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Abstract

Lenvatinib is a Tyrosine Kinase Inhibitor (TKI) that prevents the formation of new blood vessels
namely by inhibiting tyrosine kinase enzymes as the name suggests. Specifically, Lenvatinib acts
on Vascular Endothelial Growth Factor Receptors 1-3 (VEGFR1-3), fibroblast growth factor
receptors 1-4 (FGFR1-4), platelet-derived growth factor receptor-alpha (PDGFRa), tyrosine-
kinase receptor (KIT), and rearranged during transfection receptor (RET). Inhibition of these
receptors works to inhibit tumor proliferation. It is through these inhibition mechanisms that
Lenvatinib was tested to be non-inferior to Sorafenib. However, resistance to Lenvatinib is
common, making the positive effects of Lenvatinib on a patient’s survival null after resistance

is acquired. Therefore, it is crucial to understand mechanisms related to Lenvatinib resistance.
This review aims to piece together various mechanisms involved in Lenvatinib resistance and
summarizes the research done so far investigating it.

1.0 History of Lenvatinib and What it is
1.1 HCC Background

Hepatocellular carcinoma (HCC) is the most common form of liver cancer and the second
cause of death due to malignancy in the world.! Responsible for over 700,000 deaths
annually,2 HCC incidences are still increasing affecting Eastern Asia most heavily despite
the introduction of the Hepatitis B vaccine, as the virus often leads to the development of
HCC. While the demographic for HCC most often includes males between 30-70 years old,
incidences in areas with high rates of HCC, such as Eastern Asia mentioned before, have
seen HCC in people as young as 1-years-old.1: 3 In the United States it is less common to
develop HCC, as it occurs in less than 5 in 100,000 people as opposed to greater than 20 in
100,000 people in Eastern Asia.* ® However, incidence rates are expected to rise by 122%
by 2030 in the United States due to the increased prevalence of obesity and diabetes.
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If diagnosed early, HCC can be effectively cured through surgery by removing the cancerous
tumor or by a liver transplant. Unfortunately, many people do not exhibit symptoms of

HCC until it is in its terminal stages where liver transplantation is not possible.” Moreover,
small HCC tumors that do not yet elicit symptoms were found to speed up the process of
metastasis through cancer cell distribution earlier than originally thought, emphasizing the
importance of learning more about HCC and potentially developing a biomarker.

Unfortunately, though identifying HCC quickly is essential, methods of screening for HCC
have been shown to be inconsistent and therefore unreliable.8 Additionally, as discussed
earlier, most people who develop HCC are asymptomatic at first, so unless one is regularly
checking for HCC, identification will likely occur when the process of metastasis has
already occurred.? It is due to these various factors that the death toll for HCC is still very
high, the incidence rate is continuing to increase, and the 5-year survival rate is less than
20%.4

Causes of HCC vary with the most prevalent including cirrhosis of the liver, non-alcoholic
fatty liver disease, Hepatitis B and C, type 2 diabetes, smoking, obesity, and excessive
alcohol consumption.” HCC ultimately results from chronic inflammation, found in each

of the causes listed previously. The inflammation can lead to cancer through several
mechanisms, including hepatocyte necrosis, liver regeneration, and fibrosis.> However, much
research is still needed to investigate exactly how liver cells transform into neoplastic ones.!
In the United States and Asia, Hepatitis C and B are the most common causes of HCC
respectively. However, through the introduction of Hepatitis B virus (HBV) vaccines in
Eastern Asia, incidences due to HBV have decreased.19 While there are various solutions to
HCC including liver transplantation, immunotherapy, and ablation therapy to name a few,’
targeted molecular therapies and new combination therapies may prove more promising to
lead to the next breakthrough in treating HCC.11

1.2 Lenvatinib Proving Non-Inferior

While chemotherapy was previously preferred as a first-line treatment for HCC, a better
understanding of the pathways and mechanisms involved in HCC has led to the emergence
of targeted drug therapy, which has far less negative side effects.12 This development led

to Sorafenib being labeled a first-line treatment for HCC in 2007.13 Despite this progress,
Sorafenib’s overall survival (OS) was still only 12.3 months, and a need for a more effective
drug became necessary.14 At first, it was a large challenge to find a drug that was non-
inferior to Sorafenib. Failed trials to do so included Sunitinib, Linifanib, Erlotinib, Brivanib,
and Doxorubicin.1® In a twist of fate, on August 16, 2018, Lenvatinib was approved

to be non-inferior to Sorafenib by the FDA, being the first breakthrough in HCC drug
treatments in 10 years.1® Lenvatinib exhibited significant improvement in progression-free
survival (PFS) compared to Sorafenib, at 7.6 months compared to 3.6 months respectively.14
This demonstrated its better anti-tumor effect over Sorafenib. Moreover, with patients
feeling better for longer, it increases the likelihood for them to continue treatment without
discouragement compared to Sorafenib. This was demonstrated with a higher objective
response rate (ORR) of 24.1% compared to Sorafenib’s 9.2%6 as well as Lenvatinib’s
higher Quality of Life (QOL) score than Sorafenib.1> However, Lenvatinib showed an
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insignificant overall survival (OS) improvement compared to Sorafenib with 13.6 months
compared to 12.3 months respectively.14 However, it should be noted in a subsequent
phase 1 trial where Lenvatinib dosage was increased, the median OS was 18.7 months!’
and in yet another study OS increased to 20.2 months.18 While the improved ORR

and PFS are important, increasing the OS time is the most crucial aspect of proving
non-inferior that Lenvatinib fell short on. This may partly be due to Lenvatinib resistance
acquired by patients. Despite this shortcoming, Lenvatinib has brought about significant
progress in fighting HCC through targeted drug therapy, particularly by being approved
as an alternative option to Sorafenib in patients who are not responding to Sorafenib
treatment.1® Unfortunately, as resistance to Lenvatinib is common, the need to understand
the mechanisms behind how it works to combat Lenvatinib resistance is crucial.

1.3 Lenvatinibis a TKI

As stated previously, Lenvatinib is a Tyrosine Kinase Inhibitor that blocks the activity of
VEGFR, FGFR, RET, C-kit, PDGFR-a, and PDGFR-p receptors.12 These receptors are
involved in tumor angiogenesis as well as cancer cell proliferation. Lenvatinib inhibits
angiogenesis and cell proliferation by impeding the function of these receptors.1’ It does
so by inhibiting tyrosine kinase enzymes activated by the receptors which in turn block
the formation of blood vessels. By cutting off the blood supply to cancer cells, they don’t
receive the necessary nutrients to keep growing. This is especially effective in HCC as it
is a highly vascularized cancer, using blood vessels not only to gain nutrients but also to
distribute thousands of cancer cells to begin the process of metastasis.! Moreover, VEGFR
receptors also play a role in delivering oxygen to tumor cells. So, when inhibited by
Lenvatinib, hypoxia and in turn cell starvation are induced to cause cell death.2°

1.4 Resistance to Lenvatinib

Unfortunately, resistance to Lenvatinib is common rendering the treatment ineffective after
the patient acquires resistance.2! With the average duration of treatment only being 7.4
months due to the ineffectiveness of Lenvatinib or severe symptoms,22 understanding

the mechanisms behind Lenvatinib resistance is crucial to making further headway in

the targeted drug therapy approach. This review intends to summarize the mechanisms
underlying Lenvatinib resistance as well as possible solutions to overcome it posited by
various researchers and their findings.

2.0 How Lenvatinib Works

2.1 Lenvatinib is Antiangiogenetic

In vivo, Lenvatinib was first established to have antiangiogenetic activities through
experiments with mice. Osaka Toyama et al. began looking at the phenotypic effects of
Lenvatinib by tracking the marker platelet endothelial cell adhesion molecule 1 (CD31),

in mice as a way to measure tumor growth.23 He found that microvessel density (MVD)
was decreased in mice who were treated with Lenvatinib in comparison to those who were
not, meaning it inhibited angiogenesis.23 Furthermore, in another study, Lenvatinib also
suppressed tumor growth in a dose-dependent manner in nude mice implanted with KYN-2
and HAK-1B HCC cell lines.24 These results are also not exclusive to only a few cell lines,
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with another study confirming Lenvatinib’s anti-proliferative effect in cell lines Hep3B2.1-
7, Huh-7, and JHH-7. Moreover, this was not only due to VEGFR inhibition but FGF
signaling inhibition.2> Lenvatinib’s versatility in many areas makes sense, as Lenvatinib
works through multiple receptor tyrosine kinases (RTKSs), markedly more than Sorafenib,
making it stand the test of time in the face of gene alterations and overexpression of those
RTKs it inhibits.26

2.2 Overview of Lenvatinib’s Functions

It is through these studies and various others that Lenvatinib’s mechanics have been
thoroughly explored. To summarize, Lenvatinib is a TKI and blocks tyrosine kinase
enzymes. Tumor growth can only occur when new blood vessels are being formed to supply
the tumor with nutrients. This can only happen if ligands bind to their specific tyrosine
kinase receptors which initiate a signal cascade causing cell proliferation. Lenvatinib inhibits
angiogenesis by blocking these receptors such as VEGFR1-3 and PDGFRa, but also
inhibits tumor cell proliferation by inhibiting KIT and RET. Unlike Sorafenib, Lenvatinib
also targets fibroblast growth factor receptors 1-4 which contribute to tumor growth, making
it incredibly powerful for fighting against HCC.%’

This is how, through Lenvatinib, the inhibition of these receptors inhibits tumor cell
proliferation and angiogenesis in patients. The inhibition of both blood vessel formation
and cancer cell proliferation makes Lenvatinib an extremely effective drug.28

3.0 How Patients have been Responding to Lenvatinib (Resistance

Mechanisms)

3.1 Introduction

There are various mechanisms involved with Lenvatinib Resistance, many of which still
need to be researched and investigated. This review article will list a few of the most
prominent mechanisms underlying Lenvatinib Resistance in regard to HCC.

3.2 c-MET and HGF

C-mesenchymal-epithelial transition factor (c-MET) is a receptor tyrosine kinase that
responds to Hepatocyte Growth Factor (HGF).28 29 Both c-MET and HGF have been
implicated to play a role in many cancers, and in this study, their role in HCC, specifically in
regards to Lenvatinib, was elucidated.

One connection between Lenvatinib and c-MET is that cells that are Lenvatinib resistant
have higher expressions of c-MET.28 30 Additionally, overexpression of c-MET is found

to be in more than 80% of HCC tissues.2? This is troubling because when cells with high
c-MET expression were treated with HGF, Lenvatinib’s ability to prevent proliferation and
promote apoptosis was lessened.28 These effects were not seen in cells with low c-MET
expression, perhaps due to the fact that HGF did not have as many c-MET receptors to act
on. From these results, irregular c-MET or HGF activity could serve as a potential biomarker
for whether or not a patient will be responsive to Lenvatinib.28 One possible bypass around
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this resistance mechanism is by using a c-MET inhibitor. In this study, the c-MET inhibitor
PHA-665752 was able to successfully reverse Lenvatinib resistance.28

The resistance mechanism for HGF and c-MET was found to act through two different
pathways. First, HGF, being the growth factor that binds to c-MET, causes it to
autophosphorylate which in turn activates the phosphatidylinositol 3-kinase/protein kinase
B (PI3K/AKT) and mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) pathways to promote cell growth.28 Another pathway that HGF promotes
involves epithelial-mesenchymal transitions (EMTs). EMTs occur when epithelial cells
gain the abilities of mesenchymal cells and are able to proliferate and prevent apoptosis
abnormally. EMTs are also known to promote drug resistance.28 Unfortunately, EMTs often
occur when they receive long-term exposure to a drug such as Lenvatinib. In this study, it
was found that HGF promotes EMTSs, leading to another resistance mechanism.28 However,
a possible therapeutic strategy to combat EMT-facilitated resistance is through c-MET
inhibition, as the small interfering RNA (siRNA) knockdown of c-MET was able to reverse
HGF-induced EMTSs in this study.28

Similarly, another study found related findings regarding Lenvatinib increasing the
expression and phosphorylation of c-MET.39 However in this study, researchers took a closer
look at microRNAs (miRNAS) that play a role in the regulation of c-MET. In this case,

they found that miR-128-3p, a miRNA that prevents c-MET expression, was downregulated
in Lenvatinib resistant cells.3 Reintroducing miR-128-3p, as well as using another c-MET
inhibitor Capmatinib, effectively reversed Lenvatinib resistance and led to smaller tumors
and antiproliferation in resistant cells.30

This study found a similar resistance mechanism pathway as the previous, with
phosphorylated c-MET (p-MET) activating the AKT and ERK pathway which upregulates
cyclin D1 to increase proliferation. To summarize, both studies concluded that the activity
of the c-MET receptor was directly connected to Lenvatinib resistance, and interfering with
the activity of the receptor reversed Lenvatinib resistance even if it was induced by HGF or
EMTs (Figure 1).29:30

EGFR, or epidermal growth factor receptor, is one of the many receptors that Lenvatinib
targets to regulate cell proliferation.3! As a result, it also plays a role in Lenvatinib resistance
(Figure 2).

To start, researchers knew that Lenvatinib works to decrease ERK phosphorylation to
inactivate the MAPK pathway and prevent cell growth. However, in resistant cell lines,
there was an increase in ERK phosphorylation.32 The cause of this discrepancy was
narrowed down to two genes, one of them being EGFR. The next step researchers took

to examine EGFR’s role in Lenvatinib resistance was dosing resistant cells with the

EGFR inhibitor Erlotinib. Erlotinib on its own decreased ERK phosphorylation but not
proliferation, however when Erlotinib was combined with Lenvatinib, the two drugs worked
synergistically to decrease cell viability and re-sensitize the cells to Lenvatinib.32
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However, before a definitive conclusion could be drawn, the other upregulated gene needed
to be examined: IGF1R/INSR, or insulin-like growth factor 1 receptor. In this case,
Linsitinib, an INSR inhibitor, was used and did not decrease ERK phosphorylation when
combined with Lenvatinib. Researchers believe that INSR is only involved in Lenvatinib
resistance after EGFR has been inhibited, which may explain why it was up-regulated.32
However, this would need further research to confirm.

Now that it was deduced that enhanced EGFR activation plays a role in Lenvatinib
resistance, the mechanisms behind this correlation were explored. The first question was
how Lenvatinib could activate EGFR. Reactive oxygen species (ROS) are by-products of
cellular metabolism and have the potential to promote instability due to damage caused

to DNA and serve as signaling molecules to promote cancer. Unsurprisingly, ROS levels
are elevated in cancer cells.33 Connecting ROS back to this study, ROS elevation increases
EGFR autophosphorylation. Given this finding, it was unsurprising that researchers found
that ROS levels are higher in resistant cells compared to parental cells, leading researchers
to speculate that Lenvatinib must somehow induce ROS which in turn induces EGFR

to activate the mitogen-activated protein kinase kinase (MEK)/ERK pathway. To provide
further support to this notion, N-acetyl-I-cysteine (NAC), a ROS inhibitor, led to reduced
EGFR activation in resistant cells providing evidence that ROS and EGFR are linked.32

Further research is needed to solve some questions left unanswered in this study. For one,
the exact mechanism behind Lenvatinib increasing ROS levels is unclear. Additionally, while
Erlotinib alone decreased ERK activation, it did not decrease cell proliferation, leading
questions to be raised about other ways the MEK pathway could be activated or other
pathways in general that play a role in proliferation. Lastly, the role of INSR is still unclear
in how it could play a role in Lenvatinib resistance as that gene was still up-regulated in
resistant cell lines.32

The conclusion regarding EGFR’s relationship to Lenvatinib resistance is luckily clear, even
if the mechanisms need to be further explored. When EGFR is inhibited, such as with
Erlotinib, ERK is not as highly activated, which restores Lenvatinib sensitivity to previously
resistant cells.

3.4 Fibronectin

Fibronectin (FN) is an extracellular matrix glycoprotein that functions in tissue repair.34
Unfortunately, FN is also related to tumorigenesis and cancer metastasis, commonly found
to promote tumor progression.3® As predicted, in HCC there is increased expression of
fibroblast growth factors involved in the progression of HCC.36 It is because of this evidence
that investigating FN’s role regarding Lenvatinib resistance is so important.

Aside from being linked to cancer, FN is also linked to hypoxia. Hypoxia occurs when
there is a lack of oxygen in body tissues, and it causes numerous problems when treating
cancer. Hypoxia makes it harder to deliver drugs at toxic concentrations3’ which causes the
loss of tumor suppressor proteins, increases cell proliferation, and increases the expression
of genes involved in drug resistance.3® Due to tumor cells requiring lots of nutrients and
oxygen to grow, a hypoxic microenvironment is inevitable. Hypoxia’s effects on Lenvatinib
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can be observed in PLC/PRF/5 cell lines. In these cells, there was a significant increase

in cell viability under hypoxia compared to normoxia after being treated with Lenvatinib,
with cells needing increased concentrations of Lenvatinib to show a significant effect,
indicating that hypoxia plays a role in Lenvatinib resistance.36 Moreover, in PLC/PRF/5

cell lines, FN has increased expression, drawing the conclusion that hypoxia directly plays
arole in FN expression. Finally, researchers discovered that while cell viability may not
decrease much due to hypoxia, Lenvatinib does decrease the expression of FN in both
hypoxic and normoxic environments.38 This concludes that FN plays a major role in
Lenvatinib resistance. Moreover, when researchers knocked down FN, cells reacted far better
to Lenvatinib in non-hypoxic environments.

The pathway behind the phenomenon linking FN expression to Lenvatinib resistance is
the MAPK pathway. Lenvatinib works to deactivate this pathway. Hypoxia, on the other
hand, activates ERK1/2 which contributes to the up-regulation of FN through activation
of the MAPK pathway.3¢ Hypoxia also induces the transcription factor Hypoxia-inducible
factor-1a. (HIF1A) to play a role in Lenvatinib resistance.38 HIF1A is a transcription
factor that reaches peak expression in a hypoxic environment along with FN. This leads
researchers to believe that HIF1A induces the expression of FN in a hypoxic environment
and by doing so, prevents Lenvatinib from working effectively.3¢ This leads to the
conclusion that hypoxia activates the MAPK/ERK pathway while also activating HIF1A
to upregulate FN, resulting in the increase in FN that researchers saw as a response to
Lenvatinib (Figure 3). This ultimately leads to the conclusion that MAPK or FN inhibitors,
in combination with Lenvatinib, could prove to be useful in combatting Lenvatinib
resistance.30 It should be noted that this phenomenon where FN and hypoxia are linked

in this way was only observed in the PLC/PRF/5 cell lines.

While further research needs to be done to identify a possible drug to be paired with
Lenvatinib to bring out these desired effects, the MAPK pathway, HIF1A, and hypoxia have
been confirmed to be involved in Lenvatinib resistance.3 This leads to the conclusion about
the importance of FN expression induced by the transcription factor HIF1A and activation of
the MAPK pathway.

Frizzled-10 (FZD10) is a gene that encodes a 7-transmembrane-type wingless/integrated
(WNT) receptor.39 This receptor promotes tumor growth, proliferation, and metastasis of
liver cells and is upregulated in liver cancer cells.3% As such, FZD10 is a potential biomarker
and target for HCC therapy that may indicate how a patient may respond to Lenvatinib.3°

The pathway through which FZD10 works involves the B-catenin/MEK/ERK/c-Jun axis
starting with methyltransferase-like 3 (METTLZ3). To start, METTLZ3 stimulates an m6A
modification on FZD10 messenger RNA (mRNA).3? The mRNA is then stabilized by

the m6A reader, YTHDF2.39 This allows for an overactive FZD10 receptor. Evidence for
METTL3, FZD10, and YTHDF2 working together is provided by the fact that high amounts
of their expression predict a worse prognosis for patients than either marker alone.3? Next,
the overactive FZD10 receptor activates the B-catenin/Yes-associated protein 1 (YAP1) axis
to promote the transcription of genes involved in tumorigenesis and metastasis.3° One of
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these genes is ¢c-Jun, a protooncogene. C-Jun is a transcription factor that regulates liver
cancer stemness and chemoresistance.3? It also forms a positive feedback loop with WNT/g-
catenin signaling as well as promotes METTL3 expression and activates the MEK/ERK
pathway.3% As such, c-Jun is the final link that forms the positive feedback loop in the
FZD10/B-catenin/c-Jun/MEK/ERK pathway. Correlating with these findings, high amounts
of FZD10 correlate with higher levels of MAPK pathway activation. Moreover, Lenvatinib-
resistant cell lines have higher activation of the FZD10/p-catenin/c-Jun/MEK/ERK axis.3°
In fact, activation of this axis and overexpression of FZD10 reversed Lenvatinib’s inhibiting
effects on the MEK/ERK pathway.3? These factors together promote this axis’ role in
Lenvatinib resistance (Figure 4).

Fortunately, researchers found a way to reverse this resistance. Using an adeno-associated
virus (AAV) to inhibit the FZD10 gene re-sensitized resistant cells to Lenvatinib.3°
Moreover, inhibiting the p-catenin pathway using an AAV also restored Lenvatinib response
in terms of FZD10-mediated resistance.3° Another important finding of this study is the
possibility of using the status of FZD10 as a biomarker. In particular, patients with low
amounts of FZD10 are predicted to have a better response to Lenvatinib as a treatment.3?

Integrin beta-8 (ITGB8) is an integrin protein involved in Lenvatinib resistance. Integrin
proteins often work through initiating pathways involved in the cellular growth cycle.4 In
this case, ITGB8 is involved with the AKT-dependent signaling pathway, a pathway highly
involved in HCC and Lenvatinib Resistance.*!

To start, ITGB8 was the most significantly up-regulated gene in resistant cells compared

to parental in Hep3B and Huh7 cell lines. To further examine the role of ITGBS, it was
subsequently knocked down in Lenvatinib-resistant cells which were then treated with
Lenvatinib. In ITGB8 knockdown (KD) cells, resistance to Lenvatinib was reversed, and
cellular apoptosis was promoted.! While ITGB8 had only a minimal effect on resistant
cells on its own, combination treatment with Lenvatinib led to a significant decrease in cell
viability in resistant cells.*! This held true even in parental cell lines SNU449 and SNU423
which have naturally high levels of ITGB8. Lastly, when cell lines were engineered to
overexpress ITGBS, there was an observed increase in Lenvatinib resistance.

To examine what pathway ITGB8 works through to induce Lenvatinib resistance,
phosphorylation levels were studied in Hep3B and Huh7 cell lines. Levels of AKT
phosphorylation were the most enhanced in resistant cells compared to scramble in both
cell lines. Moreover, AKT levels were increased in ITGB8 overexpressed cells and reduced
in ITGB8 KD cells, leading researchers to look further into the AKT pathway.*! Heat
shock protein 90 (HSP90), known to promote AKT stabilization, was examined next. HSP90
protein levels were also increased in resistant cell lines, and ITGB8 upregulation increased
HSP90 expression.! This led to various drug treatments that could be used in combination
with Lenvatinib to decrease cell viability. First, MK-2206, an AKT pathway inhibitor, was
used. On its own, it did not suppress cell growth. However, in combination with Lenvatinib,
cells were able to re-sensitize to Lenvatinib and tumor growth was inhibited.4! 17-AAG,

an HSP90 inhibitor, was also able to decrease levels of AKT signaling and is thought to
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re-sensitize cells to Lenvatinib treatment.#* However, 17-AAG has not been tested in regard
to liver cancer yet, though outcomes look favorable.

While there are questions unanswered, such as how ITGB8 regulates HSP90 expression and
whether 17-AAG would be a potential successful combination therapy, it can be concluded
that ITGB8 plays a crucial role in Lenvatinib resistance (Figure 5). Moreover, targeting
ITGB8/HSPI0/AKT axis is a promising way to combat Lenvatinib resistance in patients.

IRFs are interferon regulatory factors associated with regulating cell proliferation and
tumorigenesis.*2 IRF2, the focus of this section, is in the IRF family and is associated with
inhibited apoptosis, drug resistance, and tumor protein 53 (p53). The p53 gene is known to
aid in the spreading of cancer cells in the body resulting in IRF2 likely causing Lenvatinib
resistance.*3 Furthermore, IRF2 is found to be up-regulated in HCC cells, with increased
levels of it being linked to the spread of HCC and enlargement of tumors. Coinciding with
this evidence, patients with high levels of IRF2 have lower overall survival times than those
with lower levels of IRF2.42

First, researchers must explore how IRF2 affects HCC molecularly. IRF2 promotes
tumorigenesis in two ways: inhibiting cell death and promoting cellular growth. IRF2 is
associated with inhibiting apoptosis by increasing the expression of various proteins that
inhibit cell death from occurring, such as B-cell lymphoma 2 (Bcl-2) and survivin.*? In fact,
when IRF2 was knocked down, there was decreased cell viability, even without Lenvatinib.
IRF2 also promotes cellular proliferation through p-catenin expression and Wnt signaling.
Wnt signaling plays a role in immune tolerance and tumorigenesis,** specifically through
activating VEGF-dependent#® and PDGF-dependent angiogenesis.*6 IRF2 has a positive
correlation with B-catenin/Wnt signaling as evidenced by the fact that IRF2 KD cells had
decreased expression of B-catenin.

Now that background on IRF2 and HCC is established, knowledge on how IRF2 interacts
with Lenvatinib is needed. When cells were treated with Lenvatinib, IRF2 and p-catenin
expression increased in a dose- and time-dependent manner, suggesting that expression of
IRF2 plays a vital role in inducing Lenvatinib resistance.*2 Additionally, Lenvatinib-resistant
cells have a higher basal level of IRF2. Transitioning to cell viability, in IRF2 KD cells,
Lenvatinib was shown to be far more effective in decreasing cell viability and increasing
apoptosis than in cells expressing IRF2.42 On the flip side, cells with IRF2 overexpressed
and treated with Lenvatinib saw increased cell proliferation..

The next step in researching IRF2 required manipulation. XAV-939, further referred to

as XAV, is a Wnt pathway inhibitor. Treatment with XAV reverses the upregulation

of B-catenin, increases proteins involved with apoptosis, and decreases those involved

in tumorigenesis and proliferation in a multitude of ways. To induce apoptosis, XAV
increased the expression of caspases involved in facilitating apoptosis. To prevent cellular
proliferation, XAV decreased the expression of survivin, earlier upregulated due to p-
catenin, and p65, a factor involved in tumor growth. XAV also decreased the expression
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of c-Myc and Cyclin D1, which are involved in cell growth.*? Further research needs to be
done to examine what the effects of XAV would be if paired with Lenvatinib.

To conclude, Lenvatinib treatment in combination with silencing IRF2 further decreased

cell viability than Lenvatinib alone. Additionally, resistance to Lenvatinib induced by IRF2
overexpression can be partially reversed by inhibiting p-catenin with XAV (Figure 6).
However, further research is needed to explore the possible synergistic effects of XAV paired
with Lenvatinib.42

3.8 NFL1 and Dual specificity phosphatase 9 (DUSP9)

In CRISPR/Cas9 screenings, genes are targeted to have their functions assessed, such as
those relating to drug resistance.4’ In this screening, two genes were identified as playing

a pivotal role in Lenvatinib resistance: Neurofibromatosis 1 (NF1) and dual specificity
phosphatase 9 (DUSP9).48 NF1 mutations are common in cancers, making this identification
not surprising.49 Normally, NF1 acts similarly to Lenvatinib by negatively regulating the
Ras/MAPK and PI3K/AKT signaling pathways to inhibit cell proliferation. DUSP9’s role

is less clear, though studies have identified it as a tumor suppressor through inhibition of
ERK. DUSP9 is also downregulated in many cancers.>® Hence, NF1 and DUSP9 in relation
to Lenvatinib resistance were further investigated.*8

DUSP9 and NF1 affected Lenvatinib resistance through one shared pathway and one
different pathway. Starting with NF1, NF1 KD activates the PI3K/AKT and RAS-MAPK1/3
pathway. These pathways, in turn, degrade or downregulate transcription factor forkhead
box 0-3 (FOX03).48 The absence of FOX03, a transcription factor that acts as a tumor
inhibitor, ultimately induces Lenvatinib resistance.*® On the other hand, DUSP9 only affects
Lenvatinib resistance through the MAPK/ERK signaling pathway, not the RAS-MAPK1/3
pathway. When DUSP9 is down-regulated, similar to NF1, the MAPK/ERK pathway is
activated, which then works to downregulate FOX03.48 Helpful to know, NF1 and DUSP9
are commonly down-regulated in cancers as well as HCC.

Moving forward, researchers decided to add Trametinib, an MEK pathway inhibitor, to
resistant cells. Trametinib was able to reverse resistance in Lenvatinib-resistant cells, even
halting HCC growth by itself when NF1 was knocked down completely.48

To conclude, NF1 deletion reactivated the MAPK/ERK and PI3K/AKT pathways. DUSP9
loss only activated the MAPK/ERK pathway and had less profound effects. Both these
pathways work to degrade FOXO3 when activated, among other humerous signals, that aid
in HCC cell proliferation (Figure 7). Trametinib, an MEK pathway inhibitor, was able to
inhibit the proliferation of HCC cells even in cell lines where NF1 was knocked down.48
This information can now inform researchers on a possible new combination therapy, as well
as use the expression of DUSP9 and NF1 to predict Lenvatinib resistance in HCC. Further
research is needed to see if interventions that increase the expression of DUSP9 or NF1
could lead to antiproliferative signals in HCC cells.
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3.9 Sophoridine

Sophoridine is a natural alkaloid functioning most notably in bringing about anti-tumor
effects.®! Pertinent to the topic, it can also suppress the tumor growth of HCC, making
Sophoridine and Lenvatinib a promising candidate for combination therapy.

Sophoridine is a drug that works to inhibit the erythroblast transformation specific 1
transcription regulator (ETS-1).44 ETS-1 is an endothelial cell transcriptional regulator that
promotes VEGFR2 expression. In resistant cells, VEGFR2 is up-regulated due to Lenvatinib
being ineffective in inhibiting those receptors. Similarly, ETS-1 protein expression is also
increased in resistant cell lines, partly explaining the increase of VEGFR2. Using this
information, researchers knocked down ETS-1 expression in the resistant cells and observed
that the resistant cells not only had decreased levels of VEGFR2, but were also re-sensitized
to Lenvatinib.*4

Returning back to Sophoridine, when resistant cells were dosed with Sophoridine, VEGFR2
expression was downregulated along with reduced activation of the RAS/MEK/ERK
pathway.*4 Most importantly, Sophoridine’s effect on these pathways mimicked the effect
of ETS-1 knocked-down resistant cells, meaning that it re-sensitized cells to Lenvatinib.4
Sophoriding, similar to an ETS-1 KD environment, suppressed cell proliferation and
migration of HCC cells in a dose-dependent manner. Moreover, when Sophoridine was used
in combination with Lenvatinib, its effects of inhibiting cell proliferation and migration were
even more profound. This result was also found in vivo, with Sophoridine plus Lenvatinib
decreasing relative tumor volume far more efficiently than Sophoridine or Lenvatinib on
their own.*4

So, to conclude, Sophoridine worked by suppressing the RAS/MEK/ERK pathway through
decreasing amounts of ETS-1 (Figure 8). Decreasing activity of this pathway resulted

in the downregulated expression of VEGFR2 and resulted in cells being re-sensitized to
Lenvatinib. Having this combination treatment succeed in vivo is also significant, as it can
lead us one step closer to making new treatments that can be used with humans.

3.10 YRDC

N6-Threonylcarbamoyltransferase Domain Containing (YRDC) is a tRNA modification
enzyme that is essential in regulating telomere growth and homeostasis.>? Uncoincidentally,
the regulation of telomere length is closely tied with carcinogenesis and cells becoming
immortalized.>3 Aside from telomere regulation, YRDC’s roles of ensuring the accuracy
and efficiency of protein translation as well as YRDC’s occasional interference with drug
transporters marks YRDC as being heavily influential in cell growth, which is unregulated in
cancers. Moreover, so far YRDC has been identified to be upregulated in cancer tissues and
cell lines and is associated with faster metastasis of HCC cells.52 54

To begin, Zhu Huang et al. examined HCC cell proliferation in relation to YRDC
expression. When YRDC was under-expressed, cell proliferation was inhibited while when
it was overexpressed cell proliferation was enhanced. This coincides with evidence gathered
that patients with high YRDC levels have shorter OS.%° Researchers also found that
phosphorylation of the MEK/ERK pathway was induced by YRDC, and YRDC was also
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able to manipulate the MAPK pathway, through the regulation of genes at the pathway’s
head.>®

Since Lenvatinib works to block the MEK/ERK pathway, researchers speculated that cells
with increased activity of this pathway may be more resistant to Lenvatinib.52 However,
unexpectedly, the authors found that increased YRDC expression led to cells being more
susceptible to Lenvatinib treatment. This conclusion was supported by observing Huh7
YRDC KD cells being less sensitive to Lenvatinib than cells with YRDC expressed.>2
Moreover, Lenvatinib reduces YRDC expression. Researchers theorize that this puzzling
resistance mechanism to Lenvatinib may be due to cells protecting the already low amount
of YRDC existing.>2 One last unexplainable result from this study included investigating
YRDC’s relationship to Kirsten rat sarcoma virus (KRAS).>2 YRDC plays a role in
regulating KRAS, with low YRDC expression leading to the reduced translation of KRAS.
KRAS is often considered as promoting cancer activity, leading to more questions as to why
cells with a low basal level of YRDC are more resistant to Lenvatinib.52

In summary, YRDC knockdown cells were more resistant to Lenvatinib despite how YRDC
modulates KRAS and its role in the MEK/ERK pathway (Figure 9). Further research needs
to be done to elucidate the exact mechanism tying YRDC, the MEK/ERK pathway, and
KRAS together and which anti-cancer pathways are most affected by a lack of YRDC.

4.0 Lenvatinib Used in Combination with Immune Checkpoint Inhibitors
(Figure 10)

4.1 What are Immune Checkpoint Inhibitors?

Immune checkpoint inhibitors (ICIs) are just one method to treat cancer that falls under the
umbrella of immunotherapy. Controlling or modifying the action of the immune system
impacts cancer due to its nature. Cancer occurs due to the accumulation of harmful
mutations that cause unregulated cell growth and allows those cells to invade tissues that
should otherwise be off-limits.%6: 57 The immune system is one of the mechanisms that
should identify these “foreign” cancer cells with irregular development and destroy them.
However, many cancers have found ways to work around the immune system, one being
immune checkpoints. Immune checkpoints are proteins that exist on cells to prevent an
out-of-control immune response.>8 After an antigen binds to a receptor on a T-cell, the
targeted cell may present an immune checkpoint protein, which will bind to a corresponding
protein on the T-cell to inactivate it.>® Immune checkpoint inhibitors work to block immune
checkpoints, preventing the inactivation of T-cells and allowing them to destroy cancer
cells.>8 There are various types of immune checkpoints, such as cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), programmed death 1 (PD-1), and programmed death ligand
1 (PD-L1).59 Specific drugs target these checkpoints to act as antagonists,® yet despite their
ability to bolster the immune system, ICIs have thus far been unable to prove non-inferior
to Sorafenib in terms of 0S.80 As such, many of these drugs are being used in combination
with other targeted drug therapies to bring about a larger effect or reverse resistance.
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Immunomodulatory Effects of Lenvatinib

Lenvatinib is one drug that has shown promise in being paired with ICls due to its

nature in modulating the tumor’s microenvironment to recruit the immune system that

the ICls can then act on. As an example, VEGFA and basic fibroblast growth factor

(bFGF) cause upregulation of immune checkpoints, inhibiting T-cells from fighting against
cancer. Lenvatinib is a VEGFR and FGFR inhibitor, reversing these changes.®1 Additionally,
VEGFA and bFGF also prevent the secretion of granzyme B and interferon-gamma (IFN-v),
which results in decreased T-cell toxicity.51 As can be guessed, Lenvatinib’s inhibition of
VEGFR and FGFR helps to reverse these changes causing an immunomodulatory effect
that recruits increasing amounts of CD8 T-cells that secrete granzyme B and IFN-y to
maintain their toxicity.51 These results were more effectively achieved through Lenvatinib
than Sorafenib, making it clear that Lenvatinib is a drug that would be very effective when
paired with ICls. The added boost from the ICI may also prove to have anti-resistant effects
that could prevent Lenvatinib resistance.

4.3 Atezolizumab plus Bevacizumab

In recent findings, Atezolizumab, a PD-L1 ICI, plus Bevacizumab, an angiogenesis
inhibitor, has proven to be a breakthrough in treating HCC, and become the new first-

line treatment for unresectable HCC.52 Despite the enormous advancements made with

this combination therapy, treatment with Lenvatinib versus treatment with Atezolizumab
plus Bevacizumab has resulted in insignificant OS differences.53 Due to PD-LI antibodies
remaining bound to PD-1 receptors on cancer cells for more than 20 weeks,%* researchers
have begun thinking of sequential therapy as a possible solution, in which Lenvatinib would
be given to the patient after failure with Atezolizumab plus Bevacizumab.52 64.65 One

of the reasons why Lenvatinib is thought to be an effective second-line treatment after
Atezolizumab plus Bevacizumab is because Lenvatinib is more selective than Bevacizumab
in terms of its antiangiogenesis properties, making it believed that sequential treatment
could yield improvements in 0S.62 Additionally, Lenvatinib is more effective in cells that
overexpress FGFR4. A large amount of these receptors is indicative of p-catenin-activating
mutations, which often prevent Atezolizumab plus Bevacizumab from working.5°

In one case study, a 68-year-old man was given Lenvatinib after failing treatment with
Atezolizumab and Bevacizumab. His OS reached 29.8 months, and it was found that
there was a large amount of tumor necrosis as a result of treatment, allowing the man

to have surgery.52 In another study, 36 patients were given Lenvatinib after failure with
PD-1 blockers, such as Atezolizumab.54 This led to an OS of 15.8 months after the
Lenvatinib treatment began, with the overall OS being 29.8 months.54 The OS of patients
treated with Lenvatinib as a sequential therapy rather than just Lenvatinib alone shows

a marked improvement. Moreover, Lenvatinib treatment after treatment with ICls such
as Atezolizumab is longer-lasting than Lenvatinib alone.62: 64 As such, this lends more
evidence to the idea that ICls may slow the cancer’s growing resistance to Lenvatinib.

4.4 Nivolumab

Nivolumab is yet another monoclonal antibody that targets the PD-1 immune checkpoint.56
In one case study, Lenvatinib and Nivolumab were combined in treatment which resulted in
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a large area of necrosis and a smaller cross-sectional area of liver cancer.8” This treatment
allowed the patient’s liver to heal enough to undergo surgery. Researchers speculate that
Lenvatinib blocks the VEGF pathway, which alters the tumor’s microenvironment to
recruit lymphocytes. Those lymphocytes are then less inhibited by the addition of an ICI.
This synergistic effect results in normalizing vascularization, which may have impacts on
reducing the cancer’s resistance to Lenvatinib.6” In a phase 11 study of Lenvatinib plus
Nivolumab, results were promising, with the Lenvatinib plus Nivolumab group achieving a
higher ORR at 45%, longer PFS at 7.5 months, and longer OS at 22.9 months compared

to the Lenvatinib group alone.58 Lenvatinib scored 23.4%, 4.8 months, and 10.3 months for
ORR, PFS, and OS, respectively.%8 Importantly, Lenvatinib plus Nivolumab demonstrates
comparable effects in comparison to Atezolizumab and Bevacizumab, which is considered
a new first-line therapy with greater efficacy than Sorafenib and Lenvatinib, which gives
patients another option in treating their cancer.58

4.5 Pembrolizumab

Pembrolizumab is an ICI that acts as a PD-L1.% Pembrolizumab has shown a lot of promise
in terms of treatment capabilities, emphasized by the fact that the FDA has granted it
accelerated approval.89 Despite its promise, Pembrolizumab has not achieved statistically
significant noninferiority to Sorafenib in terms of OS or PFS.89 In order to bring out a more
prominent effect with Pembrolizumab, researchers thought to pair it with Lenvatinib due

to how it modifies not only the angiogenic properties of the tumor microenvironment but
also the immunosuppressive properties of it. In one Phase Ib study, 104 patients received

a combination of Lenvatinib and Pembrolizumab and were monitored over the course of 2
years.59 The median duration of response (DOR) was 12.6 months per RECIST,®® compared
to 7.4 months with Lenvatinib alone.22 Additionally, the PFS was 8.6 months per RECIST
compared to 7.6 months with Lenvatinib alone.%9 These results have strong implications that
Pembrolizumab in combination with Lenvatinib not only allows for synergistic properties

in slowing the progression of the cancer but also has an anti-resistant property if patients

are able to continue treatment for longer. Lastly, the median OS was 22 months8% compared
to 14-20.2 months!4 17. 18 depending on dosage with Lenvatinib alone. The improvement
in OS also supports the conclusion that ICIs such as Pembrolizumab may slow cancer in
becoming resistant to Lenvatinib.

5.0 Future Directions

As stated in the introduction, HCC is an extremely deadly cancer, being the second most
common cancer-related death worldwide.”® What’s more, HCC incidence and mortality
rates continue to increase steadily despite best efforts regarding preventative measures, such
as vaccines and known targeted therapies.”! The need for further treatment possibilities and
making current treatments more effective, is demanding especially in the case of targeted
drug therapy, as most patients that get diagnosed with HCC are in the late stages of the
cancer.”2 Lenvatinib still has many shortcomings, including only 19% of patients responding
to the drug and how quickly patients that do respond to it become resistant.” It is due to
this high demand for solutions and better treatments that it is imperative that Lenvatinib
resistance be further investigated.
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As summarized in this article, combination therapy regarding Lenvatinib paired with
another drug seems like the most promising approach to reverse Lenvatinib resistance
and/or enhance the efficacy of Lenvatinib.”# This coincides with recent findings regarding
Atezolizumab Plus Bevacizumab.”® Atezolizumab is an immune checkpoint inhibitor, which
functions to aid the immune system in recognizing cancer cells and subsequently destroying
them.’® Bevacizumab is a targeted therapy that prevents blood vessels from growing, just
like Lenvatinib. In the IMbravel150 study, Atezolizumab Plus shrank tumors for 27% of
patients, the highest reported response rate in a phase 3 trial for HCC to date.”®

Lenvatinib, a very potent growth inhibitor, has already been shown to have synergistic
effects with immune checkpoint inhibitors as previously discussed, just like Atezolizumab
Plus Bevacizumab. Moreover, other combination therapies discussed that inhibit various
pathways or receptors have also been successful in reversing resistance and decreasing
cell viability when paired with Lenvatinib. As such, many researchers are leveraging for
more ICls and other targeted drugs to be tested in combination with Lenvatinib due to

its immunomodulatory and synergistic effects.’” Due to Lenvatinib’s effectiveness on its
own, combination therapy involving Lenvatinib could prove to be extremely effective in
preventing resistance and increasing OS.

While Lenvatinib resistance still proves to be a major hurdle to overcome today, research
has come a long way in identifying various pathways that Lenvatinib and HCC work
through, and by utilizing this knowledge Lenvatinib treatment can hopefully become

more efficacious soon. While the future of cancer-targeted therapy seems to be moving
towards immunotherapy, data listed in this article is still incredibly relevant in exploring

the many mechanisms of Lenvatinib to combat resistance and make it more effective. By
utilizing knowledge regarding Lenvatinib resistance to gain ground on possible combination
therapies, more ground can be covered in the search for a new treatment, whether it’s with
another TKI or with an immune checkpoint inhibitor, each being a promising approach in
the direction the oncology field is starting to turn.
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resistant to Lenvatinib.

pathways of anti-cancer activity (Lenvatinib).

Target of How it affects Resistance M echanismsinvolved Possible
Analysis Combination
Therapies paired
with Lenvatinib
¢-MET and Increasing HGF in cells high in c- HGF binds to c-MET causing autophosphorylation which ¢c-MET inhibitors
HGF MET expression caused resistance | activates PI3K/AKT and MAPK/ERK pathways. HGF also such as
to Lenvatinib. Lenvatinib exposure | induces EMT-induced resistance. PHA-665752,
also increases phosphorylation of miR-128-3p, and
c-MET. Capmatinib.
DUSP9 DUSP9 loss induces Lenvatinib DUSP9 loss activates the MAPK/ERK signaling pathway, Trametinib
resistance. which inactivates and degrades FOXO3, a tumor suppressor,
inducing Lenvatinib resistance.
EGFR Inhibiting EGFR with Erlotinib Reactive Oxygen Species caused enhanced EGFR activation Erlotinib
reversed resistance in Lenvatinib leading to Lenvatinib resistance due to EGFR activating the
resistant cells. Ras/MAPK pathway.
Fibronectin Inhibiting Fibronectin expression Transcription factors such as HIF-1a are induced under MAPK inhibitors
re-sensitizes resistant cells to hypoxia. Microenvironments of HCC tumors are often
Lenvatinib. hypoxic. The induction of transcription factors enhances
the production of fibronectin resulting in Lenvatinib
resistance. Additionally, hypoxia induces the MAPK
pathway, upregulating Fibronectin and resulting in Lenvatinib
resistance.
FZD10 Increased expression of FZD10 is METTL3 and YTHDF2 modify and stabilize FZD10 mRNA FzD10 or B-
associated with a poor response to | respectively. This eventually promotes B-catenin and YAP1 catenin inhibition
Lenvatinib and faster resistance. to transcribe genes involved in tumorigenesis as well as c- using an adeno-
Jun. C-Jun activates the MEK/ERK pathway and promotes associated virus.
transcription of METTLS3.
ITGB8 Increased ITGB8 expression Increased expression of ITGB8 in turn increases the MK-2206 or 17-
promotes HCC growth and expression of HSP90. HSP90 inhibits AKT ubiquitination AAG
Lenvatinib resistance. and promotes AKT stabilization. When that occurs, the AKT
signaling pathway has increased activity inducing Lenvatinib
resistance.
IRF2 Decreased levels of IRF2 augment | Resistance to Lenvatinib induced by IRF2 overexpression can XAV-939
Lenvatinib sensitivity. be partially reversed by inhibiting the expression of B-catenin/
activation of Wnt signaling. The exact mechanism is unclear.
NF1 NF1 loss induces Lenvatinib NF1 loss reactivates the PI3K/AKT and MAPK/ERK Trametinib
resistance. signaling pathways. Activation of these pathways inactivates
and degrades FOXO3, a tumor suppressor, inducing
Lenvatinib resistance.
Sophoridine Sophoridine suppressed tumor Sophoridine decreases ETS-1 expression. ETS-1 promotes Sophoridine
growth of HCC in a dose- VEGFR2 expression, and when knocked down, sensitized
dependent manner, inhibited resistant cells to Lenvatinib. Sophoridine had a similar affect
growth of individual clones to cells where ETS-1 was knocked down. Sophoridine also
of resistant cells, and induced inhibits the RAS/MEK/ERK axis.
apoptosis of resistant cells in a
dose-dependent manner.
YRDC YRDC-KD cells were more YRDC modulates the translation of key genes (KRAS) in KRAS inhibitor
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