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Targeted therapies such as oral tyrosine kinase inhibitors (TKIs) are the main therapeutic
strategy effective for advanced hepatocellular carcinoma (HCC). Currently six tyrosine kinase
inhibitors forHCC therapyhavebeenapproved. Thenewly approved first-line drugdonafenib
represent the major milestones in HCC therapeutics in recent years. However, drug
resistance in HCC remains challenging due to random mutations in target receptors as well
as downstream pathways. TKIs-based combinatorial therapies with immune checkpoint
inhibitors such as PD-1/PD-L1 antibodies afford a promising strategy to further clinical
application. Recent developments of nanoparticle-based TKI delivery techniques improve
drug absorption and bioavailability, enhance efficient targeting delivery, prolonged circulation
time, and reduce harmful side effects on normal tissues, which may improve the therapeutic
efficacyof theTKIs. In this review,wesummarize themilestonesand recentprogress in clinical
trials of TKIs for HCC therapy. We also provide an overview of the novel nanoparticle-based
TKI delivery techniques that enable efficient therapy.
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1 INTRODUCTION

According to GLOBOCAN 2020 statistics, estimated liver cancer summed up to 905,677 new cases
and 830,180 deaths in 2020 worldwide (1). Hepatocellular carcinoma (HCC) is the most common
type of primary liver cancer. It occurs in approximately 85% of cirrhosis cases (2). The first tyrosine
kinase inhibitor (TKI) was approved early this century as a potential precision therapy for HCC. Its
specificity to targets made it more efficient and safer compared to traditional chemotherapies due to
Abbreviations: TKI, tyrosine kinase inhibitor; HCC, hepatocellular carcinoma; OS, overall survival; ORR, overall response
rate; PFS, progression-free survival; TACE, transcatheter arterial chemoembolization; RTK, receptor tyrosine kinase.
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minimal impact on normal cells (3). Current systemic therapies
for HCC are mainly based on TKIs, anti-angiogenesis drugs, and
immunotherapy agents (Figure 1).

Since sorafenib was first approved for HCC and established its
pioneer role in the field, a total of six TKIs have been approved
for the treatments of HCC by regulatory authorities around the
world. First-line drugs include sorafenib, lenvatinib, and the
newly approved donafenib by Chinese National Medical
Products Administration (NMPA). Second-line drugs are
regorafenib, cabozantinib, and NMPA approved apatinib
(Table 1) (4).

Other existing TKIs which were previously approved for the
treatment of other cancer types are now under clinical trials for
HCC, including sunitinib, erdafitinib, erlotinib, anlotinib,
pazopanib an so on (Table 2). Most common targets of TKIs
in HCC include vascular endothelial growth factor receptors
(VEGFR), platelet-derived growth factors (PDGF), and tyrosine-
protein kinases (5). Thus, TKIs would inhibit activation of
corresponding signaling pathways through binding irreversibly
or reversibly to various sites during the initial activation of
receptor tyrosine kinases (RTKs) (6). This further prevents
Frontiers in Oncology | www.frontiersin.org 2
tumor growth and metastasis by preventing downstream
signaling pathways from being activated (4, 7). TKIs which are
discussed in the review are summarized in Figure 2.
2 DIFFERENT KIND OF TKIS FOR HCCS

2.1 VEGFR-TKIs
2.1.1 Sorafenib
Sorafenib was the first approved TKI for the treatment of
advanced primary HCC by the FDA in 2007 (8). Sorafenib was
first developed for the treatment of renal cell carcinoma and
works through a dual mechanism, by targeting the serine/
threonine kinase Raf or blocking autophosphorylation of
multiple RTKs-VEGFR1, 2 and 3, PDGFR, c-Kit, and RET (9).

Sorafenib was termed the preferred first line therapy until
recently replaced by the combination of atezolizumab and
bevacizumab in 2021 according to the latest version of NCCN
guidelines (10). In patients with unresectable hepatocellular
carcinoma (HCC), the combination of atezolizumab and
bevacizumab improved median progression-free survival (PFS)
FIGURE 1 | Current systemic therapies for HCC.
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and overall survival (OS) (6.8 months vs 4.3 months) compared
with sorafenib in the IMbrave150 trial (11).

Recently, studies on combination therapies based on
sorafenib showed exciting results. The combination of
sorafenib and transcatheter arterial chemoembolization
(TACE) yielded an improved overall response rate (ORR)
(55.9% vs 37.3%) and disease control rates (86.4% vs 67.8%)
compared to TACE group (12). However, the sorafenib plus
TACE therapy had increased AE. Besides, conflicting results
were reported in other studies (ISRCTN93375053,
NCT02425605) (13, 14). As a result, more studies are required
to verify these findings.

2.1.2 Lenvatinib
Lenvatinib, which was approved by FDA in 2018, is another
significant first-line TKI that differs from sorafenib in its
mechanisms (15). It is developed by Eisai Inc and inhibits
angiogenesis targeting a broad range of receptors, including
VEGFR1-3 and PDGFRa, b (16). In addition, it inhibits tumor
cell proliferation via inhibition of the proto-oncogenes KIT and
Frontiers in Oncology | www.frontiersin.org 3
RET (17). The alternative targets that differentiate lenvatinib
from other HCC TKIs are the fibroblast growth factor receptors
(FGFR) 1-4, which also contributes to angiogenesis in the
progression of tumor growth and metastasis (18). Lenvatinib
binds VEGFR2 at its ATP mimetic quinoline moiety to the ATP
binding site and the neighboring region via a cyclopropane ring.
In comparison to the other licensed VEGFR2 kinase inhibitors,
these findings indicate that lenvatinib has a different binding
mode of interaction (19).

Despite its role in first-line drugs for advanced HCC,
lenvatinib is also considered a better alternative to TACE when
treating patients in the BCLC intermediate stage with a high
tumor burden. These patients were thought to be susceptible to
decline in liver function and poor therapeutic response. A recent
study compared the median PFS in TACE-refractory patients
that were treated with lenvatinib (5.8 months), sorafenib (3.2
months), and TACE (2.4 months). This indicates treatment with
lenvatinib in replacement of TACE has the potential to acquire
good therapeutic responses while preserving normal liver
function (20).
TABLE 1 | Summary of approved TKIs.

No Drug Brand Targets Approved time/Organization

1 Sorafenib Nexavar/Bayer VEGFR1-3, TIE2, PDGFR, FGFR, BRAF, CRAF, KIT, FLT-3 2007/FDA
2 Regorafenib Stivarga/Bayer VEGFR1-3, TIE2, PDGFR, FGFR, BRAF, KIT, RET 2017/FDA
3 Lenvatinib Lenvima/Eisai Inc VEGFR1-3, PDGFR, FGFR1-4, RET, KIT 2018/FDA
4 Cabozantinib Cometriq,Cabometyx/Exelixis Inc VEGFR1-3, MET, ROS1, RET, AXL, NTRK, KIT 2019/FDA
5 Apatinib Aitan/Jiangsu Hengrui VEGFR2, KIT, RET, c-Src 2020/NMPA
6 Donafenib Zepsun/Suzhou Zelgan PDGFR, VEGFR, Raf 2021/NMPA
October 2021
TABLE 2 | Representative clinical trials of tyrosine kinase inhibitors in hepatocellular carcinoma treatment.

Registered
Trial Number

Duration
(start-
end)

Enrollment Phase Treatment Targets mPFS
(months)

mOS
(months)

ORR
(%)

Adverse Events

NCT02645981
(ZGDH3)

2016.03
-2019.12

668 III Donafenib vs.
Sorafenib

VEGFR,
PDGFR

3.7 vs.
3.6

12.1 vs.
10.3

4.6
vs.
2.7

hand-foot skin reaction, aspartate
aminotransferase increased, blood bilirubin
increased, platelet count decreased, and diarrhea

NCT01164202 2010.07
-

2017.07

78 II/III Sunitinib +
Doxorubincin-
TACE

VEGFR,
PDGFR, c-
KIT, FLT3,
RET

9.05 25 6 Hematologic toxicity, fatigue, transaminase
elevation, hand-foot syndrome events

NCT03006926
(KEYNOTE
524)

2017.02
-

2019.10

104 Ib Lenvatinib +
Pembrolizumab

VEGFR,
PDGFR

9.3 22 46 hypertension, diarrhea, fatigue, decreased
appetite, hypothyroidism, hypertension, and
Leukopenia/neutropenia

NCT03463876
(RESCUE)

2018.02
-

2020.02

190 II Apatinib +
Camrelizumab

VEGFR 5.7 N/A 34.3 hypertension, increased aspartate
aminotransferase, proteinuria, hyperbilirubinemia,
increased gammaglutamyltransferase, and
neutropenia

ChiCTR-IPR-
17012667

2018.01
-

2020.01

80 IV Apatinib+TACE
vs TACE

VEGFR 17.2 vs
12.5

N/A 55 vs
32.5
a

Fatigue, hand-foot syndrome, diarrhea,
hypertension, proteinuria, oral ulcer

NCT04172571 2018.12
-

2020.06

30 Ib/II Anlotinib +
AK105

VEGFR,
FGFR
PDGFR, c-
KiT, Ret

N/A N/A 24 AST, increased ALT, asthenia, decreased platelet
count, increased blood bilirubin, increased bilirubin
conjugated, and rash

NCT02809534
(ALTER0802)

2016.09
-

2017.10

60 II Anlotinib (with vs.
without previous
TKIs therapy)

VEGFR,
FGFR
PDGFR,
c-KiT, Ret

80.8%
vs.

72.5% b

20.1 vs.
7.9

N/A hypertension, hypothyroidism, fatigue, hand-foot
syndrome, elevated bilirubin, and diarrhea
a, ORR in three months; b,12-week mPFS rate; N/A, not available.
| Volume 11 | Article 752725

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Mou et al. Tyrosine Kinase Inhibitors in HCC
In terms of combination therapies, lenvatinib plus
pembrolizumab (an anti–PD-1 antibody) showed encouraging
results with improved ORR and DCR for unresectable HCC
(NCT03006926, Table 2) (21). The FDA granted lenvatinib plus
pembrolizumab a breakthrough treatment designation for the
first-line therapy of unresectable HCC which is not amenable to
locoregional therapy. A phase III clinical trial of lenvatinib plus
pembrolizumab as first-line therapy of unresectable HCC should
further confirm the efficacy and safety (NCT03713593) (22).
Besides, combination therapy of lenvatinib plus TACE also
showed improved ORR (53.3% vs 23.3%) (23). The
combination therapy of lenvatinib and microwave ablation
indicated a better clinical effect with an OS of 14.89 ± 4.89
months and a PFS of 8.65 ± 2.68 months (24).
Frontiers in Oncology | www.frontiersin.org 4
To conclude, the most prominent feature of lenvatinib would
be its noninferiority compared to sorafenib as a first-line drug.
The drug’s different, as well as a wider range of targets compared
to sorafenib would then mitigate the restrictions of using target
therapy given tumor heterogeneity. On-going clinical trials of
combination therapies in lenvatinib with antibodies also show
better results than that of sorafenib.

2.1.3 Apatinib
Apatinib, or apatinib mesylate (YN968D1), is derived from
Valantinib, with a predecessor YN968D11 (N- [4-(1-cyano-
cyclopentyl) phenyl]-2-(4-pyridylmethyl) amino-3-pyridine
carboxamide mesylate). By occupying the binding site of the
VEGFR2, it selectively blocks VEGFR2, thus preventing new
FIGURE 2 | Tyrosine kinase-mediated signaling pathways in HCC tumorigenesis and targets of the TKIs. TKIs bind with corresponding kinases from
phosphorylating tyrosine residues in their substrates, which inhibit downstream signaling pathways (RAS–MAPK, PI3K–AKT and JAK–STAT) activation, preventing
cell proliferation, migration, invasion, and angiogenesis in HCC.
October 2021 | Volume 11 | Article 752725
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blood vessel formation in tumor tissues. In October 2004,
Chinese NMPA endorsed apatinib as the third-line treatment
for advanced gastric cancer or adenocarcinoma of the
gastroesophageal junction. Later in 2020, apatinib by Jiangsu
Hengrui is approved for therapies of the second-line treatment in
advanced HCC by Chinese NMPA. There exist some adverse
events when taking apatinib, but the toxicity is still manageable
(25). In terms of combinatorial therapies, the efficacy and safety
of apatinib combined with camrelizumab or TACE application
showed promising results with improved median PFS, short-
term ORR and DCR (NCT03463876, ChiCTR-IPR-17012667,
Table 2) (26). Therefore, the combination therapy of apatinib
and TACE could be a potential treatment for future recurrent
HCC patients.

2.1.4 Donafenib
Donafenib is formed by replacing the methyl group on a
sorafenib molecule with a trideuteriomethyl group (Figure 3).
By inhibiting phosphorylation of serine/threonine kinases (such
as Raf kinase) and by blocking RTK signaling (such as VEGFR
and PDGFR), donafenib shows similar antitumor activity as
sorafenib for the advanced HCC patients (27). The donafenib
group yielded an improved median OS (12.1 months vs 10.3
months, p=0.0363) compared to the sorafenib group (Table 2)
(28). At the same time, the adverse effects of donafenib are fewer
than sorafenib (28). According to the Guidelines of Chinese
Society of Clinical Oncology (CSCO) on hepatocellular
carcinoma that was published in July 2020, donafenib has been
listed as a first-line treatment for advanced HCC (29). Donafenib
is recommended by the first level specialists with 1A evidence
by CSCO (29). On July 9th of 2021, according to Chinese
NMPA, donafenib produced by Suzhou Zelgan was approved
as a treatment for unresectable HCC patients without
systemic therapy.

2.2 PDGFR-TKIs
PDGF family consists of PDGF-A to -D polypeptide
homodimers and the PDGF-AB heterodimer. They bind to a-
Frontiers in Oncology | www.frontiersin.org 5
and b-tyrosine kinase receptors (PDGFRa and PDGFRb,
respectively) and activates downstream signaling pathways
including MAPK, PI3K, phospholipase-g (PLCg) and reactive
oxygen species (ROS)-dependent STAT3 signaling (30–32).
Representative PDGFR-TKIs include regorafenib and sunitinib.

2.2.1 Regorafenib
Despite inhibiting VEGFR1-3, regorafenib inhibits angiogenic
kinases PDGFRb and FGFR1 and the mutant oncogenic kinases
c-KIT, RET and B-RAF (33). It is more pharmacologically potent
than sorafenib due to a broader spectrum of targets (34).
Regorafenib was first approved for metastatic colorectal cancer
by the FDA in 2012. In 2017, regorafenib was approved by the
FDA as a second-line drug for treating HCC patients previously
treated with sorafenib. Regorafenib blocks alpha-fetoprotein
(AFP) secretion, further preventing cell migration and invasion
in HCC cell lines at different drug doses. A high concentration of
regorafenib impedes cell growth in both AFP-positive and AFP-
negative HCC cell lines (35, 36). Adverse events of regorafenib
are relatively serious yet manageable and clinically acceptable.

2.2.2 Sunitinib
Sunitinib (SU11248) is a low-molecular-weight multi-target TKI
that inhibits PDGFRs, VEGFRs, c-KIT, fms-related tyrosine
kinase 3 (FLT3), and RET. It was approved to treat imatinib-
resistant gastrointestinal stromal tumor (GIST), renal carcinoma,
and pancreatic neuroendocrine tumors (37). The most recent
clinical trial on sunitinib consists of examining TACE plus
sunitinib as first-line therapy in HCC (NCT01164202, Table 2)
(38). The results showed possible use of TACE plus sunitinib as
first-line treatment for patients with HCC who were not
candidates for surgical resection.

2.2.3 c-MET TKIs
Hepatocyte growth factor (HGF) binds to c-Met for activation
and de r e gu l a t i on , c au s i ng i t s d ime r i z a t i on and
autophosphorylation, which further activates the mitogen-
activated protein kinase (MAPK), phosphatidylinositol 3-
A

B

FIGURE 3 | Molecular structures of sorafenib (A) and donafenib (B).
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kinase (PI3K), v-src avian sarcoma viral oncogene homolog
(Schmidt-Ruppin A-2), and signal transducer and activator of
transcription (STAT) signaling pathways (39).

Met constitutive activation may be done either by creating
HGF-Met autocrine loops, overexpression of Met, or having
activating point mutations in the receptor coding sequence (40).
An unusual multi-docking site for MET signals consists of two
tyrosine that form a complex with MET when phosphorylated,
whose cytoplasmic domain offers additional docking sites for
PI3K and SHC. Cell proliferation and transformation are
stimulated by increased SHC–GRB2–SOS–RAS pathway
activation, whereas cell migration and survival is promoted by
selective recruitment of PI3K (41). A representative c-MET-TKIs
would be cabozantinib.

2.2.4 Cabozantinib
Cabozantinib, manufactured by Exelixis Inc, was approved by
the FDA in 2019 as second-line therapy after treatment of
sorafenib or lenvatinib. Cabozantinib is a more potent
inhibitor of MET, AXL, RET, FLT3, and TIE-2 than
regorafenib. Cabozantinib and regorafenib are structurally
similar, yet impose different inhibitory effects on the kinase
IC50 (42, 43). Clinical trials of cabozantinib showed promising
results especially a recent phase I study (NCT03299946), which
showed that cabozantinib plus nivolumab (an immune
checkpoint inhibitor) could be an emerging option of
neoadjuvant therapy for HCC as reported in 2021 the
American Society of Clinical Oncology (ASCO) Symposium
(44–46). This was the first clinical trial which investigated a
TKI in combination with an immune checkpoint inhibitor in this
setting. This pioneer study also provided the first prospective
evidence of the above combinations aimed at downstaging HCC.
However, this study only included a small patient size (n = 15).
Larger sample clinical trials of neoadjuvant approaches are
needed in order to confirm the findings in the future.

2.3 Other TKIs
The rest of TKIs for HCC targets FGFR (including erdafitinib
and orantinib), EGFR (including erlotinib), c-Kit (including
anlotinib and pazopanib), JAK (including itacitinib). Among
these inhibitors, anlotinib (AL3818) is one of the promising
drugs. In May 2018, anlotinib was first approved by Chinese
NMPA as a third-line treatment for refractory advanced non-
small-cell lung cancer (NSCLC). Then in June 2019, it was
approved as a second-line treatment for advanced soft-tissue
sarcoma (47). Hypertension, hand-foot skin reaction, fatigue,
diarrhea, and anorexia are severe adverse events of anlotinib. In a
phase II clinical trial testing the efficacy of anlotinib as first- or
second-line treatment for advanced or metastatic HCC patients.
Patients without or with prior TKI treatment were divided as
cohort 1 or 2. The 12-week PFS rates for cohort 1 and 2 were
80.8% and 72.5%, and the median time to progression were 5.9
months and 4.6 months, respectively. In advanced HCC,
anlotinib demonstrated potential effectiveness and safety as a
first- or second-line therapy when used in conjunction with a
continuous TKIs treatment approach (48). In the treatment for
13 advanced HCC patients with Anlotinib plus AK105, the ORR
Frontiers in Oncology | www.frontiersin.org 6
is 23.3%, and the DCR is 69.2%. At the same time, the adverse
events did not exceed level three (49). Therefore, the effectiveness
and safety of anlotinib in HCC make it a promising TKIs.
3 COMPARISON OF DIFFERENT TKIS

Because multiple signaling pathways are involved in
tumorigenesis and tumor progression, all TKIs for HCC are
multi-kinase inhibitors which are designed to target a wide range
of targeted kinases. For first-line TKIs, sorafenib targets the
serine/threonine kinase Raf or blocks autophosphorylation of
multiple RTKs—VEGFR1, 2 and 3, PDGFR, c-Kit, and RET (9).
This dual inhibition thus led to satisfactory efficacy with tolerable
adverse events. In comparison, lenvatinib is the alternative
choice for first-line treatment, but has a different mode of
binding compared to sorafenib. When forming complexes with
VEGFR2, sorafenib has slow binding kinetics, whereas lenvatinib
exhibits a fast association rate constant. It also expresses
prolonged residence time than expected due to its delayed
dissociation rate constant. Thus, in terms of binding with
VEGFR2, lenvatinib is more than 10 times as potent as
sorafenib, which offsets sorafenib’s dual inhibition, making
lenvatinib confer noninferiority compared to sorafenib (19, 50).

For second-line TKIs, regorafenib, as the standard follow-up
after sorafenib treatment, compensates for loss of efficacy by
targeting a broader spectrum of targets compared to sorafenib. In
addition to common targets such as VEGFR and PDGFR,
regorafenib also targets angiogenic receptors TIE2, and
oncogenic kinases BRAF V600E, RET, RAF-1, and KIT (34).
Moreover, in vitro biochemical assays showed that regorafenib is
a more potent inhibitor of VEGFR2,PDGFRb, FGFR1 and c-Kit
than sorafenib (43). When compared to regorafenib,
cabozantinib offers an alternative choice as they are
structurally similar but impose different inhibitory effects on
the kinase IC50 (42). While data suggests cabozantinib is a more
potent inhibitor of MET, AXL, RET, FLT3, and TIE-2 than
regorafenib, it is also more toxic by inducing more frequent
adverse events such as palmar-plantar erythrodysesthesia,
diarrhea, and asthenia than regorafenib (45). In summary,
patients with HCC had limited benefits with single TIK
therapies and show better OS with combination therapies. The
combination of cabozantinib plus nivolumab was the first step in
this direction.
4 NANOTECHNOLOGY AS THE
POTENTIAL DELIVERY SYSTEM

Emerging nanotechnology as the potential delivery system may
improve the therapeutic efficacy of the TKIs, nanoparticle-based
TKI delivery techniques are studied nowadays (51). Nanocarriers
(NCs) are a form of drug delivery system that is often used to
control the pharmacokinetic and pharmacodynamic features of
medicines. Nanomaterials used as drug carriers have been shown
to improve drug absorption and bioavailability, enhance efficient
October 2021 | Volume 11 | Article 752725
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targeting delivery, prolonged circulation time, and reduce
harmful side effects on normal tissues due to their small
particle size, large surface area, high surface reactivity and
active sites, and desirable adsorption capacity (52).

Nanocarriers have been investigated for decades, and the
most important carriers in drug delivery were polymeric,
liposomal, nonorganic/metal, dendrimer, and micelle
nanoparticles. There are multiple novel applications and
researches on the delivery of TKIs through nanoparticles on
some cancers recently, with most of them being liposomal,
polymeric and polymeric micelle nano-carriers (Figure 4) (53).

Extracellular vesicles (EVs, 211.4 ± 3.83 nm) could be
classified as a type of liposomal nanocarriers. In a research
study, they were isolated from human primary adipose-derived
stem cells. After incubation and sonication, TKI was loaded into
EVs, which was further used to treat radioactive iodine-
refractory thyroid cancer cells. The results showed a higher
I125 uptake in the TKI treated EVs compared to a TKI-free
treatment (54). In another research, polymeric nanoparticles
were utilized. BSA-coated, dye-loaded nanoparticles were
injected into prostate-specific PTEN/p53-deficient mice
pretreated with cabozantinib. Their findings indicate that
coating nanoparticles with BSA can improve cabozantinib-
induced, neutrophil-mediated targeted intratumoral drug
delivery while reducing off-target effects (55). The deliveries of
apatinib and cediranib using polymeric nanoparticles were tested
for osteosarcoma and glioblastoma, respectively. Both of the
studies showed synergistic results compared to individual drugs
(56, 57). Moreover, micelle nanoparticles were also studied in a
study. A pH-sensitive ester link joins hyaluronic acid (HA) with
dasatinib to create the HA-DAS polymer. Then, with
rosiglitazone as the core and D-A-tocopheryl polydiethylene
glycol isosuccinate (TPGS) and HA-DAS as carriers, a HA-
DAS and TPGS mixed micelle system loaded with ROZ was
created (THDR-NPs). The developed THDR-NPs showed better
efficacy than the taking of free TKIs. In addition, the capacity of
THDR-NPs to prevent tumor metastasis has been demonstrated
(58). Another study using micelle nanoparticles to deliver
Frontiers in Oncology | www.frontiersin.org 7
anlotinib also showed a more effective uptake to the melanoma
cells (59). Polymeric micelles were employed in other three
studies relating liver fibrosis, glucose-avid pediatric sarcoma,
and melanoma. Involved TKIs include nilotinib, dasatinib and
sunitinib, and all of the treatments could enhance the clinical
efficacy by utilizing nanoparticles relating to TKIs alone (60–62).
Besides previously mentioned methods, electrospray technology
was also applied to deliver nintedanib to treat idiopathic
pulmonary fibrosis diseases. Higher bioavailability was
demonstrated by using this technique (63). The newly
developed techniques utilizing nanocarriers showed a higher
bioavailability and reduction in the off-target tissues or organs.
Noticeably, the bioavailability of nanocarrier involving erlotinib
was almost 7 times greater than by orally taking (64).

In the presence of biological barriers in vivo , the
physicochemical features of these nanocarriers modify their
biological identity, which might drastically vary the therapeutic
index of their payload and change the desired outcome.
Furthermore, the challenges of producing effective medication
nanocarriers have resulted in differing perspectives on their
safety, permeability of biological barriers, and cellular
absorption (65). During in vivo and in vitro cell exposure,
nanoparticles can use a variety of distinct cellular entry
pathways to penetrate the plasma membrane, either by
endocytosis-based pathways or direct entry to the cells (66).
Theoretically nanoparticles could be delivered to our body and
focus on the desired target. However, there are only a few clinical
studies going on for nanoparticle-based drugs, as the failure rate
is high. For further stimulating cell-specific uptake and
intracellular endosomal escape of therapeutic molecules, time-
and space-controlled release techniques for TKIs delivery
systems are necessary, and the responsive or “on-demand”
release approach is vital for multidrug administration (51).
Therefore, due to the limitations of current orally TKIs
drugs, nanoparticle-based TKIs could be a potential way to
deal with drug resistance and low bioavailability in future
clinical trials, while it requires further investigations and more
advanced techniques.
FIGURE 4 | Representative types of nanocarriers that were used in the delivery of TKIs, including liposomal, polymeric and polymeric micelle nano-carriers.
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5 MOLECULAR CLASSIFICATIONS
OF HCC

Molecular characterization of cancers has contributed to the
improved patient outcomes. Recent advances of sequencing
technologies have identified the molecular subtypes of HCC
(67–74). The correlations between these molecular
characterizations of HCC and outcome have been proposed.
According to these previous studies, Rebouissou and Nault
classified HCC into two major subtypes, “proliferation class”
and “non-proliferation class”. The proliferation class is related to
HBV, including clinically aggressive tumors that are poorly
differentiated. It is distinguished by an enrichment in TP53
inactivating mutations, amplification of FGF19 and CCND1,
and frequent activation of pro-survival signaling pathways such
as cell cycle, mTOR, RAS-MAPK, and MET. It could be then
further divided into “Wnt-TGFb subclass” and “progenitor
subclass,” involving Wnt and TGFb pathways, and IGF1R and
AKT pathways, respectively. Therefore, almost all tyrosine
kinases inhibitors except Itacitinib would make contributions
to the “proliferation class” of HCC. The non-proliferation class,
on the other hand, relates to HCV or alcohol. These HCC cells
are more differentiated and have hepatocyte-like characteristics.
Non-proliferation class could be divided into “CTNB1 mutation”
and “G4,” involving Wnt/b-catenin pathway and IL6/JAK-STAT
pathways, respectively (75). Itacitinib would affect this genre as it
inhibits the JAK-STAT pathway.
6 BIOLOGICAL ALTERATIONS IN
HCC GENESIS

Biological alterations in HCC genesis and the impact of TKIs on
that pathobiological issues are important for the outcomes (76).
Treatment of HCC by TKIs, however, still faces obstacles such as
resistance by genetic mutation. For example, changes in the
kinase gatekeeper residue may impede inhibitor binding by
altering hydrophobic interactions, as suggested by the case of
Thr 315 (coded by ACT) mutation in BCR-ABL kinase, which
led to imatinib resistance (77). Moreover, overactivation of PI3K
would prevent tumor cell from entering kinase-induced
apoptosis, which was observed in sorafenib treatment (78). The
amplification of the MET gene contributes to PI3K activation as
well by driving ERBB3 (HER3)–dependent activation, which
causes gefitinib and possible erlotinib resistance (79). Up-
regulation of ATP-binding cassette (ABC) proteins can also
lead to TKI resistance by exporting inhibitors (80). However,
some TKIs such as sorafenib plays a dual role in multidrug
resistance as it down-regulates ABCB1 and ABCC2 in HCC,
hence opening new therapeutic options for TKI in the treatment
of HCC (81). PHGDH was identified as an important driver gene
for Sorafenib resistance in HCC by genome-wide CRISPR/Cas9
screening method (82). Although the molecular mechanisms of
action of TKIs vary, previous progress have already identified
attractive therapeutic approaches for TKI resistant HCC.
Frontiers in Oncology | www.frontiersin.org 8
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In the past 14 years, treatment of HCC by TKIs has evolved
considerably. Although TKIs can delay HCC progression and
prolong OS, they still have several challenges: (1) Drug
resistance. Random mutations in target receptors lead
to abnormal signaling. There are also problems for
multi-targeted TKIs where off-target toxicity develops.
Heterogeneity in tumor cells could also make TKI less
effective due to its specificity of targets (83). The initial
sensitivity of patients to TKIs are individually different, as a
result, most patients who initially respond well to TKIs will
eventually develop drug tolerance. Combination strategies of
TKIs plus immune checkpoint inhibitors appearing as a
promising strategy to circumvent resistance mechanisms that
can be encountered with TKIs, aiming at a synergistic antitumor
effect. For future studies, single cell RNA-sequencing could be
applied for unraveling the tumor heterogeneity of HCC on a
single cell level, further serving as a potential solution to decode
the intricate mechanism behind the formation of drug resistance
(84). (2) Side effects. Existing TKIs can cause serious side effects
while treating HCC (e.g., Sorafenib treatment requires oral
high-dose); (3) Low solubility. Only few of the substances
could be utilized for targeting by orally taking for TKIs.
Nanoparticle-based TKIs delivery techniques would be a
promising field for research since they improve the
therapeutic efficacy. All the efforts mentioned above will help
to overcome TKI resistance and bring better therapy benefit for
HCC patients in the future.
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Exposure of Hepatocellular Carcinoma Cells to Ankaferd Blood Stopper®

Alters Cell Death Signaling Networks Confirmed by Oncoproteomic and
Genomic Profiling Studies. Curr Tradit Med (2021) 7:246–58. doi: 10.2174/
2215083806666200117093815
October 2021 | Volume 11 | Article 752725

https://doi.org/10.1016/j.clinre.2020.05.012
https://doi.org/10.1002/hep.29496
https://doi.org/10.1007/s10555-007-9107-6
https://doi.org/10.1038/nrc779
https://doi.org/10.1124/dmd.115.063610
https://doi.org/10.1517/13543784.2012.684752
https://doi.org/10.1093/annonc/mdw651
https://doi.org/10.1159/000488542
https://doi.org/10.1200/JCO.2021.39.3_suppl.335
https://doi.org/10.3892/ol.2020.11685
https://doi.org/10.1007/s12072-021-10171-0
https://doi.org/10.1007/s12072-021-10171-0
https://doi.org/10.3389/fonc.2021.684867
https://doi.org/10.3389/fonc.2021.684867
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/j.ijpharm.2019.118785
https://doi.org/10.1016/j.addr.2019.06.008
https://doi.org/10.1016/j.lfs.2021.119642
https://doi.org/10.3390/pharmaceutics13020248
https://doi.org/10.1158/1535-7163.MCT-20-0167
https://doi.org/10.1039/d0bm01296c
https://doi.org/10.1039/d0bm01296c
https://doi.org/10.3390/pharmaceutics10040226
https://doi.org/10.2147/IJN.S299681
https://doi.org/10.1016/j.nano.2020.102224
https://doi.org/10.1016/j.biomaterials.2019.119616
https://doi.org/10.1016/j.jconrel.2018.02.034
https://doi.org/10.1016/j.jconrel.2016.11.013
https://doi.org/10.2147/IJN.S181002
https://doi.org/10.2147/IJN.S181002
https://doi.org/10.1016/j.xphs.2020.01.010
https://doi.org/10.1016/j.addr.2019.01.002
https://doi.org/10.1016/j.addr.2019.04.008
https://doi.org/10.1002/hep.21467
https://doi.org/10.1002/hep.21467
https://doi.org/10.1158/0008-5472.CAN-08-0742
https://doi.org/10.1158/0008-5472.CAN-09-1089
https://doi.org/10.1002/hep.20375
https://doi.org/10.1016/j.ebiom.2018.12.058
https://doi.org/10.1016/j.ebiom.2018.12.058
https://doi.org/10.1016/j.cell.2017.05.046
https://doi.org/10.1038/s41586-019-0987-8
https://doi.org/10.1016/j.cell.2019.08.052
https://doi.org/10.1016/j.jhep.2019.08.017
https://doi.org/10.2174/2215083806666200117093815
https://doi.org/10.2174/2215083806666200117093815
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Mou et al. Tyrosine Kinase Inhibitors in HCC
77. Xavier CPR, Lima CF, Preto A, Seruca R, Fernandes-FerreiraM, Pereira-Wilson C.
Luteolin, Quercetin and Ursolic Acid Are Potent Inhibitors of Proliferation and
Inducers of Apoptosis in Both KRAS and BRAF Mutated Human Colorectal
Cancer Cells. Cancer Lett (2009) 281:162–70. doi: 10.1016/j.canlet.2009.02.041

78. Chen K-F, Tai W-T, Liu T-H, Huang H-P, Lin Y-C, Shiau C-W, et al.
Sorafenib Overcomes TRAIL Resistance of Hepatocellular Carcinoma Cells
Through the Inhibition of STAT3. Clin Cancer Res Off J Am Assoc Cancer Res
(2010) 16:5189–99. doi: 10.1158/1078-0432.CCR-09-3389

79. Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland C, Park JO, et al.
MET Amplification Leads to Gefitinib Resistance in Lung Cancer by
Activating ERBB3 Signaling. Science (2007) 316:1039–43. doi: 10.1126/
science.1141478

80. Marin JJG, Monte MJ, Blazquez AG, Macias RIR, Serrano MA, Briz O. The
Role of Reduced Intracellular Concentrations of Active Drugs in the Lack of
Response to Anticancer Chemotherapy. Acta Pharmacol Sin (2014) 35:1–10.
doi: 10.1038/aps.2013.131

81. Hoffmann K, Franz C, Xiao Z, Mohr E, Serba S, Büchler MW, et al. Sorafenib
Modulates the Gene Expression of Multi-Drug Resistance Mediating ATP-
Binding Cassette Proteins in Experimental Hepatocellular Carcinoma.
Anticancer Res (2010) 30:4503–8.

82. Wei L, Lee D, Law CT, Zhang MS, Shen J, Chin DW, et al. Genome-Wide
CRISPR/Cas9 Library Screening Identified PHGDH as a Critical Driver for
Sorafenib Resistance in HCC. Nat Commun (2019) 10:4681. doi: 10.1038/
s41467-019-12606-7
Frontiers in Oncology | www.frontiersin.org 11
83. Cabral LKD, Tiribelli C, Sukowati CHC. Sorafenib Resistance in
Hepatocellular Carcinoma: The Relevance of Genetic Heterogeneity.
Cancers (2020) 12:1576. doi: 10.3390/cancers12061576

84. Dhanasekaran R. Deciphering Tumor Heterogeneity in Hepatocellular
Carcinoma (HCC)-Multi-Omic and Singulomic Approaches, Semin. Liver
Dis (2021) 41:9–18. doi: 10.1055/s-0040-1722261

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.

Copyright © 2021 Mou, Tian, Zhou, Zhan, Chen, Lu, Deng, Deng, Wu, Li, Song,
Zhang, Chen, Tian, Ni and Pu. 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.
October 2021 | Volume 11 | Article 752725

https://doi.org/10.1016/j.canlet.2009.02.041
https://doi.org/10.1158/1078-0432.CCR-09-3389
https://doi.org/10.1126/science.1141478
https://doi.org/10.1126/science.1141478
https://doi.org/10.1038/aps.2013.131
https://doi.org/10.1038/s41467-019-12606-7
https://doi.org/10.1038/s41467-019-12606-7
https://doi.org/10.3390/cancers12061576
https://doi.org/10.1055/s-0040-1722261
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Improving Outcomes of Tyrosine Kinase Inhibitors in Hepatocellular Carcinoma: New Data and Ongoing Trials
	1 Introduction
	2 Different Kind of TKIs for HCCs
	2.1 VEGFR-TKIs
	2.1.1 Sorafenib
	2.1.2 Lenvatinib
	2.1.3 Apatinib
	2.1.4 Donafenib

	2.2 PDGFR-TKIs
	2.2.1 Regorafenib
	2.2.2 Sunitinib
	2.2.3 c-MET TKIs
	2.2.4 Cabozantinib

	2.3 Other TKIs

	3 Comparison of Different TKIs
	4 Nanotechnology as the Potential Delivery System
	5 Molecular Classifications of HCC
	6 Biological Alterations in HCC Genesis
	7 Conclusion
	Author Contributions
	Funding
	Acknowledgments
	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 /LeaveColorUnchanged
  /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 false
  /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 false
  /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 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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


