of the combination of axitinib and other
therapies. Both of the two studies were conducted in Asia (China
and Japan) and published in the year of 2021. Kudo et al. (54)
recruited 22 advanced HCC patients who aged 20-84 in a phase I
study. The authors found that advanced HCC patients received 5
mg axitinib twice daily orally combined avelumab 10 mg/kg
intravenously every 2 weeks had a moderate objective response
rate (13.6%, 95% CI: 2.9-34.9%, per RECIST 1.1 and 31.8%,
95% CI: 13.9-54.9%, per mRECIST). The adverse events
included hypertension (50.0%), palmar-plantarerythrodysesthesia
syndrome (22.7%), and decreased appetite (13.6%). In another
recent phase I trial, Yang et al. (58) demonstrated that nine
advanced HCC patients under 1 mg, 2mg, and 3mg axitinib twice
daily for 8 weeks in combination with radiotherapy had an overall
response rate of 66.7%. The 1-year OS was recorded at 66.7% and
median PFS was 7.4 months. The side-effects included
hypertension, proteinuria, increased alanine transaminase,
alkaline phosphatase, and bilirubin. The two phase I study
suggested that axitinib in combination with other therapies
exhibited a promising antitumor efficacy on advanced HCC and
underwent with a comparable adverse events of axitinib
monotherapy. However, these results were derived from phase I
or phase Ib trial with a small sample size. Therefore, more multi-
center randomized trials with large sample size are still warranted
for validating the therapeutic efficacy of the combination of axitinib
and other treatments in managing patients with advanced HCC.

Conclusion

The present review highlights the current clinical applications
and the molecular mechanisms of axitinib in advanced HCC. The
included randomized or single-arm phase II trials indicated that
axitinib could not prolong OS as compared to placebo for the
treatment of advanced HCC, but improvements in PFS and time to
tumor progression were observed. Experimental studies showed
that the biochemical effects of axitinib in HCC might be regulated
by its associated genes and affected signaling cascades. Axitinib
combined with axitinib exerts promising antitumor efficacy
on advanced HCC. Future directions should focus on the
identification of precise biomarkers and the development of novel
immunotherapy agents. To move toward clinical applications by
combining axitinib and other treatments in advanced HCC, more
studies are still warranted in the near future.

Author contributions

HJ and SX contributed to conceive and design the study. JL, CJ,
and JM performed the article searching. HJ and SX extracted the

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1163967
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiang et al.

data. HJ and SX wrote the manuscript. J]M and LW supervised
the manuscript. All of the authors read and approved the
final manuscript.

Funding

This project was supported by the grants from Zhejiang Province
Public Welfare Technology Application Research Project (No.
LGF21H160022), the Natural Science Foundation of Zhejiang
Province (No. LQ22H160055), Science and Technology Plan
Project of Taizhou (No. 21ywb26, 21ywb29, 22ywal4, and
22ywb26), and Medical Science and Technology Project of
Zhejiang Province (No. 2023KY403, 2023KY404, and 2023KY1340).

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin (2021) 71:209-49. doi: 10.3322/
caac.21660

2. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer ]
Clin (2023) 73:17-48. doi: 10.3322/caac.21763

3. McGlynn KA, Petrick JL, London WT. Global epidemiology of hepatocellular
carcinoma: an emphasis on demographic and regional variability. Clin Liver Dis (2015)
19:223-38. doi: 10.1016/j.c1d.2015.01.001

4. Nischalke HD, Berger C, Luda C, Berg T, Muller T, Grunhage F, et al. The
PNPLA3 rs738409 148M/M genotype is a risk factor for liver cancer in alcoholic
cirrhosis but shows no or weak association in hepatitis ¢ cirrhosis. PloS One (2011) 6:
€27087. doi: 10.1371/journal.pone.0027087

5. Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, Roayaie S, et al.
Hepatocellular carcinoma. Nat Rev Dis Primers (2021) 7:6. doi: 10.1038/s41572-020-
00240-3

6. Llovet JM, Zucman-Rossi J, Pikarsky E, Sangro B, Schwartz M, Sherman M, et al.
Hepatocellular carcinoma. Nat Rev Dis Primers (2016) 2:16018. doi: 10.1038/
nrdp.2016.18

7. Llovet JM, Real MI, Montana X, Planas R, Coll S, Aponte J, et al. Arterial
embolisation or chemoembolisation versus symptomatic treatment in patients with
unresectable hepatocellular carcinoma: a randomised controlled trial. Lancet (2002)
359:1734-39. doi: 10.1016/S0140-6736(02)08649-X

8. Vogel A, Qin S, Kudo M, Su Y, Hudgens S, Yamashita T, et al. Lenvatinib versus
sorafenib for first-line treatment of unresectable hepatocellular carcinoma: patient-
reported outcomes from a randomised, open-label, non-inferiority, phase 3 trial. Lancet
Gastroenterol Hepatol (2021) 6:649-58. doi: 10.1016/S2468-1253(21)00110-2

9. Faivre S, Rimassa L, Finn RS. Molecular therapies for HCC: looking outside the
box. J Hepatol (2020) 72:342-52. doi: 10.1016/j.jhep.2019.09.010

10. Choueiri TK. Axitinib, a novel anti-angiogenic drug with promising activity in
various solid tumors. Curr Opin Investig Drugs (2008) 9:658-71.

11. Tomita Y, Fukasawa S, Oya M, Uemura H, Shinohara N, Habuchi T, et al. Key
predictive factors for efficacy of axitinib in first-line metastatic renal cell carcinoma:
subgroup analysis in Japanese patients from a randomized, double-blind phase II study.
Jpn J Clin Oncol (2016) 46:1031-41. doi: 10.1093/jjco/hyw103

12. Zhu AX, Duda DG, Sahani DV, Jain RK. HCC and angiogenesis: possible targets
and future directions. Nat Rev Clin Oncol (2011) 8:292-301. doi: 10.1038/
nrclinonc.2011.30

13. Lo GM, Al ZH, Jang HJ, Menezes R, Hudson J, Burns P, et al. Detection of early
tumor response to axitinib in advanced hepatocellular carcinoma by dynamic contrast
enhanced ultrasound. Ultrasound Med Biol (2016) 42:1303-11. doi: 10.1016/
j.ultrasmedbio.2016.01.025

14. Rini BI, Escudier B, Tomczak P, Kaprin A, Szczylik C, Hutson TE, et al
Comparative effectiveness of axitinib versus sorafenib in advanced renal cell carcinoma
(AXIS): a randomised phase 3 trial. Lancet (2011) 378:1931-39. doi: 10.1016/S0140-
6736(11)61613-9

15. Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L. VEGF receptor signalling
- in control of vascular function. Nat Rev Mol Cell Biol (2006) 7:359-71. doi: 10.1038/
nrm1911

16. Zhang B, Zhang X, Zhou T, Liu J. Clinical observation of liver cancer
patients treated with axitinib and cabozantinib after failed sorafenib treatment:

Frontiers in Immunology

10.3389/fimmu.2023.1163967

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed 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.

a case report and literature review. Cancer Biol Ther (2015) 16:215-18. doi: 10.4161/
15384047.2014.962318

17. Tiako MM, Chen J, Goldwasser F, Hirsch L, Huillard O. A profile of avelumab
plus axitinib in the treatment of renal cell carcinoma. Ther Clin Risk Manag (2022)
18:683-98. doi: 10.2147/TCRM.S263832

18. Chen Y, Tortorici MA, Garrett M, Hee B, Klamerus KJ, Pithavala YK. Clinical
pharmacology of axitinib. Clin Pharmacokinet (2013) 52:713-25. doi: 10.1007/s40262-
013-0068-3

19. Rini BI, Schiller JH, Fruehauf JP, Cohen EE, Tarazi JC, Rosbrook B, et al.
Diastolic blood pressure as a biomarker of axitinib efficacy in solid tumors. Clin Cancer
Res (2011) 17:3841-49. doi: 10.1158/1078-0432.CCR-10-2806

20. Rini B, Garrett M, Poland B, Dutcher JP, Rixe O, Wilding G, et al. Axitinib in
metastatic renal cell carcinoma: results of a pharmacokinetic and pharmacodynamic
analysis. J Clin Pharmacol (2013) 53:491-504. doi: 10.1002/jcph.73

21. Tzogani K, Skibeli V, Westgaard I, Dalhus M, Thoresen H, Slot KB, et al. The
European medicines agency approval of axitinib (Inlyta) for the treatment of advanced
renal cell carcinoma after failure of prior treatment with sunitinib or a cytokine:
summary of the scientific assessment of the committee for medicinal products for
human use. Oncologist (2015) 20:196-201. doi: 10.1634/theoncologist.2014-0177

22. Swiecicki PL, Spector M, Worden FP. Axitinib in the treatment of head and
neck malignancies. Curr Clin Pharmacol (2016) 11:72-6. doi: 10.2174/
1574884711666160518120622

23. Qi WX, He AN, Shen Z, Yao Y. Incidence and risk of hypertension with a novel
multi-targeted kinase inhibitor axitinib in cancer patients: a systematic review and
meta-analysis. Br J Clin Pharmacol (2013) 76:348-57. doi: 10.1111/bcp.12149

24. Wilmes LJ, Pallavicini MG, Fleming LM, Gibbs J, Wang D, Li KL, et al. AG-
013736, a novel inhibitor of VEGF receptor tyrosine kinases, inhibits breast cancer
growth and decreases vascular permeability as detected by dynamic contrast-enhanced
magnetic resonance imaging. Magn Reson Imaging (2007) 25:319-27. doi: 10.1016/
j.mri.2006.09.041

25. Ma J, Waxman DJ. Modulation of the antitumor activity of metronomic
cyclophosphamide by the angiogenesis inhibitor axitinib. Mol Cancer Ther (2008)
7:79-89. doi: 10.1158/1535-7163.MCT-07-0584

26. Zhou X, FangX, Jiang Y, Geng L, Li X, Li Y, et al. Klotho, an anti-aging gene, acts
as a tumor suppressor and inhibitor of IGF-1R signaling in diffuse large b cell
lymphoma. ] Hematol Oncol (2017) 10:37. doi: 10.1186/s13045-017-0391-5

27. Chen L, Liu H, Liu J, Zhu Y, Xu L, He H, et al. Klotho endows hepatoma cells
with resistance to anoikis via VEGFR2/PAK1 activation in hepatocellular carcinoma.
PloS One (2013) 8:258413. doi: 10.1371/journal.pone.0058413

28. Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal GM, Fanning S, et al. Effects
of a selective inhibitor of the abl tyrosine kinase on the growth of ber-abl positive cells.
Nat Med (1996) 2:561-66. doi: 10.1038/nm0596-561

29. Gu R, Hibbs DE, Ong JA, Edwards RJ, Murray M. The multikinase inhibitor
axitinib is a potent inhibitor of human CYP1A2. Biochem Pharmacol (2014) 88:245-52.
doi: 10.1016/j.bcp.2014.01.016

30. Rim CH, Lee JS, Kim SY, Seong J. Comparison of radiofrequency ablation and
ablative external radiotherapy for the treatment of intrahepatic malignancies: a hybrid
meta-analysis. JHEP Rep (2023) 5:100594. doi: 10.1016/j.jhepr.2022.100594

31. LiuZ,DaiH, Jia G, Li Y, Liu X, Ren W. Insufficient radiofrequency ablation promotes
human hepatoma SMMC7721 cell proliferation by stimulating vascular endothelial growth
factor overexpression. Oncol Lett (2015) 9:1893-96. doi: 10.3892/01.2015.2966

frontiersin.org


https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21763
https://doi.org/10.1016/j.cld.2015.01.001
https://doi.org/10.1371/journal.pone.0027087
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/nrdp.2016.18
https://doi.org/10.1038/nrdp.2016.18
https://doi.org/10.1016/S0140-6736(02)08649-X
https://doi.org/10.1016/S2468-1253(21)00110-2
https://doi.org/10.1016/j.jhep.2019.09.010
https://doi.org/10.1093/jjco/hyw103
https://doi.org/10.1038/nrclinonc.2011.30
https://doi.org/10.1038/nrclinonc.2011.30
https://doi.org/10.1016/j.ultrasmedbio.2016.01.025
https://doi.org/10.1016/j.ultrasmedbio.2016.01.025
https://doi.org/10.1016/S0140-6736(11)61613-9
https://doi.org/10.1016/S0140-6736(11)61613-9
https://doi.org/10.1038/nrm1911
https://doi.org/10.1038/nrm1911
https://doi.org/10.4161/15384047.2014.962318
https://doi.org/10.4161/15384047.2014.962318
https://doi.org/10.2147/TCRM.S263832
https://doi.org/10.1007/s40262-013-0068-3
https://doi.org/10.1007/s40262-013-0068-3
https://doi.org/10.1158/1078-0432.CCR-10-2806
https://doi.org/10.1002/jcph.73
https://doi.org/10.1634/theoncologist.2014-0177
https://doi.org/10.2174/1574884711666160518120622
https://doi.org/10.2174/1574884711666160518120622
https://doi.org/10.1111/bcp.12149
https://doi.org/10.1016/j.mri.2006.09.041
https://doi.org/10.1016/j.mri.2006.09.041
https://doi.org/10.1158/1535-7163.MCT-07-0584
https://doi.org/10.1186/s13045-017-0391-5
https://doi.org/10.1371/journal.pone.0058413
https://doi.org/10.1038/nm0596-561
https://doi.org/10.1016/j.bcp.2014.01.016
https://doi.org/10.1016/j.jhepr.2022.100594
https://doi.org/10.3892/ol.2015.2966
https://doi.org/10.3389/fimmu.2023.1163967
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiang et al.

32. Filippelli A, Del GC, Simonis V, Ciccone V, Spini A, Donnini S. Scoping review
on platelets and tumor angiogenesis: do we need more evidence or better analysis? Int |
Mol Sci (2022) 23:13401. doi: 10.3390/ijms232113401

33. Lv P, LiuJ, Yan X, Chai Y, Chen Y, Gao J, et al. CT spectral imaging for monitoring
the therapeutic efficacy of VEGF receptor kinase inhibitor AG-013736 in rabbit VX2 liver
tumours. Eur Radiol (2017) 27:918-26. doi: 10.1007/s00330-016-4458-4

34. Eisenhauer EA, Therasse P, Bogaerts ], Schwartz LH, Sargent D, Ford R, et al.
New response evaluation criteria in solid tumours: revised RECIST guideline (version
1.1). Eur J Cancer (2009) 45:228-47. doi: 10.1016/j.ejca.2008.10.026

35. Amin S, Rattner ], Keramati MR, Farshidfar F, McNamara MG, Knox JJ, et al. A
strategy for early detection of response to chemotherapy drugs based on treatment-related
changes in the metabolome. PloS One (2019) 14:¢213942. doi: 10.1371/journal.pone.0213942

36. Locati LD, Licitra L, Agate L, Ou SH, Boucher A, Jarzab B, et al. Treatment of
advanced thyroid cancer with axitinib: phase 2 study with pharmacokinetic/
pharmacodynamic and quality-of-life assessments. Cancer-Am Cancer Soc (2014)
120:2694-703. doi: 10.1002/cncr.28766

37. ShengJ, Tran PN, Li Z, Dutta S, Chang K, Colatsky T, et al. Characterization of
loperamide-mediated block of hERG channels at physiological temperature and its
proarrhythmia propensity. J Pharmacol Toxicol Methods (2017) 88:109-22.
doi: 10.1016/j.vascn.2017.08.006

38. Miller H, Panahi L, Tapia D, Tran A, Bowman JD. Loperamide misuse and
abuse. ] Am Pharm Assoc (2017) 57:545-50. doi: 10.1016/j.japh.2016.12.079

39. Lin QM, Pang NH, Li YH, Huang HL, Zhang XD, Hu GX, et al. Investigation of
the effects of axitinib on the pharmacokinetics of loperamide and its main metabolite n-
demethylated loperamide in rats by UPLC-MS/MS. Chem Biol Interact (2019)
310:108744. doi: 10.1016/j.cbi.2019.108744

40. PangY, Eresen A, Zhang Z, Hou Q, Wang Y, Yaghmai V, et al. Adverse events of
sorafenib in hepatocellular carcinoma treatment. Am J Cancer Res (2022) 12:2770-82.

41. Patel SH, Kneuertz PJ, Delgado M, Kooby DA, Staley CR, El-Rayes BF, et al.
Clinically relevant biomarkers to select patients for targeted inhibitor therapy after
resection of hepatocellular carcinoma. Ann Surg Oncol (2011) 18:3384-90.
doi: 10.1245/s10434-011-1775-3

42. Li W, He Y, Chen W, Man W, Fu Q, Tan H, et al. Knockdown of LINC00467
contributed to axitinib sensitivity in hepatocellular carcinoma through miR-509-3p/
PDGFRA axis. Gene Ther (2021) 28:634-45. doi: 10.1038/s41434-020-0137-9

43. Li Z, Liu J, Chen H, Zhang Y, Shi H, Huang L, et al. Ferritin light chain (FTL)
competes with long noncoding RNA Linc00467 for miR-133b binding site to regulate
chemoresistance and metastasis of colorectal cancer. Carcinogenesis (2020) 41:467-77.
doi: 10.1093/carcin/bgz181

44. Chiew G, Wei N, Sultania S, Lim S, Luo KQ. Bioengineered three-dimensional co-
culture of cancer cells and endothelial cells: a model system for dual analysis of tumor
growth and angiogenesis. Biotechnol Bioeng (2017) 114:1865-77. doi: 10.1002/bit.26297

45. Kang YK, Yau T, Park JW, Lim HY, Lee TY, ODbi S, et al. Randomized phase IT
study of axitinib versus placebo plus best supportive care in second-line treatment of
advanced hepatocellular carcinoma. Ann Oncol (2015) 26:2457-63. doi: 10.1093/
annonc/mdv388

Frontiers in Immunology

11

10.3389/fimmu.2023.1163967

46. McNamara MG, Le LW, Horgan AM, Aspinall A, Burak KW, Dhani N, et al. A phase
IT trial of second-line axitinib following prior antiangiogenic therapy in advanced
hepatocellular carcinoma. Cancer-Am Cancer Soc (2015) 121:1620-27. doi: 10.1002/
cncr.29227

47. Chan SL, Yeo W, Mo F, Chan A, Koh J, Li L, et al. A phase 2 study of the efficacy
and biomarker on the combination of transarterial chemoembolization and axitinib in
the treatment of inoperable hepatocellular carcinoma. Cancer-Am Cancer Soc (2017)
123:3977-85. doi: 10.1002/cncr.30825

48. Kudo M, Kang YK, Park JW, Qin S, Inaba Y, Assenat E, et al. Regional
differences in efficacy, safety, and biomarkers for second-line axitinib in patients
with advanced hepatocellular carcinoma: from a randomized phase II study. Liver
Cancer (2018) 7:148-64. doi: 10.1159/000484620

49. Lin ZZ, Chen BB, Hung YP, Huang PH, Shen YC, Shao YY, et al. A multicenter
phase II study of second-line axitinib for patients with advanced hepatocellular
carcinoma failing first-line sorafenib monotherapy. Oncologist (2020) 25:e1280-85.
doi: 10.1634/theoncologist.2020-0143

50. Zhou M, Zhu S, Xu C, Liu B, Shen J. A phase Ib/II study of BLU-554, a fibroblast
growth factor receptor 4 inhibitor in combination with CS1001, an anti-PD-L1, in
patients with locally advanced or metastatic hepatocellular carcinoma. Invest New
Drugs (2023) 41:162-7. doi: 10.1007/s10637-023-01335-w

51. Rizzo A, Ricci AD, Fanizzi A, Massafra R, De Luca R, Brandi G. Immune-based
combinations versus sorafenib as first-line treatment for advanced hepatocellular carcinoma:
a meta-analysis. Curr Oncol (2023) 30:749-57. doi: 10.3390/curroncol30010057

52. Jiang J, Diaz DA, Nuguru SP, Mittra A, Manne A. Stereotactic body radiation
therapy (SBRT) plus immune checkpoint inhibitors (ICI) in hepatocellular carcinoma
and cholangiocarcinoma. Cancers (2022) 15:50. doi: 10.3390/cancers15010050

53. Li Q, Han J, Yang Y, Chen Y. PD-1/PD-L1 checkpoint inhibitors in advanced
hepatocellular carcinoma immunotherapy. Front Immunol (2022) 13:1070961.
doi: 10.3389/fimmu.2022.1070961

54. Kudo M, Motomura K, Wada Y, Inaba Y, Sakamoto Y, Kurosaki M, et al.
Avelumab in combination with axitinib as first-line treatment in patients with
advanced hepatocellular carcinoma: results from the phase 1b VEGF liver 100 trial.
Liver Cancer (2021) 10:249-59. doi: 10.1159/000514420

55. Finn RS, Qin S, Tkeda M, Galle PR, Ducreux M, Kim TY, et al. Atezolizumab
plus bevacizumab in unresectable hepatocellular carcinoma. N Engl ] Med (2020)
382:1894-905. doi: 10.1056/NEJMoal915745

56. Finn RS, Ikeda M, Zhu AX, Sung MW, Baron AD, Kudo M, et al. Phase ib study
of lenvatinib plus pembrolizumab in patients with unresectable hepatocellular
carcinoma. J Clin Oncol (2020) 38:2960-70. doi: 10.1200/JCO.20.00808

57. Cheng AL, Qin S, Ikeda 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/
j.jhep.2021.11.030

58. Yang KL, Chi MS, Ko HL, Huang YY, Huang SC, Lin YM, et al. Axitinib in
combination with radiotherapy for advanced hepatocellular carcinoma: a phase I
clinical trial. Radiat Oncol (2021) 16:18. doi: 10.1186/s13014-020-01742-w

frontiersin.org


https://doi.org/10.3390/ijms232113401
https://doi.org/10.1007/s00330-016-4458-4
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1371/journal.pone.0213942
https://doi.org/10.1002/cncr.28766
https://doi.org/10.1016/j.vascn.2017.08.006
https://doi.org/10.1016/j.japh.2016.12.079
https://doi.org/10.1016/j.cbi.2019.108744
https://doi.org/10.1245/s10434-011-1775-3
https://doi.org/10.1038/s41434-020-0137-9
https://doi.org/10.1093/carcin/bgz181
https://doi.org/10.1002/bit.26297
https://doi.org/10.1093/annonc/mdv388
https://doi.org/10.1093/annonc/mdv388
https://doi.org/10.1002/cncr.29227
https://doi.org/10.1002/cncr.29227
https://doi.org/10.1002/cncr.30825
https://doi.org/10.1159/000484620
https://doi.org/10.1634/theoncologist.2020-0143
https://doi.org/10.1007/s10637-023-01335-w
https://doi.org/10.3390/curroncol30010057
https://doi.org/10.3390/cancers15010050
https://doi.org/10.3389/fimmu.2022.1070961
https://doi.org/10.1159/000514420
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1200/JCO.20.00808
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1186/s13014-020-01742-w
https://doi.org/10.3389/fimmu.2023.1163967
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The multikinase inhibitor axitinib in the treatment of advanced hepatocellular carcinoma: the current clinical applications and the molecular mechanisms
	Background
	Overview of axitinib
	Relevant studies reporting the roles of axitinib in HCC
	Studies in the ClinicalTrials
	Experimental (preclinical) studies
	Published clinical trials
	Directions for future research
	Conclusion
	Author contributions
	Funding
	References


