Journal of Hepatocellular Carcinoma Dove

REVIEW

Application and Resistance Mechanisms of Lenvatinib
in Patients with Advanced Hepatocellular Carcinoma

Meng Tao"z, Jing Han3, Juanyi Shi"z, Hao Liao"z, Kai Wen "2, Weidong Wang "2, Sintim Mui "2,
Huoming Li'%, Yongcong Yan'2, Zhiyu Xiao'"?

'Department of Hepatobiliary Surgery, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guangzhou, 510120, People’s Republic of China;
2Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene Regulation, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University,
Guangzhou, 510120, People’s Republic of China; *Affiliated Cancer Hospital of Zhengzhou University & Henan Cancer Hospital, Zhengzhou, 450008,
People’s Republic of China

Correspondence: Yongcong Yan; Zhiyu Xiao, Department of Hepatobiliary Surgery, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Yanjiang VWest Road
#107, Guangzhou, 510120, People’s Republic of China, Tel +86-15800039176; +86- 13682283695, Fax +86 20 34071073, Email yanyc3@mail.sysu.edu.cn;
xiaozhiy@mail.sysu.edu.cn

Abstract: Lenvatinib, a multitargeted tyrosine kinase inhibitor (TKI), is one of the preferred targeted drugs for the treatment of advanced
hepatocellular carcinoma (aHCC). Since the REFLECT study showed that lenvatinib was noninferior to sorafenib in overall survival (OS),
lenvatinib monotherapy has been widely used for aHCC. Moreover, lenvatinib combination therapy, especially lenvatinib combined with
immune checkpoint inhibitors (ICIs), has shown more encouraging clinical results. However, drug development and comprehensive
treatment have not significantly improved the prognosis, and lenvatinib resistance is often encountered in treatment. The underlying
molecular mechanism of lenvatinib resistance is still unclear, and studies to solve drug resistance are ongoing. The molecular mechanisms
of lenvatinib resistance in patients with aHCC include the regulation of signaling pathways, the regulation of noncoding RNAs, the impact of
the immune microenvironment, tumor stem cell activation and other mechanisms. This review aims to (1) summarize the progress of
lenvatinib in treating aHCC, (2) delineate the known lenvatinib resistance mechanisms of current therapy, and (3) describe the development
of therapeutic methods intended to overcome these resistance mechanisms.
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Introduction

Approximately 40% of HCCs can be diagnosed by imaging examination at an early stage and well treated by hepatectomy,
radiofrequency ablation, liver transplantation or transcatheter arterial chemoembolization for better survival. Nonetheless, at least
50% of patients who receive a diagnosis at an advanced or intermediate stage miss the chance for a cure.! Although patients with
advanced-stage [Barcelona Clinic Liver Cancer (BCLC)-C] or intermediate-stage (BCLC-B) disease can receive locoregional
therapies, systemic therapies are the optimal choice for those who do not benefit from the previous treatment.> ™ Since 2007,
sorafenib, a multitarget tyrosine kinase inhibitor with antiangiogenic and antiproliferation effects, has been applied to treat
advanced hepatocellular carcinoma (aHCC). In addition, compared with sorafenib, lenvatinib showed statistically significant,
clinically significant improvements for all secondary efficacy endpoints across subgroups, including progression-free survival
(PFS), time to progression (TTP), and objective response rate (ORR), as well as in quality-of-life assessments, in a randomized
Phase 3 noninferiority trial.® Lenvatinib has become a first-line alternative to comprehensive treatment for unresectable liver
cancer patients. Lenvatinib monotherapy and combination therapy have achieved positive clinical therapeutic effects, which have
been verified by many clinical trials. Of note, combination with immune checkpoint inhibitors (ICIs) is currently a vital part of
HCC treatment; for example, atezolizumab plus bevacizumab has become the recommended first-line therapy for selected
patients.”® Lenvatinib has shown efficacy in inducing tumor responses in approximately 25% of patients with aHCC.*'°
Acquired resistance to treatment is unavoidable and a major problem that has not been resolved. Therefore, more research is

needed to elucidate the underlying causes and mechanisms of lenvatinib resistance. Several potential resistance mechanisms have
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been revealed, such as changes in the tumor immune microenvironment, and novel therapeutic strategies have achieved some
success in solving lenvatinib resistance.'' ' In this review, we aim to summarize various types of research concentrated on the
application of lenvatinib, including network meta-analyses, systematic reviews, prospective studies, retrospective studies, and so
on. In addition, resistance mechanisms to lenvatinib in HCC patients and relevant solutions are also systematically summarized to

provide references for future lenvatinib-centered therapy.

Structure and Pharmacological Mechanism of Lenvatinib

Several pathways, such as growth factor receptor-related pathways, [including vascular endothelial growth factor receptor
(VEGFR), fibroblast growth factor receptor (FGFR), platelet-derived growth factor (PDGFR), epidermal growth factor
receptor (EGFR), insulin-like growth factor receptor (IGFR) and transforming growth factor alpha (TGFa)], important cell
differentiation pathways (including Wnt/-B-catenin, Hippo-YAP, JAK/STAT, Notch, and Hedgehog) and/or their cytosolic
intermediate pathways (including PI3K-AKT-mTOR and RAF/ERK/MAPK), are frequently altered in HCC patients.'*
Lenvatinib, a multitargeted receptor kinase inhibitor, chemical structure consists of a pyridine and quinoline ring system
with several substituents, blocks the activities of FGFR 1, 2, 3 and 4, PDGFR a, VEGFR 1, 2 and 3, RET, and KIT.
Lenvatinib binds to receptors, ultimately inhibiting the PLCy, Ras-Raf-ERK and PI3K-AKT pathways in the process. It also
inhibits tumor angiogenesis, which results in nutrient deprivation and hypoxia, slowing tumor growth or causing tumor cells
to die (Figure 1).">"'® Lenvatinib can prevent the phosphorylation of RET and limit the proto oncogene c-KIT to reduce cell
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Figure | Schematic representation of the known pharmacological mechanisms of lenvatinib.
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proliferation.'® " Lenvatinib can also control the tumor immune microenvironment by increasing the fraction of activated
CDS8 T cells while decreasing the proportion of myeloid-derived suppressor cells (MDSCs) and other negative-regulatory
immune cells.***?* Lenvatinib is taken orally and is metabolized by the liver. Its peak plasma concentration is reached
within 1-4 hours after administration, and it has a half-life of approximately 28 hours.

Application of Lenvatinib in HCC

Evidence for Lenvatinib Monotherapy for HCC Patient

Today, lenvatinib monotherapy is frequently employed to treat aHCC. Real-world data on the efficacy and safety of
lenvatinib are becoming increasingly available, and several studies have been published providing comprehensive results
on the use of lenvatinib for the treatment of aHCC. Researchers examined the effectiveness and safety of lenvatinib and
sorafenib in a Phase III, international, randomized, noninferior trial in patients with unresectable hepatocellular
carcinoma (UHCC). Lenvatinib had a median survival time of 13.6 months, which was noninferior to that of sorafenib
(12.3 months). Lenvatinib considerably outperformed sorafenib in terms of the ORR, PFS, and TTP. Its tolerance was
acceptable, and the most common adverse events (AEs) caused by treatment included hypertension, diarrhea, loss of
appetite and weight loss.® BCLC stage, portal neoplastic thrombosis, and Child—Pugh classification were identified as
important predictive variables for PFS in a multivariate analysis according to a Chinese real-world study of lenvatinib
monotherapy in 2020.>* The median overall survival (mOS) for lenvatinib-treated patients in the multicenter cohort study
ELEVATOR in Germany and Austria was 12.8 months. The outcomes align with those noted in REFLECT study.”
Another multicenter study in Japan registered 343 uHCC patients receiving lenvatinib treatment. The median observation
period was 10.5 months. The median progression-free survival (mPFS) was 8.8 months, and the mOS was 21.0
months for Child—Pugh A (n=276) patients, while the mOS was 9.0 months for Child—Pugh B (n = 67) patients. The
ORR and disease control rate (DCR), as measured by the modified Response Evaluation Criteria in Solid Tumors
(mRECIST), were 42.1% and 82.1%, respectively.*

These results support the clinical effectiveness of lenvatinib as a first-line therapy for uHCC. Although some
comparative studies have shown better efficacy than lenvatinib, such as ICIs versus lenvatinib and Hepatic artery
infusion chemotherapy (HAIC) versus lenvatinib, considering economic factors and efficacy, lenvatinib monotherapy
is still a better choice for HCC.>”%°

Evidence of ICls Combined with Lenvatinib in the Treatment of HCC Patients

ICIs have ushered in a new age of aHCC treatment in recent years. Combining ICIs with TKIs can cause immune cells to
infiltrate “cold” tumors, turning them into “hot” tumors and increasing response rates.>’ Lenvatinib possesses immuno-
modulatory properties that allow it to exert antitumor effects and boost the synergistic effects of anti-PD-1 antibodies. As
a first-line therapy for aHCC, TKIs and anti-PD-1 monoclonal antibodies are currently being investigated.®'

We summarize the representative research on lenvatinib and ICIs in Table 1. Lenvatinib plus pembrolizumab (an anti-
PD-1 antibody) was tested in a preliminary phase Ib study for its effectiveness and safety in treating uHCC patients in
2020. A total of 104 patients were enrolled in this trial. In the combined treatment group, PFS was 8.6-9.3 months, OS
was 22 months, the ORR was 36-46%, and adverse reactions could be alleviated after symptomatic treatment.>> For the
treatment of solid tumors, a systematic review compared the efficacy and safety of palbociclib and lenvatinib in
combination with their respective monotherapies. Pembrolizumab plus lenvatinib prolonged the mPFS (9.3 months)
and mOS (22.0 months) in HCC.* Next, we discuss some retrospective controlled studies. In a retrospective analysis, the
effectiveness and side effects of combining lenvatinib with the anti-PD-1 antibody nivolumab were assessed. The
combined treatment group outperformed the lenvatinib group in terms of PFS (7.5 vs 4.8 months, p = 0.05) and OS
(22.9 vs 10.3 months, p = 0.01).** Another multicenter retrospective cohort study compared the effects of lenvatinib
monotherapy with lenvatinib in combination with carrelizumab (an anti-PD-1 antibody) on uHCC patients. Similarly, this
combination therapy prolonged OS and PFS, and the safety of the two groups was comparable.*® Another retrospective
analysis comparing the lenvatinib group to the group that also received camrelizumab came to a similar outcome.*® The
6-month OS and PFS rates of lenvatinib combined with nivolumab in the treatment of aHCC patients were 62.5% and
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Table | Relevant Studies on the Combination of Immune Checkpoint Inhibitors and Lenvatinib for HCC

Group Study Type Regimen Patients | PFS (RECIST/ | OS ORR
(n) mRECIST) (months) | (RECIST/
(months) mRECIST)
Finn RS et al*? Open-label Lenvatinib+ 104(L+P) | m*8.6/ m*22 36%/
multicenter Pembrolizumab m*9.3 46%
study phase Ib
Wu WC et al* Retrospective Lenvatinib+ 40 (L+N) | 75 229 45.0%
study Nivolumab
vs
Lenvatinib 47 (L) 4.8 10.3 23.4%
Li Q etal® Retrospective Lenvatinib+ 48 (L+C) m*10.3 not 37.5%/
study Camrelizumab reached 41.7%
vs.
Lenvatinib 44 (L) m*7.5 m*13.9 13.6%/
20.5%
Huang X et al*” Retrospective Lenvatinib+ 16 (L+N) | - - -
study Nivolumab
vs.
Lenvatinib+ 13 (L+P)
Pembrolizumab

Note: *. median time.
Abbreviations: PFS, Progression-free survival; OS, Overall survival; ORR, Objective response rate; RECIST, Response evaluation criteria in
solid tumors; mRECIST, Mrecist Modified response evaluation criteria in solid tumors.

43.8%, respectively, and the 12-month OS and PFS were 52.1% and 30.0%, respectively, according to a subgroup
analysis of a retrospective study. The 6-month and 12-month OS rates of patients with aHCC treated with lenvatinib
combined with pembrolizumab were 51.3% and 51.3%, respectively. The 6-month and 12-month PFS rates were 49.2%
and 49.2%, respectively.”’

Successful progress and many breakthrough achievements have been made in the field of immunotherapy for aHCC.
Atezolizumab combined with bevacizumab, as shown by IMbravel50, led to improved OS and PFS compared with
sorafenib.”® Atezolizumab combined with bevacizumab showed superiority to lenvatinib in terms of the prognosis and
conversion rate as first-line therapy.*®*! A variety of drug combination studies are in full progress, including single-arm
studies, controlled studies, prospective studies, and retrospective studies on the combination of lenvatinib with pem-
brolizumab, camrelizumab, nivolumab or other drugs. Combining lenvatinib and ICIs has shown efficacy in multiple
cancers, but the mechanism of disease-specific and drug-specific benefits is unclear. The enhanced therapeutic effect of
ICIs can be obtained by changing the tumor immune microenvironment with lenvatinib, and ICIs may overcome the
lenvatinib resistance pathway. Therefore, the combination of lenvatinib and ICIs has better prospects in the future. In the
meantime, additional research with a larger sample size and a longer follow-up is needed to validate these findings.

Evidence for Multiple Treatment Methods for HCC Patients
Transarterial chemoembolization (TACE) with sorafenib was found to be superior to TACE in patients with uHCC,
according to the TACTICS trial.** The combination of lenvatinib and TACE is now ongoing to evaluate the synergistic
effect.”® HAIC is a well-known and widespread treatment for aHCC patients, especially in East Asia. Compared with
TACE, HAIC has systemic effects in addition to local effects.** HAIC can shrink huge tumors and create opportunities
for surgery. Lenvatinib plus TACE studies have achieved similar conclusions to the TACTICS trial. Hypoxia inducible
factor 1 (HIF-1), vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF) expression is upregu-
lated after TACE and tumor tissue necrosis occurs to promote tumor recurrence or growth. The inhibition of angiogenic
factors by lenvatinib can improve the therapeutic effect of TACE.**’ However, there are few studies on lenvatinib
combined with chemotherapy for aHCC, and more evidence is needed to prove its feasibility.

These high evidence level clinical studies, such as TACTICS, IMbravel50, SILIUS, and LAUNCH, confirm that
combination therapy, such as lenvatinib plus pembrolizumab combination therapy, can improve the prognosis of
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aHCC 338424849 Recent preclinical and clinical studies have suggested that lenvatinib and ICIs, when used in

combination with other therapies, such as HAIC or TACE, might elicit synergistic antitumor effects. In recent years,

multiple-treatment methods for aHCC have been widely reported, especially in China. Due to the high similarity between

the experimental content and results, we listed some studies in Table 2 to provide references. We believe that lenvatinib

Table 2 Relevant Studies on Multiple Treatments for HCC

Authors Study Type/Date Patients (n) | Regimen PFS os ORR (RECIST/
(months) (months) mRECIST)
He MK Retrospective (2019.06— 71 Lenvatinib .1 not reached | 59.2%/
et al®! 2019.08) +Toripalimab+ 67.6%
HAIC
vs.
86 Lenvatinib 5.1 I 9.3%l/
16.3%
p< 0.001 p< 0.001 p< 0.001
Qu S et al*? Prospective (2017.11— 56 Lenvatinib+ m*11.9 m*23.9 67.9%
2020.11) PD-1I inhibitor+
TACE
Vs.
54 TACE m*6.9 m*15.3 29.6%
P=0.003 P < 0.001 P < 0.001
Cai M et al®? Prospective (2019.01— 41 Lenvatinib+ 73 16.9 56.1%
2020.12) PD-1I inhibitor+
TACE
Vs.
40 TACE 4.0 12.1 32.5%
P =0.009 P =0.002 P =0.033
Liu Y et al** Retrospective (2018.1 - 53 Lenvatinib+ 12.8 >30
2021.06) HAIC+
Ablation
vs.
97 Lenvatinib+ 5.6 13.6
HAIC
P=0.010 P <0.001
Chen Retrospective (2016-2020) 70 Lenvatinib+ m*9.2 m*18.1
Setal®® Pembrolizumab+
TACE
vs.
72 Lenvatinib+ m*5.5 m*[4.1
TACE
P =0.006 P =0.004
Chen Retrospective (2018-2021) 84 Lenvatinib+ m*10.9 m*17.7
S et al®® Pembrolizumab
HAIC
vs.
86 Lenvatinib+ m*6.8 m*12.6
Pembrolizumab
P =10.001 P =0.001
Lai Z et al*’ Phase I 36 Lenvatinib+ m*10.4 17.9 63.9%/
single-arm Toripalimab+ 66.7%
HAIC
(Continued)
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Table 2 (Continued).

Authors Study Type/Date Patients (n) | Regimen PFS os ORR (RECIST/
(months) (months) mRECIST)
Mei | et al*® Retrospective (2018.07— 45 Lenvatinib+ m*8.8 m*15.9 40%
2021.12) PD-I inhibitor+
HAIC
Vs.
25 Lenvatinib+ m*5.4 m*8.6 16%
PD-1 inhibitor
P =0.0320 P =0.0015 P =0.038
Qu WF Retrospective (2018.11- 30 Lenvatinib+ Not reached | Not 76.7%
etal® 2021.01) Toripalimab+ reached
TACE
Vs.
21 Lenvatinib+ Not reached | Not 47.6%
TACE reached
P =0.042
Guo Retrospective (2018.01— 75 Lenvatinib+ m*30.4 68.8%
P et al*® 2022.01) PD-I inhibitor+
TACE
Vs.
91 Lenvatinib+ m*21.4 41.7%
TACE
P =0.030 P =0.01
Xiang Y] Retrospective 56 Lenvatinib+ m*22.5 m*26.0 64.3%
et al® PD-I inhibitor+
TACE
Vs.
47 Lenvatinib+ m*14.0 not reached | 38.3%
TACE
P =0.001 P = 0.005 P =0.010
Li X et al®? Retrospective (2019.06— 114 Lenvatinib+ m*10.4 m*[8 69.3%
2021.05) PD-1 inhibitor+
TACE

Note: *Median time.
Abbreviations: PFS, Progression-free survival; OS, Overall survival; ORR, Objective response rate; RECIST, Response evaluation criteria in solid tumors; mRECIST, Mrecist
Modified response evaluation criteria in solid tumors; TACE, Transarterial chemoembolization; HAIC, Hepatic artery infusion chemotherapy.

combined with a PD-1 inhibitor plus TACE or HAIC may have a synergistic antitumor effect based on the research
outcomes of dual-drug combinations or single-drug comparisons with triple-drug combinations. However, another study
showed the opposite result. This study demonstrated that triple therapy (lenvatinib plus PD-1 antibody plus TACE or
HAIC) is comparable to lenvatinib plus PD-1 antibody or lenvatinib plus TACE or HAIC.’® Thus, high-quality
randomized controlled trials are needed to confirm the effectiveness of multiple treatments.

Other Ongoing Combined Therapies

For aHCC, the dual or triple scheme of lenvatinib in combination with ICIs, TACE or HAIC has been proven to have
achieved ideal results. A number of clinical trials have been developed to assess the effectiveness and safety of
combining various treatments with lenvatinib (clinicaltrials.gov). Here, we summarize some clinical studies about
postoperative treatments, borderline resectable HCC, treatments before transplant and lenvatinib resistance in Table 3.
The publication of the final results of these studies is still awaited. The mechanism of this research was clarified in
a prospective clinical study of lenvatinib combined with gefitinib for the treatment of lenvatinib-resistant HCC."'
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Table 3 Other Ongoing Combined Therapies for HCC

Trial NCT number Intervention Phase State Characteristic
NCT04642547 Lenvatinib+Gefitinib | Recruiting Lenvatinib-resistant
Single arm
NCTO04911959 Lenvatinib+TACE | Not yet recruiting MVI-positive HCC
vs. O
TACE
NCTO05042336 Camrelizumab+Lenvatinib + Ib/Il Not yet recruiting Borderline resectable HCC
TACE Single arm
NCTO05185739 Pembrolizumab 1] Not yet recruiting Resectable HCC
vs. O triple
Lenvatinib arm
vs. O
Pembrolizumab+ Lenvatinib
NCT04425226 Pembrolizumab+ Lenvatinib | Recruiting Before liver transplant
NCTO05103904 Lenvatinib 1] Recruiting Recurrence after liver transplantation

Abbreviations: MVI, Microvascular invasion; TACE, Transarterial chemoembolization.

Neoadjuvant PD-1 antibody in combination with TKIs has demonstrated promising efficacy and tolerable mortality rates
in transplant recipients, according to several studies.®®

Resistance Mechanisms to Lenvatinib and Therapeutic Strategies to

Overcome Lenvatinib Resistance

Lenvatinib resistance remains a major cause of aHCC targeted therapy failure. Cancer heterogeneity, including the
relationship between subpopulations within and between tumors, may have significant implications for cancer drug
therapy, particularly in aHCC, which is known for its significant heterogeneity.** There are two reasons for drug
resistance: natural resistance and adaptive regulation in the course of medication. Numerous studies have investigated
the mechanisms and preventative measures of lenvatinib resistance in HCC considering the crucial role it plays in
comprehensive treatment.®> Drug combination therapy may be a potential solution for some drug resistance mechanisms,
but further exploration is required.

Regulation in Cell Signaling Pathways

In recent years, the exploration of pathways downstream of VEGFR, FGFR and PDGFR has been ongoing. In Table 4,
some drug regimens to overcome lenvatinib resistance are shown. Lenvatinib medication that inhibits FGFR causes
feedback stimulation of the EGFR-PAK2-ERKS signaling axis, which can be stopped by EGFR inhibition. This
promising finding was validated in vivo and in vitro. Then, a clinical trial showed that patients with aHCC who did
not respond to lenvatinib achieved a meaningful clinical response after combination with gefitinib therapy
(NCT04642547), gefitinib is an EGFR inhibitor."' Based on previous research according to Qin et al, HCC cells become
resistant to lenvatinib by boosting the EGFR-STAT3-ABCBI1 signaling axis and activating EGFR. ABCBI1 has been
demonstrated to be inhibited by EGFR inhibitors. HCC is evidently improved by the combination of erlotinib and
lenvatinib both in vitro and in vivo.®® WD repeat domain 4 (WDR4) and methyltransferase-like 1 (METTL1), two
essential elements of the tRNA m7G methyltransferase complex, were shown to be markedly increased in lenvatinib-
resistant cells in a different investigation. Drug resistance is initiated by METTL1 promotion of EGFR pathway gene
translation.®” In a separate study related to EGFR, it was found that m6A mRNA modification was significantly higher in
lenvatinib-resistant cells from HCC compared to the parental cells. Among the m6A regulators, Methyltransferase-like 3
(METTL3) showed the most significant up-regulation. Overexpression of the EGFR prevented the growth arrest of drug-
resistant cells induced by METTL3 knockdown during lenvatinib treatment. This study concludes that targeting
METTL3 with specific inhibitors can enhance sensitivity to lenvatinib both in vitro and in vivo.®®
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Table 4 Drug Resistance Pathways and Combination Therapy

Year First author Key gene Signaling pathways Combined drug
2021 Lu Yetal® NFI, DUSP9 PI3K/AKT and MAPK/ERK Trametinib (pathway inhibitor for MEK)
2021 Zhao Z et al”® ETS-1 RAS/MEK/ERK Sophocarpine
2021 Jin H et al"! EGFR EGFR-PAK2-ERK2 Gefitinib (pathway inhibitor for EGFR)
2022 Sun D etal”' MDRPI, BCRP MEK/ERK and I3K/AKT Elacridar (dual MDRI and BCRP inhibitor)
2022 Huang S et al’? DUSP4 p-ERK and p-MEK Selumetinib (pathway inhibitor for MEK)
2022 Hu B et al®® ABCBI EGFR-STAT3-ABCBI Erlotinib (pathway inhibitor for EGFR)
2022 Hou W et al”? ITGB8, HSP90 AKT MK-2206 (AKT inhibitor)

17-AAG (HSP90 inhibitor)

Abbreviations: NFI, Neurofibromin |; DUSP9, Dual specificity phosphatase 9; ETS-1, E-twenty-six-1; EGFR, Epidermal growth factor receptor; MDRPI, Multidrug
resistance protein |; BCRP, Breast cancer resistance protein; DUSP4, Dual specificity phosphatase 4; ABCBI, P-glycoprotein-1; ITGB8, Integrin subunit beta 8; HSP90, Heat
shock protein 90.

Wong et al identified phosphoglycerate dehydrogenase (PHGDH) as a crucial driver of sorafenib, regorafenib, and
lenvatinib resistance utilizing genome-wide CRISPR/Cas9 library screening.”* Similarly, other researchers discovered
that neurofibromin 1 (NF1), dual-specificity phosphatase 9 (DUSP9), and dual-specificity phosphatase 4 (DUSP4) are
important drivers of lenvatinib resistance in HCC using genome-wide CRISPR/Cas9 library screening. Lenvatinib
resistance was caused by DUSP4, DUSP9, and NF1 deficiencies. The mechanisms by which DUSP9 deficiency activates
the MAPK/ERK signaling pathways, NF1 deficiency stimulates the PI3K/AKT and MAPK/ERK signaling pathways, and
DUSP4 loss is accompanied by control of p-ERK and p-MEK levels were also clarified. Lenvatinib resistance can be
overcome using a MEK inhibitor.%%-"

Vascular endothelial VEGFR2 expression and its downstream RAS/MEK/ERK signaling were evidently upregulated in
lenvatinib-resistant cell lines.”® Another study discovered that when FGFR1 is overexpressed, lenvatinib resistance in hepato-
carcinomas is caused by the downstream activation of mTOR, AKT, and ERK signals.”® Breast cancer resistance protein (BCRP)
and multidrug resistance protein 1 (MDR1) transporters were considerably upregulated when lenvatinib resistance was induced
in HCC cells, which was followed by activation of the PI3K/Akt, MEK/ERK, and EGFR pathways.”' According to a study,
lenvatinib resistance was controlled by integrin subunit beta 8 (ITGBS) via the stabilization of AKT by Heat Shock Protein 90
(HSP90) and an increase in AKT signaling.”® Li et al found that YRDC promotes lenvatinib resistance by regulating the Ras/Raf/
MEK/ERK pathway, while YRDC belongs to the universal family with the sua5-yciO-yrdC domain.”®

According to one study, cellular mesenchymal—epithelial transition factor (c-MET) and mucoprotein 15 (MUC15) can
interact, inactivating the PI3K/AKT/SOX2 signaling pathway. The response of carcinoma cells to lenvatinib is governed
by the MUCI15/c-MET/PI3K/AKT/SOX2 axis, and MUC15 overexpression can overcome lenvatinib resistance.’’
Takehara et al found in 2020 that long-term exposure to lenvatinib decreases the expression of fibroblast growth factor
19 (FGF19) in HCC cells but that re-expression of FGF19 can increase sensitivity to lenvatinib. ST6 Beta-Galactoside
Alpha-2,6-Sialyltransferase 1 (ST6GALL) is a tumor-derived secretory protein that is positively controlled by FGF19,
according to proteomic and secretome studies.”® By promoting autolysosome formation, lysosomal-associated protein
transmembrane 5 (LAPTM5) may increase intrinsic macroautophagic/autophagic flux to cause lenvatinib resistance.””
Maina et al showed that secreted glycoprotein ADAMTS-like 5 (ADAMTSLS5) expression is increased in liver tumors
and is closely related to lenvatinib resistance. Inhibition of ADAMTSL5 can offset lenvatinib resistance.** During
treatment, some proteins can be used as potential markers of liver cancer to observe the therapeutic effect, and there is
also the possibility of these markers being used as drug targets. Some specific protein changes were found in lenvatinib-
resistant cell lines. Examples include MUC15, ADAMTSLS, LAPTMS, and ST6GALL1. The discovery of special proteins
is very important. They can be used as therapeutic sensitive markers and can be detected in patients’ serum.

Noncoding RNA Regulation
Through epigenetic connections, noncoding RNAs such as microRNAs (miRNAs), long noncoding RNAs (IncRNAs),
and circular RNAs (circRNAs) promote the formation and progression of HCC.®' In the emergence of lenvatinib
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resistance in HCC, noncoding RNAs also have a significant impact. A study found that HCC and liver cancer stem cells
(CSCs) have higher levels of miR-3154. Hepatoma cell responses to lenvatinib therapy are regulated by miR-3154. It was
further suggested by analysis of the patient cohort and patient-derived xenografts (PDXs) that miR-3154 may be
predictive of the therapeutic efficacy of lenvatinib in HCC patients.® It has been established that lenvatinib resistance
results from c-Met overexpression. The goal of later research was to find putative upstream miRNAs that control c-Met.
Researchers discovered that miR-183-5p.1 specifically targets the 3’-UTR of the unique protein MUCI5 in liver tumor-
initiating cells (T-ICs) and that the MUC15/c-MET/PI3K/AKT/SOX2 axis controls the responses of hepatoma cells to
lenvatinib treatment.”” In lenvatinib-resistant cells, Sun et al demonstrated that miR-128-3p strongly inhibits the
regulation of c-Met. Lenvatinib resistance is caused by miR-128-3p and c-Met, which control the progression of the
ERK cell cycle and the AKT apoptotic pathway.®> According to a second study, HGF decreased lenvatinib’s antiproli-
ferative, proapoptotic, and anti-invasive actions in HCC cells with high ¢c-MET expression. To promote epithelial—
mesenchymal transition (EMT) in hepatoma cells, HGF/c-MET activates the downstream PI3K/AKT and MAPK/ERK
pathways, which eventually results in lenvatinib resistance.'> 2022, Wang et al discovered that circPAK1 can be
transported to sensitive cells by exosomes from lenvatinib-resistant cells to induce receptor cells to develop lenvatinib
resistance.® Other studies found that upregulated circMED27, IncRNA MT1JP, and IncRNA XIST promoted HCC
resistance to lenvatinib.*>*’

Tumor Immune Microenvironment

Cancer cells interact with the host immune system in the tumor immune microenvironment to either promote or inhibit
the pathological development of cancer. The immune system has the ability to identify cancer cells and activate an
immunological response to destroy them. Due to the highly dynamic, strong adaptive and highly heterogeneous tumor
microenvironment (TME) in HCC, various types of TKI and ICI resistance have emerged.®® Some studies have found
that the emergence of lenvatinib resistance in HCC is closely related to TME changes. A subset of patients with tumors
characterized by Treg cell infiltration, minimal inflammatory signaling, and an activated VEGFR pathway have been
identified as prospective responders beyond monotherapy based on the immune-related genetic profile of human HCC.
Torrens L et al reported that lenvatinib combined with anti-PD1 exerts immunomodulatory effects by activating immune
pathways, reducing Treg infiltration, and inhibiting TGFB signaling.® After lenvatinib treatment with or without anti-PD
-1 antibody, single-cell RNA sequencing analysis of an animal experiment revealed decreased proportions of monocyte
and macrophage populations and increased proportions of CD8 T-cell populations.® Another study discovered that
lenvatinib suppresses FGFR to improve antitumor immunity and anti-PD-1 antibody activity and that activation of the
FGFR pathway reduces IFN signaling.”® According to a neutrophil study, neutrophils polarize to the N2 phenotype after
entering the TME. The expression of PD-L1 was also increased. As a result, lenvatinib’s ability to combat tumor cells is
compromised, and using lenvatinib in conjunction with celecoxib lowers the survival of lactic acid-stimulated PD-L1
neutrophils while increasing lenvatinib’s antitumor effects.”’

Expansion of Cancer Stem Cells

A handful of particular cell types are responsible for driving tumor growth, as shown by the CSC paradigm. Through the
expansion of CSCs, tumor reproliferation mediates the formation of drug resistance. Cholesterol production via sterol-
regulatory element-binding protein 2 (SREBP2) is essential for promoting liver cancer stem cells. HCC cells treated with
exogenous cholesterol can enhance tumor stemness and drug resistance. Simvastatin can not only inhibit the growth of
liver cancer but also make liver cancer cells sensitive to sorafenib. It may have the same effect on lenvatinib resistance,
which needs further verification.”” A study identified cancer cell subsets with stem cell-like properties in a mouse HCC
model. Stem cell-like properties are essential for tumor maintenance and growth. Additional research has revealed that
a viable therapeutic target for liver cancer is the Jak/Stat pathway.”> Another study explored the mechanism by which
CD73 regulates cancer stem cells. After CD73 knockdown, tumor sphere formation decreased, lenvatinib resistance and
stemness-related gene expression increased, while CD73 overexpression achieved the opposite effect.”* The expression
of numerous stem factors is correlated with high levels of POSTN (especially CD133). Cilengitide in combination with
lenvatinib is more effective than lenvatinib monotherapy in inhibiting the growth of some HCC cells that express high
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levels of POSTN.?® In a recent study, researchers investigated the expression of Frizzled-10 (FZD10) in hepatocellular
CSCs using RNA sequencing. They found that FZD10 plays a crucial role in promoting the self-renewal, tumorigenicity,
and metastasis of hepatic CSCs by activating the B-catenin and YAP1 signaling pathways. Furthermore, the FZD10--
catenin/c-Jun axis was shown to transcriptionally activate the expression of METTL3, which in turn determines the
response of hepatocellular carcinoma cells to treatment with lenvatinib. Thus, targeting the FZD10/B-catenin/c-Jun/MEK/

ERK axis may be a promising strategy for developing novel therapies for hepatocellular carcinoma.’®

Discussion

The treatment pattern of aHCC has undergone tremendous changes in the past decade. Many clinical trials have explored
the application of lenvatinib, and combination therapy has recently produced an unprecedented paradigm shift and shown
promising results.

In the early stage, lenvatinib monotherapy was confirmed to be not inferior to sorafenib and is currently widely used
as a first-line treatment drug in different populations around the world.® Hypertensive proteinuria, alimentary tract
syndrome, and pain syndrome are the main AEs.'” For aHCC patients who are intolerant to sorafenib or who experience
regorafenib failure, the application of lenvatinib may lead to improvement.”’ After sorafenib-experienced failure,
lenvatinib combined with ICI showed significantly better survival than monotherapy with lenvatinib.”® Furthermore,
after the failure of TKI and ICI combination therapy, the retention of lenvatinib and ICI monotherapy conversion can
bring survival benefits.”® Similarly, the combination of lenvatinib with pembrolizumab, camrelizumab, nivolumab and
other ICIs has shown efficacy in aHCC. Combinations of immunotherapies and molecularly targeted therapies are
becoming increasingly common as methods to improve immune system responses to neoantigens produced from HCC. If
determinants of responsiveness are found, these measures may increase the bar for systemic HCC therapy by increasing
median overall survival beyond 2 years. Triple therapy showed a high result. We think that lenvatinib paired with PD-1
antibody in combination with TACE or HAIC may have a synergistic antitumor impact based on the outcomes of dual-
drug combinations or single-agent versus triple-drug combinations.

Although the emergence of lenvatinib has further improved the prognosis of patients with aHCC, and it is currently
widely used, the prominent problem is drug resistance. There are currently a large number of studies addressing drug
resistance, and some have conducted clinical trials, which is exciting news for HCC patients. For lenvatinib resistance,
Figure 2 shows some combination therapies. In hepatocellular carcinoma, EGFR inhibition with lenvatinib shows
synthetic lethality. In vitro EGFR-expressing HCC cell lines demonstrated effective antiproliferative effects when
gefitinib and lenvatinib were combined. The clinical trial of lenvatinib combined with gefitinib is ongoing
(NCT04642547), and preliminary progress has been made.'' Further research showed that the EGFR-STAT3-ABCBI
pathway was activated in HCC cells to gain resistance to lenvatinib and that erlotinib may also be utilized in tandem with
lenvatinib as an EGFR inhibitor.®® Two other studies on the EGFR resistance pathway confirmed that METTLI and
METTL3 promote the translation of genes in the EGFR pathway to trigger resistance.®”*® Activation of the PI3K/AKT,
MAPK/ERK, and other pathways has also been the subject of numerous investigations with encouraging outcomes, and
these investigations have all been validated with MEK inhibitors and AKT inhibitors.®>’**° Some studies have found
specific small-molecule changes (mainly in proteins) in lenvatinib-resistant cell lines. These proteins or other molecules
provide promising predictive markers and intervention targets for drug resistance. Mucoprotein (MUCI5), secreted
glycoprotein ADAMTS-like 5 (ADAMTSLS), lysosomal-associated protein transmembrane 5 (LAPTMS), ST6 beta-
galactoside alpha-2,6-sialyltransferase 1 (ST6GAL1), METTL1 and METTL3 are a few examples. Lenvatinib resistance
is significantly influenced by noncoding RNAs. Other factors that contribute to lenvatinib resistance are the activation of
cancer stem cells, the effect on epithelial-mesenchymal transition (EMT), and the overexpression of c-Met.

Conclusion and Perspectives

In conclusion, in addition to the clinical studies mentioned above, there are numerous novel therapeutic combinations
under way in the early stages of clinical development. These combination treatments can be broadly classified as
multitarget tyrosine kinase inhibitors, EGFR-TKIs, chemotherapy (TACE, HAIC), and ICIs, with lenvatinib being the
core medication. Additionally, to overcome lenvatinib resistance, many new therapeutic combinations are being explored
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Figure 2 Combination therapy for drug resistance mechanisms.

Notes: Gefitinib, Erlotinib (EGFR inhibitor); Elacridar (dual MDR| and BCRP inhibitor); Selumetinib, Trametinib (MEK inhibitor); MK-2206 (AKT inhibitor); 17-AAG (HSP90
inhibitor).

Abbreviations: BCRP, breast cancer resistance protein; MDRI, multidrug resistance protein |; ITGBS, identified integrin subunit beta 8; HSP90, heat shock protein 90;
METTLI, methyltransferase-like |; METTL3, methyltransferase-like 3.

in early clinical studies, such as EGFR and MEK inhibitors combined with lenvatinib, which still need to be further
tested in humans to prove their feasibility. Further exploration of the efficacy and resistance mechanisms of lenvatinib
combination therapy is necessary, and future research may involve investigating the role of non-coding RNAs and
elucidating the mechanisms by which combination therapy impacts the immune microenvironment. Researchers have
produced positive results in combating drug resistance and enhancing prognosis of patients, bringing more hope to
patients.
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