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Abstract: State-of-the-art cancer precision medicine approaches involve targeted inactiva-
tion of chemically and immunologically addressable vulnerabilities that often yield impress-
ive initial anti-tumor responses in patients. Nonetheless, these responses are overshadowed
by therapy resistance that follows. AXL, a receptor tyrosine kinase with bona fide oncogenic
capacity, has been associated with the emergence of resistance in an array of cancers with
varying pathophysiology and cellular origins, including in non-small-cell lung cancers
(NSCLCs). Here in this review, we summarize AXL biology during normal homeostasis,
oncogenic development and therapy resistance with a focus on NSCLC. In the context of
NSCLC therapy resistance, we delineate AXL’s role in mediating resistance to tyrosine
kinase inhibitors (TKIs) deployed against epidermal growth factor receptor (EGFR) as
well as other notable oncogenes and to chemotherapeutics. We also discuss the current
understanding of AXL’s role in mediating cell-biological variables that function as important
modifiers of therapy resistance such as epithelial to mesenchymal transition (EMT), the
tumor microenvironment and tumor heterogeneity. We also catalog and discuss a set of
effective pharmacologic tools that are emerging to strategically perturb AXL mediated
resistance programs in NSCLC. Finally, we enumerate ongoing and future exciting precision
medicine approaches targeting AXL as well as challenges in this regard. We highlight that
a holistic understanding of AXL biology in NSCLC may allow us to predict and improve
targeted therapeutic strategies, such as through polytherapy approaches, potentially against
a broad spectrum of NSCLC sub-types to forestall tumor evolution and drug resistance.
Keywords: lung cancer, AXL, targeted therapy, drug resistance

Introduction

Non-small cell lung cancer (NSCLC) is a leading cause of cancer mortality worldwide."
Recent improvements in biomarker-driven therapeutics have resulted in the replacement
of cytotoxic chemotherapy with more specific and personalized precision medicines or
targeted therapy treatments in many NSCLC patients.>> Unfortunately, targeted therapy
response in tumors with oncogenic alterations, such as epidermal growth factor receptor
(EGFR) mutations, inevitably results in therapy resistance and lethal tumor progression
in patients.*> AXL is a receptor tyrosine kinase that is positioned upstream of a wide
array of biological processes, some of which include cellular proliferation and differ-
entiation, cytoskeletal rearrangement and cellular migration and cellular survival
signaling.®” AXL activation can also play an important role in lineage plasticity
programs such as the epithelial-to-mesenchymal transition (EMT) and the emergence
of resistance to targeted inhibition of oncogenic receptor tyrosine kinases (RTKSs)
including EGFR in NSCLC.®” Several studies support an expanded role of AXL in
NSCLC pathogenesis and drug resistance. In this review, we discuss AXL biology, the
current understanding of the role of AXL in cancer, lineage plasticity and therapy
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resistance in NSCLC.** We also discuss current AXL kinase
inhibitors and their clinical development and comment on
potential future directions.

AXL Molecular Signaling

AXL is one of the three RTKs belonging to the TAM
family of receptors — TYRO3, AXL, METRK. Protein
ligands for TAM family receptors, protein S (PROSI)
and growth-arrest-specific 6 (GAS6), are both secreted
and share both structural and functional homology.” "
For example, during phagocytosis, phosphatidyl serine

present in lipid membranes, which is often a hallmark for

phagocytosed cells, can bind to the ligands and then pre-
sent itself to TAM family receptors located on macro-
phages thereby modulating the receptor’s dimerization
and kinase activation (Figure 1).'' Structurally, TAM
family receptors have three common domains, two of
which are extracellular, the Immunoglobulin (Ig)-like
extracellular domain and fibronectin type III domain and
another that is an intracellular kinase domain. Thus, in
response to various biological processes such as inflam-
matory responses, TAM family receptors integrate extra-
cellular cues through ligand binding to induce productive
intracellular signaling (Figure 1).'°
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According to The Human Protein Atlas, AXL expres-
sion is mostly limited to smooth muscle, lung, kidney,
testis and blood in normal cells under physiological
conditions."" During normal homeostatic conditions,
AXL requires a protein ligand and a lipid-based moiety
for optimal RTK activation.” However, depending on the
cellular contexts, a varying degree of mechanistic flexibil-
ity is permitted during AXL activation (Figure 1).'° For
example, Gas6 binding causes dimerization of AXL,
which in turn forms a quadruple protein complex consist-
ing of two GAS6 ligands and two AXL receptors
(Figure 1). This followed by

autophosphorylation of AXL in its intracellular kinase

event is trans-
domain activation loop. The hinge region of the ATP
active site in the kinase domain consists of a DFG (aspar-
tate—phenylalanine—glycine) patch that is often structurally
important for pharmacological inhibitor design. Some of
the major phosphorylation sites include Y698, Y702,
Y779, Y821, and Y866.'2 However, the exact sequence
of phosphorylation events is yet to be determined. Like
other RTK signaling mechanisms, downstream effector
and adaptor molecules such as PLCy, PI3K, and growth
factor receptor-bound protein 2 (GRB2) then dock onto the
phospho-sites present within the AXL cytoplasmic tails
(Figure 1).">""° In a cell type-dependent context, AXL
activation promotes the recruitment of GRB2 and then
mediates cancer cell proliferation by activating the
MAPK and PI3K signaling cascades.'>'®!'” AXL can
also activate cellular immune and inflammatory signaling
pathways (such as NF-kB or SOCS-1 cytokine signaling)
and cytoskeletal rearrangement pathways (such as Src/
FAK signaling) to promote cellular migration, invasion
and often epithelial to mesenchymal transition
(Figure 1).'7?% Src can be phosphorylated by AXL to
activate FAK, subsequently inducing the migration and
invasion of cancer cells. In many cell-biological contexts,
crosstalk between other RTKSs, including other TAM
family members, EGFR, VEGFR, MET has also been
reported.”> Several variations of this prototypical ligand-
mediated and dimerization-dependent activation hierarchy
have been observed. For example, ligand-independent acti-
vation via overexpression of AXL or cell-to-cell binding
with other receptors and both ligand dependent and inde-
pendent heterophilic dimerization of AXL with other
RTKs has been observed.** These non-canonical activation
processes, while less operative in normal physiological

conditions, can often be aberrantly active during

oncogenic progression to support cellular survival and

tumor immune suppression (Figure 1).226

AXL as an Oncogene in NSCLC
Recent literature has uncovered a growing catalog of
oncogenes including EGFR, BRAF, KRAS and ALK that
shape the genomic landscape of NSCLC.%* AXL too has
been shown to have oncogenic potential in NSCLC. High
AXL expression was noted in a subset of lung adenocar-
cinoma (LAC) and high AXL was associated with increas-
ing tumor grade as well as metastasis and predicted poorer
survival in patients.”>?">° Furthermore, treatment of
patient-derived NSCLC tumors with high AXL in mice
with a monoclonal antibody against active AXL demon-
strated antitumor activity, indicating a potential causal role
of AXL in NSCLC tumorigenesis.>' Yang et al evaluated
the therapeutic potential of the AXL/MET selective inhi-
bitors, BGB324 and cabozantinib, in cell and mouse xeno-
graft models of lung squamous cell carcinoma (SCC).*? In
preclinical settings, these AXL targeting compounds alone
were significantly efficacious. AXL has also been reported
as an oncogene in thyroid cancers, pancreatic ductal carci-
noma (PDAC), gastric cancer, metastatic prostate cancer
and melanoma.>>®

Interestingly, AXL mutations (single nucleotide muta-
tions, deep deletions and amplifications) are not very
common in NSCLC. Querying of The Cancer Genome
Atlas (TCGA) datasets revealed that less than 4% of
lung squamous carcinomas and less than 2% of the lung
adenocarcinomas demonstrate detectable AXL mutation
(Figure 2).*>° Recently, an AXL fusion with — MAP3K12
Binding Inhibitory Protein (MBIP) has been reported as
a potential mechanism of oncogenesis.* AXL-MBIP
fusions can occur when the tyrosine kinase domain of
AXL is chromosomally rearranged into a chimera with
the leucine zipper (LZ) domain of MBIP, resulting in
a gene fusion that possesses both AXL kinase activity
and the dimerization property conferred by the MBIP LZ
domain. However, the clinical and functional significance
of the AXL fusion as well as AXL mutations are yet to be
determined.

The mechanistic basis of AXL mediated oncogenesis,
although context specific, appears to share some common-
alities. Gas6 and AXL upregulation has been shown to
establish a feedback amplification loop by engaging
MAPK, PI3K/AKT and WNT]1 cell signaling and thereby
facilitating a form of lineage plasticity: an epithelial to
transition (EMT) in cells
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Figure 2 AXL genetic alterations in TCGA cohort by cBioPortal analysis.

(Figure 1).>'7*7 AXL upregulation was also shown to
abrogate innate immune signaling in the tumor cells yet
engage interferon P innate immune signaling through
a TBK1- NF-kB axis.'®*' AXL mediated mechanism of
rewiring tumor microenvironment towards a more immu-
nosuppressive and oncogenic state has been attributed to
modulation of cancer associated fibroblasts (CAFs) via the
regulation of AXL-regulated downstream cytokine expres-

sion and secretion.*'™*

AXL and NSCLC Therapy

Resistance

Driven by recent technological advancements in molecular
profiling of chemically and immunologically addressable
vulnerabilities in NSCLC, an increasing application of
precision medicine by targeted inactivation of tumor onco-
genes and by immunogenic activation of host anti-tumor
surveillance has become standard treatment in many
patients.>****® However, impressive responses to these
molecular therapies are typically followed by relapse due
to therapy-resistant disease emergence.*’ In NSCLC,

AXL has been shown to play an important role in mediat-
ing resistance to therapy. We summarize below key aspects
of AXL mediated therapy resistance.

Role of AXL in EGFR Mutant NSCLC
NSCLC tumors harboring activating mutations in EGFR
that affect the kinase domain often initially respond to
treatment with an EGFR tyrosine kinase inhibitor (TKI)
such as osimertinib or erlotinib. However, acquired resis-
tance to EGFR TKI treatment almost invariably occurs. In
one of the earliest studies, AXL was shown to mediate
resistance to EGFR TKI treatment.*” This study indicated
AXL in association with an EMT was hallmark of EGFR
TKI therapy resistance. Using human NSCLC HCCS827
patient-derived cell line with deletion of exon 19 of
EGFR (p.Glu746_Ala750del) Zhang et al showed that
HCC827 cells and tumors are initially sensitive to erlotinib
treatment and eventually develop acquired resistance to
EGFR TKIs, both in vitro and in vivo. These models of
resistance showed strong upregulation of AXL and GAS6.
Furthermore, knockdown or pharmacological inhibition of
AXL in these tumor models sensitized the tumors to
EGFR TKI treatment and AXL upregulation was observed
in a significant fraction of EGFR mutant NSCLC human
tumors obtained from patients with acquired EGFR TKI
resistance. These combined observations placed AXL as
a causative genetic component that drives EGFR TKI
therapy resistance. A range of different subsequent obser-
vations in lung cancer established AXL as an important
gene that regulates resistance to several EGFR TKIs
including afatinib, gefitinib, erlotinib and osimertinib in
EGFR mutant NSCLC.***

Osimertinib, a third-generation EGFR TKI, inhibits
EGFR with oncogenic-activating mutations and/or the
EGFR p.Thr790Met (T790M) mutation that can cause
resistance to first-generation EGFR TKIs such as erlotinib.
Notably, osimertinib does not substantially inhibit wild-
type EGFR or other kinases, such as AXL, AKTI, or
HER3. Osimertinib resistance can arise by mechanisms
that include acquisition of the EGFR-C797S mutation,
loss of the T790M mutation, activation of a bypass survi-
val pathway, and histological transformations including
small cell or squamous cell transformation. A Phase III
clinical trial demonstrated that in patients with EGFR-
mutated NSCLC, progression-free survival (PFS) was
longer in those patients treated with first-line osimertinib
than for those treated with gefitinib or erlotinib.>
A comprehensive analysis of 29 patient tumor samples
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indicated that AXL expression negatively correlated with
osimertinib response.’’ Interestingly, AXL upregulation
resulted in acquired resistance in absence of the EGFR
T790M mutation. Wang et al indicated that blockade of
AXL activation was sufficient to overcome acquired resis-
tance to EGFR TKI treatment in NSCLC.>? Taniguchi et al
used biochemical analyses of EGFR mutated patient-
derived cell lines to show that AXL is upregulated upon
osimertinib treatment.® Similar to the observations of
Zhang et al, knockdown of AXL was sufficient to confer
sensitivity to osimertinib, indicating a causative role of
AXL in osimertinib resistance. In these settings, active
AXL cooperated with EGFR and HER3 to coordinate
cellular tolerance to osimertinib. AXL overexpression
caused increased cellular growth and resistance to therapy
both in vivo and in vitro. AXL overexpression correlated
with low response to EGFR TKI in EGFR mutant cell lines
and cell line-derived xenografts.’® Altogether, these data
place AXL not only as an important mediator of EGFR
TKI resistance, but also as a critical component of EGFR
RTK cellular survival network. In a separate study, co-
expression of CUB Domain Containing Protein 1
(CDCP1) and AXL was observed in EGFR mutation-
positive tumors, which limited the efficacy of EGFR
TKIs via an intrinsic resistance mechanism.>* Moreover,
additional studies indicated that autophagy-dependent
of AXL.
Interestingly, AXL upregulation was also present during

mechanisms are located downstream
the drug tolerant persister (DTP) state in response to
EGFR TKI treatment in this context. These observations
are consistent with the association of AXL and autophagy
in regulating drug tolerance and resistance in NSCLC.>’

Role of AXL in Other Oncogene Driven
NSCLC

Accumulating evidence indicates pathway crosstalk
between other oncogenes and AXL. For example, cross-
talk between AXL and mTOR has been observed.>® In one
study, dual inhibition of EGFR and AXL using gelatin
nanoparticles covalently conjugated with EGFR targeting
antibody and AXL siRNA (GAbsiAXL), downregulated
both EMT and mTOR signaling in vitro.”” GAbsiAXL
sensitized cells through induction of p53. In this context,
AXL directly upregulated the PI3K downstream effector
mTOR through activation of the phospholipase Cy

(PLCy)-protein kinase C (PKC) signaling axis.

Additionally, in lung squamous carcinoma, head and
neck cancer (H&N) and esophageal squamous cell carci-
noma (ESCC), AXL was
a biomarker but also to play an active role in emergence

shown not only to be

of resistance to PI3K pathway perturbation.”®>° Elkabets
et al demonstrated a mTOR activation in tumors with
acquired resistance to a PI3K inhibitor. Interestingly, they
report that EGFR dimerizes with AXL in the acquired
resistance settings and the heterophilic complex induced
productive downstream PKC/mTOR activation that was
sufficient to promote PI3K inhibitor resistance.®® In accor-
dance with this, PKC inhibition via PKC412 blocked the
emergence of resistance by synergizing with the PI3K
inhibitor treatment. Based on these findings, the authors
suggested that other cancer types characterized by EGFR
dependency, such as lung cancer, may adopt a similar
mechanism to escape PI3Ka or other oncogene inhibition.
Interestingly, crosstalk between AXL and KRAS has been
reported in metastatic colon cancer and ovarian cancer via
modulation of AXL downstream transcription factors such
as connective tissue growth factor (CTGF), yes associated
protein (YAP1) and tafazzin.> Interestingly, AXL has also
been shown to be a target of YAP1, which may help cancer
cells establish an AXL-YAP/TAZ feedback amplification
loop.>® Despite some indications, existence of similar
pathway crosstalk in NSCLC is yet to be fully explored.®!

Role of AXL in EMT

In response to precision medicine therapeutics, upregula-
tion of AXL is often coupled with an EMT transition.*’
These observations, initially reported by Zhang et al, have
further been verified and elaborated in a wide array of
subsequent studies. In NSCLC, a robust EMT signature
that predicted resistance to EGFR and PI3K/AKT inhibi-
tors identified AXL as the driving force for the
phenotype.®® Studies indicated ~20% of TKI resistant
NSCLC patient tumors overexpress AXL with an increase
in EMT and a decrease in p53 expression. Using compre-
hensive-OMICS-based analyses of 54 NSCLC cell lines,
Byers et al reported that in NSCLC an EMT gene signa-
ture predicted intrinsic resistance to EGFR and PI3K inhi-
AXL was with
mesenchymal signature and AXL and EGFR dual pertur-

bitors in vitro. present in cells
bation using the pharmacological inhibitor SGI-7079 and
erlotinib showed strong anti-tumor activity in vitro and
in vivo. Furthermore, an AXL associated mesenchymal
gene expression signature was able to predict patient

with poorer prognosis due to relapse or metastatic

Lung Cancer: Targets and Therapy 2021:12

https: 7 I

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zaman and Bivona

Dove

development.®® Taken together, these observations indi-
cated that AXL and perhaps its downstream EMT program
play a causal role in drug resistance in NSCLC.
Melchionna et al also showed that AXL is upregulated
by a dynamic and paracrine interplay between cancer
cells and CAFs. CAFs upregulate hMENA, a member of
the actin regulatory protein of Ena/VASP family.*' This, in
turn, results in elevated secretion of the AXL ligand Gas6
by CAFs, causing emergence of an EMT phenotype and
drug resistance. Given that EMT activation is a recurrent
and persistent phenotype during drug resistance events in
a range of different cancer types, it will be interesting to
determine if AXL activation is a convergent signaling
mechanism operating in these diverse settings.

Role of AXL in Chemo-Resistance

AXL plays a crucial role in mediating resistance to che-
motherapy and radiotherapy. In one of the earliest studies
on AXL dependent chemoresistance, Wilson et al demon-
strated that AXL was strongly overexpressed in a panel of
643 human cancer cells of multiple origin, including
NSCLC. Using an unbiased small molecule screen, the
authors reported a selective synergy between AXL and
chemotherapeutic reagents that are anti-mitotic in
nature.®® The mechanism of AXL mediated chemoresis-
tance was attributed, in this context, to a TGFp-induced
EMT. Ramkumar et al, on the other hand, demonstrated
that high AXL expression and EMT were frequently
expressed in subsets of treatment-naive and treatment-
relapsed NSCLC.%* Mechanistically, the authors attributed
this resistance to AXL’s capacity to regulate the DNA
damage response (DDR). The authors showed that in
response to DNA damaging agents, such as WEEI inhibi-
tors, AXL governs a resistance program via activating
mTOR, which consequently activated DNA repair path-
way protein CHK1. mTOR inactivation caused suppres-
sion of this CHK1 pathway and thereby restored DNA
damage mediated sensitivity. The authors also used
BGB324, a specific, selective and nanomolar inhibitor of
AXL, to perturb this AXL-mediated CHKI1 pathway
response and introduce replication stress in NSCLC,
SCLC and large cell neuroendocrine carcinoma
(LCNEC) patient-derived cell lines.®* Hence, the AXL
NSCLC

appears to be multi-faceted. Furthermore, in a range of

mediated mechanism of chemoresistance in

other observations, AXL mediated chemoresistance has
been reported in renal cell carcinoma (RCC) and
PDAC.>*3® Given the similarity of observations between

NSCLC and other cancers in terms of AXL’s role in
chemoresistance, it would be interesting to determine if
the mechanistic pathways that actively contribute to resis-
tance in other cancers (such as AXL/TBKI signaling axis)
are also active in NSCLC. Nevertheless, accumulating
evidence suggests a potentially pervasive role of AXL in
chemoresistance in tumors of different lineages.

Role of AXL in Inflammation and Tumor

Microenvironment

Like other TAM family members, AXL contributes to reso-
lution of inflammation by dampening the innate immune
response.”'® In normal physiologic conditions, AXL is also
involved in restoring tissue function through promotion of
tissue repair and clearance of apoptotic cells. However, in
cancer development, this biological function of AXL is
thought to be coopted by tumors to escape anti-tumor
immunosurveillance. Accumulating evidence indicated
that TAM receptors are promising therapeutic targets pre-
sent on tumor-associated macrophages. TAM receptors
have been shown to reshape macrophages to a pro-tumor
M2-like type.®>*® Moreover, apoptotic tumor cell clearance
(also known as efferocytosis) is supported by TAMs, caus-
ing tumor immune tolerance by hiding the so-called “eat
me” signals on tumor from immune cells.**®%” Hence, the
GAS6/AXL signaling axis creates a microenvironment that
is suitable for tumor growth. This is consistent with reports
from Aguilera et al that AXL knockout resulted in slower
growth and increased radiosensitivity in a breast cancer
model.®® Detailed mechanistic analyses revealed that the
CD8+ T-cell response was decreased in AXL upregulated
tumors, indicating a novel role for AXL in suppressing
antigen presentation through MHC class I and enhancing
cytokine release, which promotes a suppressive myeloid
microenvironment. Moreover, in lung adenocarcinoma,
AXL expression was shown to significantly correlate with
expression of programmed death-ligand 1 (PD-L1), an
immune checkpoint molecule and CXC chemokine receptor
6 (CXCR6) a chemokine that modulates immunosurveil-
lance. Pharmacological perturbation of AXL yielded a more
productive tumor clearance and greater response to EGFR
targeted therapies. Recent literature indicates additional
evidence for AXL mediated suppression of cellular anti-
tumor immunity.°® Recently, Melchionna et al demon-
strated that secretory GAS6 from CAFs that are pro-tumor
in nature express higher levels of hMENA/hMENADv6
compared to normal fibroblasts and activate AXL in the
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tumor.*' The authors demonstrated that AXL overexpres-
sion was associated with enrichment of pro-tumor CAFs,
which express hMENA, a member of the actin regulatory
protein of Ena/VASP family, as discussed above. In their
model, a feed-forward crosstalk between CAFs and tumor
cells maintained immunosuppression in AXL high cells and
this was mediated by secretion of GAS6 from CAFs and
activation of AXL on tumor cells. Clinically, a high
hMENA/GAS6/AXL gene expression signature was asso-
ciated with worse prognosis in NSCLC. In accordance with
this, Terry et al demonstrated that lung cancer clones with
a mesenchymal signature that had high AXL expression
displayed intrinsic resistance to both natural killer cells
and cytotoxic T lymphocyte (CTL)-mediated killing.®
Furthermore, this phenotype can be reverted using
a pharmacological inhibitor of AXL. The authors further
investigated the cellular signaling events associated with
AXL upregulation and found AXL inhibition upregulates
ICAM1 and ULBPI, two biomarkers associated with
improved survival in NSCLC patients, as well as down-
regulate MAPK signaling and thereby causes tumor cyto-
toxicity. Hence, AXL was nominated as a biomarker for
immune escape from NK and CTL immunity in NSCLC.
Consistently, Du et al indicated that in refractory cancer
models AXL inhibitors can alter the tumor microenviron-
ment and convert so-called “cold” immune checkpoint inhi-
bitor unresponsive tumors to responsive.’ The authors used
sitravatinib, a selective TAM inhibitor and showed potent
antitumor activity via activation of innate and adaptive
immune cells. Sitravatinib not only reduced tumor burden
and angiogenesis, but also enriched immunosuppressive
(M2) to immunostimulatory (M1) macrophage as well as
enhanced the efficacy of PD-1 blockade. These data suggest
that AXL inhibitors can be a potent strategy for altering
tumor microenvironments.

Role of AXL in Tumor Heterogeneity

Intratumor heterogeneity is one of the crucial confounders
of therapy response. Boshuizen et al reported that AXL-
high cells are resistant to MAPK pathway inhibitors,
whereas AXL-low cells are sensitive to these inhibitors,
rationalizing a differential therapeutic approach.”’ The
authors uncovered this heterogeneity initially in mela-
noma, and this interesting phenomenon appeared to be
conserved in patient-derived xenografts (PDXs) of mela-
noma, lung, pancreas and cervical cancer origin. The
group developed an antibody—drug conjugate, AXL-107-
MMAE, comprising a human AXL antibody linked to the

microtubule-disrupting agent monomethyl auristatin E. In
their analyses, the authors reported a robust reduction of
tumor burden in the PDXs. Interestingly, they found that
MAPK inhibitors (ie, BRAF/MEK inhibitors) adaptively
activated expression of AXL and hence they observed
a synergy between AXL-107-MMAE and MAPK inhibi-
tors. Since this study was largely focused on melanoma,
extending this analogous investigation in NSCLC would
be of tremendous interest. Another study reported low
AXL level as a predictive biomarker for therapy-induced
necroptosis and programmed cell death (PCD) in cancers
of diverse origin.”* The authors found that the dual inhibi-
tion blocked both MAPK and PI3K/AKT cell signaling
pathways and in result upregulated Bim, a potent molecule
that initiates cellular apoptosis. It remains to be better
determined what role AXL plays in necroptosis and PCD
in NSCLC.”* This is consistent with the observation by
Zhang et al that the AXL immunohistochemistry pattern
was heterogenous even in the acquired resistance settings,
consistent with similar findings for other bypass track
RTKs, such as the kinase MET.*’ In response to targeted
therapeutics, how crosstalk between AXL and other acti-
vated RTKs gives rise to tumor heterogeneity is yet to be
fully understood.

Strategies to Overcome AXL

Mediated Therapy Resistance

An overarching goal for the rapidly evolving field of
cancer genomics is to map the dynamic evolution of
tumors, including emergence of resistance. Conventional
single intervention therapies, in this context, are increas-
ingly becoming inadequate to address the issue of therapy
resistance, highlighting the need for a paradigm shift
toward combinatorial intervention strategies or rational
“polytherapy”.*> A conserved phenotype of AXL upregu-
lation in a wide range of oncogene mediated cancers pre-
sents an opportunity for AXL inhibition as a conserved
intervention strategy.*? For instance, a confluence of pre-
clinical and translational data suggests that EGFR mutant

receiving EGFR TKI may benefit
73,74

patients from
a combination with an AXL inhibitor.

Several inhibitors of AXL have been developed and
tested in preclinical and clinical settings. Based on selectivity
of the inhibitors, they can be classified into two types — AXL
selective and multi-targeted inhibitors. Based on AXL-
inhibitor binding modes, these agents can further be classi-

fied into either type I or type II. Like most RTK TKIs, AXL
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Table | AXL Inhibitors in Clinical Trials

Compound Target(s) NSCLC Clinical Trial
BGB324 AXL NCT02424617: 1/l
TP-0903 AXL NCT02729298: |
Bosutinib AXL, ABL, SRC NCT03023319: |
Cabozantinib VEGFR2, FLT3, AXL, c-MET, KIT, RET BMS-907351: |
Gilteritinib AXL, FLT3 NCT02495233: I/l
SNS314 AXL, Aurora kinases, Trks, FLT4 NCTO00519662: |
Crizotinib MET, ALK, RON, AXL NCT0273750: 11l

inhibitors structurally mimic ATP.*®”® Type I inhibitors bind
to the active conformation of the AXL DFG motif oriented
toward the active site, which is often called the DFG-in
conformation, whereas type II inhibitors bind DFG residues
in an inactive AXL and are oriented away from the active site
towards an allosteric region.’® Here, we briefly review a set
of AXL inhibitors, their mechanisms of action, and clinical
trials (Table 1) in NSCLC.

BGB324/R428/Bemcentinib: A Selective
(Type 1)

BGB324 is a selective and potent nanomolar inhibitor
of AXL. It competes with ATP in the AXL binding
pocket and significantly perturbs AXL downstream sig-
naling marked by a treatment mediated decrease in
EMT markers, PI3K/AKT/mTOR pathway and inflam-
matory responses. BGB324 is actively being pursued in
clinical trials as a therapeutic strategy in metastatic and
therapy resistant NSCLC in the clinical settings.’®

ONO-7475 (Type 1)

ONO-7475 is nanomolar inhibitor selective for AXL and
MER. ONO-7475 suppresses the emergence of EGFR TKI
resistant cells in EGFR mutant cancers.”® The preclinical
efficacy of this compound is yet to be extended into clinical
settings.

TP-0903 (Type )
TP-0903, a selective inhibitor of AXL that causes apopto-
sis of NSCLC, leukemia and breast cancer cells with AXL
upregulation.”” However, due to some off target effects on
ALK and Aurora kinases the compound has so far been
used only in preclinical settings.

BMS-777607/ASLAN002 (Type II)
BMS-777607 is a small molecule inhibitor of MET and
AXL with modest activity against tumor cells. It perturbs

AXL downstream biological processes, such as growth
factor-dependent cell migration and invasion and signaling
pathways such as MAPK and PI3K/AKT pathways.”"”’
Due to higher preclinical potency of this compound
against cancer cell migration and invasion, the use of this
agent was theorized as specifically more promising for
blocking tumor metastasis.

CB469 (Type |)

CB469, developed by CMG Pharmaceutical, is a dual
inhibitor of AXL and MET. Recently, this compound was
shown to synergize with EGFR TKI treatment to block
emergence of resistance to EGFR TKIs including osimer-
tinib and erlotinib in EGFR mutant NSCLC tumors in vivo
and in vitro.”*

NPS-1034 (Type II)
NPS-1034 targets both AXL and MET. It inhibits AXL
and downstream MAPK and PI3K signaling and causes
a reduction in AXL mediated resistance in EGFR mutant
NSCLC cancer cells by lowering cell proliferation and
EMT. Interestingly, NPS-1034 also modulated efficacy of

gefitinib in chemo-resistant cell lines.*

Cabozantinib/BMS-907351/XL184 (Type
1)

Cabozantinib, a potent RTK inhibitor and an FDA approved
therapy in advanced stage RCC, inhibits a wide variety of
kinases implicated in tumor initiation and development,
including VEGFR2, FLT3, MET, KIT, RET, and AXL.?"*
Cabozantinib can markedly improve progression-free survi-
val (PFS), overall response rate,*> and overall survival,®
effects that are partially attributed to AXL inhibition.

RXDX-106/CEP-40783 (Type Il)
RXDX-106 selectively inhibits TAMs (including AXL)
and MET RTKs. It favors a “hot” tumor microenvironment
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causing tumor-clearance by immune cells.** RXDX-106
also inhibits MAPK and PI3K signaling and has displayed

potency against TAM-driven tumors.***

Crizotinib/PF-02341066 (Type 1)

Crizotinib, an FDA approved therapeutic against ALK
driven metastatic NSCLC, inhibits MET, ALK, and
AXL.**7 In NSCLC, Crizotinib lowers tumor cell prolif-
eration and invasion in ALK rearranged and mutant cancer
as well as in AXL upregulated cancers. However, the
efficacy of crizotinib is limited by resistance and the
relatively lower potency against AXL compared to other
oncogenic targets such as MET has dampened enthusiasm
for targeting AXL-driven tumor processes such as drug
resistance.®®

Sitravatinib/MGCD516 (Type Il)

Sitravatinib, a newly developed multi-targeted RTK inhi-
bitor, potently blocks activity of an array of RTKs, includ-
ing EPHA3, Ret, VEGFR, PDGFR, KIT, the TRK family,
DDR2, MET, and AXL.”>® This agent shows potency
against cancers with AXL upregulation and amplification
in NSCLC as well as in other cancers in preclinical
models.®

AXL Targeted Antibodies

A growing body of literature also highlights the potential
for antitumor efficacy of AXL-targeted monoclonal anti-
bodies

stream

(mAbs) to perturb AXL signaling and down-
pathways, supporting this distinct class of
agents as a viable therapeutical alternative to AXL
kinase inhibitors.”"*** Koopman et al demonstrated
that AXL-targeting

Enapotamab vedotin (EnaV) displayed impressive effi-

antibody—drug conjugate
cacy as a monotherapeutic agent in 90% of AXL expres-
sing NSCLC. The authors also showed the efficacy of
EnaV in EGFR mutant PDX tumors that had acquired
resistance to EGFR TKI treatment.”’
this, Marrocco et al showed that polytherapeutic and

Consistent with

synergistic combinations of mAbs and EGFR-specific
TKIs were able to stall the emergence of resistance in
EGFR mutant lung cancer models by downregulating the
MAPK and PI3K/AKT pathways.”°

In one of the earliest studies reporting on AXL-targeted
mAbs, Kariolis et al engineered and developed a “decoy
AXL receptor” that antagonized cellular AXL dimeriza-
tion and activation by sequestering the AXL ligand
Gas6.”* The authors also demonstrated in AXL dependent

metastatic cancer models that the decoy molecules suc-
cessfully inhibited metastasis and disease progression.”
However, since these decoy therapeutics could potentially
also stabilize Gas6 from cellular degradation machinery,
use of this approach warrants vigilance and is yet to be
tested widely in other preclinical models.

Current Challenges and Prospects

The role of AXL in NSCLC is a rapidly evolving field.
Intratumor heterogeneity is a key factor contributing to
lethality.
Heterogeneous tumors show partial therapy responses,

therapeutic  failure and, hence, cancer
allowing for the emergence of drug-resistant clones that
often express high levels of AXL.”' This is particularly
relevant for AXL since AXL appears to be involved in
both intrinsic and adaptive resistance mechanisms in
NSCLC.%' Moreover, dynamic state-transitions between
heterogeneous populations, which may show different
of AXL

Furthermore, the crosstalk between AXL and other onco-

levels expression, are a confounder.
genes in both treatment naive and treated tumors appears
to be complex and heterogeneous. This interplay between
AXL and other oncogenes (eg, MET, BRAF, EGFR, ALK)
needs to be understood better to help shape the develop-
ment of AXL inhibitors in the clinic. Furthermore,
although the role of AXL in EGFR mutant tumors with
EGFR TKI resistance has been demonstrated by several
studies, variability in terms of downstream mechanisms is
apparent. From a mode-of-action point of view, this poses
an additional challenge. Moreover, accumulating evidence
also indicates AXL can condition of the tumor cellular
milieu. Detailed investigation of this phenomenon is
warranted.

There remains an immense untapped opportunity in the
field targeted inhibition of AXL and AXL downstream
pathways and biological processes. First, strategies for
targeting AXL have been mostly focused on developing
small molecule inhibitors against the kinase activation
domain. Although monoclonal antibodies against AXL
have mostly been used as tool compounds, therapeutic
potential for such molecules remains to be tested
clinically.”* An ongoing clinical trial testing an antibody—
drug conjugate targeting AXL high cells has been encoura-
ging in this regard.”® Furthermore, analogous to EGFR,
stapled peptides against AXL have been a field less
explored.”®®” The majority of AXL inhibitors have so far
been mostly broad spectrum and displayed off target
effects.

Further pharmaco-chemical investigations to
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identify more specific, potent and efficacious AXL inhibi-
tors are of tremendous importance.

AXL expression levels could be one of the potential
biomarkers for poorer response to targeted therapeutics.
However, there remain some challenges in this regard.
Specifying a biomarker requires careful estimation of bio-
marker levels and treatment response criteria. Unlike
mutational biomarkers with discrete variables, transcrip-
tomic (as well as proteomic) biomarkers have higher
degrees of freedom due to the continuous nature of their
variables. Hence, defining ‘“high” or “low” biomarker
states is critically important yet challenging for transcrip-
tomic biomarkers such as AXL. For example, in a panel of
643 cell lines, a median cutoff was initially set by Wilson
et al to define “AXL high” and “AXL low” cohorts.®®
Omics-guided accurate biomarker prediction algorithms,
which require control of false-positive rates without affect-
ing enrichment of predictive signals, are often based on
correlation between gene signatures (eg, expression, muta-
tion, etc.) and response vectors (eg, viability, tumor
Establishing AXL as
a biomarker is by nature susceptible to all of the chal-

response, tumor progression).
lenges associated with this process and requires further
investigation in human NSCLC samples with associated
molecular and treatment response metadata.

In terms of perturbation of downstream biological pro-
cesses, the possibility of reconditioning tumor microenvir-
onment using AXL inhibition presents an exciting
therapeutic potential. Over the course of the evolving
precision medicine era, the prospect of immunotherapy
as a consolidation therapy following targeted inhibitor
induction therapy has been theorized as a promising
approach in NSCLC. However, many NSCLCs are gener-
ally poorly immunogenic. AXL inhibitors, by virtue of
their ability to condition the tumor microenvironment to
favor tumor clearance, may present a unique opportunity
in this regard. In this context, AXL inhibition in combina-
tion with immunotherapies is yet to be tested in NSCLC.
AXL, as a modulator of cellular EMT, is positioned as
a central signaling node controlling cellular lineage plas-
ticity and protecting the so-called “stem-like” cell niche
population.”®* Tt would be interesting to determine the
role of AXL throughout different stages in the course of
therapy-driven tumor evolution, including during the
emergence of “drug tolerant persister” (reversible) and
acquired resistant (irreversible) cells.’>'°*'% This could
set the
a mechanism by which to block or reverse lineage

stage for inhibition of AXL signaling as

plasticity programs such as EMT or stem-like cellular
states that contribute to cellular persistence and resistance
during therapy in NSCLC and other cancers.

In summary, we have attempted to summarize recent
developments in AXL’s role in the underlying cancer
biology and treatment of NSCLC. We also discussed stra-
tegies, both currently available and to-be-explored, for
perturbing AXL driven biological programs. We hope
that a better mechanistic understanding of AXL and its
role in NSCLC evolutionary trajectories, both in the pre-
sence or absence of precision medicine intervention, will
eventually allow us to predict and derive upfront polyther-
apy approaches for stalling tumor growth and improve
patient outcomes.
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