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Abstract

The traditional classification of lung cancer has been radically altered with increased
understanding of the molecular alterations and genomic biomarkers that drive the
development of the disease. Whilst molecularly targeted therapies, and
immunotherapy agents, have transformed NSCLC treatment in recent years, only a
subset of patients respond to these treatments, and there remains a pressing need for

treatment alternatives in the majority of patients.

The large-scale profiling of lung cancer genomes has allowed for the identification of a
number of novel therapeutic targets, and, MET, the tyrosine kinase hepatocyte growth
factor (HGF) receptor, has emerged as an attractive candidate. Clinical studies on MET-
targeting cancer therapies, however, have produced mixed results, and MET-relevant
predictive biomarkers remain elusive. This has led to some pessimism about the role of
MET in the pathogenesis of NSCLC and the validity of MET as a targetable oncogenic
driver. The identification of MET exon 14 (METex14) splicing alterations in recent years,
however, and the subsequent clinical successes treating NSCLC patients with these

alterations, has led to renewed enthusiasm.

In this thesis, potential causes for the failure of MET TKls in the clinic to date are
explored, and the potential of MET as a primary oncogenic driver in lung cancer is
discussed. An over-looked resistance mechanism to MET TKls in MET-amplified NSCLC
patients is investigated, and the possible molecular basis behind this resistance is
discussed. We demonstrate a number of strategies developed to overcome HGF-induced
resistance to MET TKIs in MET-amplified NSCLC, and also present data involving a novel
target in MET-driven cancer. Finally, we look to the future, and discuss clinical trial
design in MET-driven lung cancer. Our ultimate aim: to treat molecularly selected NSCLC
patients with true MET-positive disease, using the appropriate MET targeting drug or

drug combination in an appropriately designed clinical trial.
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1 Background

1.1 General Introduction

Lung cancer remains one of the leading causes of cancer death worldwidel. The
traditional classification of lung cancer into small-cell lung cancer (SCLC) and non-small
cell lung cancer (NSCLC), the latter of which accounts for nearly 90% of all cases, has
been radically transformed with the increased understanding of the molecular
alterations that drive the development of the disease (Figure 1). Indeed, for certain
patients with NSCLC, molecularly targeted therapies have transformed treatment and

markedly improved patient outcomes.

For instance, in patients with activating epidermal growth factor receptor (EGFR)
mutations, anaplastic lymphoma kinase (ALK), and ROS1 rearrangements, targeted
therapies represent the standard of care, with superior efficacy and improved
tolerability, as compared with cytotoxic chemotherapy?~. More recently, immune
checkpoint inhibitors have been added to the arsenal of available therapeutic options®
12 However, despite evidence of long-term therapeutic benefit, only a fraction of lung
cancer patients responds to these agents, and relapsed disease is inevitable. Thus, there
remains a pressing need for alternatives to toxic systemic therapies in the majority of

lung cancer patients.
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Molecular Aberrations in Lung Adenocarcinoma
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Figure 1. Genomic Aberrations in lung adenocarcinoma. The results shown here are based

upon data generated by the TCGA Research Network!>*4,

In recent years, the large scale profiling of lung cancer genomes has provided a
framework for the identification of additional therapeutic targets *>7*”. These extensive
profiling efforts have identified molecular drivers that are found in smaller subsets of
NSCLC, often in just 1 or 2% of patients. Although the incidence of these alterations is

low, these low frequency mutations are currently driving clinical trial design.

The National UK Lung Matrix Trial (NLMT), a genomic-driven UK-wide phase Il trial, is
an example of one such trial in lung cancer, which explores the activity of rationally

selected biomarker-specific compounds. National Cancer Institute-Molecular Analysis
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for Therapy Choice®® (NCI-MATCH) is a similar US-based genomic-driven trial, which

includes 39 arms. Targeting these smaller pieces of the “oncogenomic pie”

could have significant impact, owing to the high prevalence of lung cancer and the

potential for dramatic improvements in outcome.

MET, the mesenchymal epithelial transition factor tyrosine kinase hepatocyte growth
factor (HGF) receptor, has emerged as an attractive therapeutic candidate. A number of
different types of recurrent lesions have been shown to cause aberrant MET signalling,
including MET gene amplification and/or mutation as well as gene amplification and/or
mutation of its cognate ligand, HGF, reported in approximately 8-20% of SCLC and NSCLC
tumours®>* (Figure 2). MET, along with its cognate ligand HGF, plays a key role in cell

20,21

proliferation, apoptosis, and motility/invasion , and dysregulation of MET signalling

has been implicated in a number of malignancies??=%4,

Indeed, high levels of MET overexpression have been reported in a number of tumour
streams, with varying frequencies noted. For example, Ma et al reported MET
overexpression in 16% of breast cancer tissues, 30% of ovarian cancer and 70% of renal
cancer samples?>. MET overexpression has also been noted in 10% of primary and 18%
of metastatic colorectal carcinoma?®. Furthermore, high expression of MET has also
been shown to be associated with advanced stage and poor prognosis in lung, breast,
bladder, colorectal , gastric, and kidney cancers 27730,

MET aberrant activation can also result from an overexpression of its ligand HGF, which
has notably been observed in breast, gastric, colon, and lung cancers, and has been
associated with a poor prognosis3’. In fact, HGF can be supplied by either the tumour
itself or the tumour microenvironment3?, secreted by cells such as fibroblasts?3. Previous
studies have highlighted the key role for HGF secreted from the tumour

32,34,35

microenvironment in the development of drug resistance . However, the
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mechanistic basis of how the presence of excess HGF alters the response to MET TKIs is

still unknown.

Despite the abundant number of agents developed to target the MET receptor, initial
studies undertaken with small molecule MET tyrosine kinase inhibitors (TKlIs) and MET-
targeting agents were disappointing3¢-38. However, the recent emergence of splicing
alterations of MET proto-oncogene receptor tyrosine kinase gene MET exon 14 (MET
ex14) in NSCLC as a primary driver, has reinvigorated interest in the development of

MET inhibitors in lung cancer3®4°,
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Figure 2. The MET and HGF genes are frequently altered in lung cancer. Data shown were

compiled from the indicated studies'>*,
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1.1.1 HGF-MET Biology

The MET proto-oncogene, and HGF, its high-affinity physiological ligand, were both
originally discovered thirty years ago. MET was initially characterized as a transforming
MET fusion protein, translocated promoter region (TPR)-MET partner, and first
identified in a chemically transformed osteosarcoma-derived cell line*'. The proto-
oncogene was later discovered to encode the receptor tyrosine kinase (RTK) MET, an
RTK activated by an endogenous ligand, scatter factor, or HGF*?>7*. Indeed, HGF, a liver

46-48 and a fibroblast-derived epithelial motility factor (or scatter factor (SF))*>>°

mitogen
were actually independently characterized and then found to be the same protein,

denoted as HGF or SF°'>2, The human gene MET is located on chromosome 7931.2, is
approximately 125 kilobases long, with 21 exons; the gene encoding its ligand protein,

HGF is located on chromosome 7¢21.1°3°%,

In general, RTKs such as MET, contain an N-terminal extracellular binding domain, a
single transmembrane a helix, and a cytosolic C-terminal domain with tyrosine kinase
activity®>. MET is a disulfide linked heterodimeric RTK consisting of an extracellular a
chain, a B chain that encompasses the remainder of extracellular domain, the
juxtamembrane and the kinase domains (Figure 3). The extracellular component groups
several domains, including a large N-terminal semaphorin (Sema) domain (exon 2), a
plexin-semaphorin-integrin (PSI) domain, and a stalk structure consisting of four
immunoglobulin-plexin- transcription factor (IPT) domains. The intracellular component
contains a juxtamembrane region responsible for signal downregulation and receptor
degradation, a catalytic region with the enzyme activity, and a C-terminal region acting
as a docking site for adaptor proteins such as GRB2 and GAB-1, which leads to
downstream signalling via PI3K, STAT and MAPK>6-°8,

HGF, the only natural ligand of MET, is a large, disulfide, multidomain protein that is
related to the blood proteinase precursor plasminogen®. HGF consists of six domains
including an N-terminal domain, four kringle domains and a C-terminal domain which is

a serine proteinase homology (SPH) domain®>®° (Figure 3). HGF is secreted from
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mesenchymal cells as an inactive, single chain precursor and is converted to an active
two-chain heterodimer by one of three serine proteinases: the soluble HGF activator,
and the type Il transmembrane enzymes matriptase and hepsin®-62, In addition to
transcriptional regulation, a key post-translational step in the regulation of HGF-MET
signalling, is the proteolytic activation of pro-HGF to the active ligand®°. Activation of
HGF is finely tuned by the expression of at least two inhibitors, which are known as HGF
activator inhibitor 1 (HAI1; also known as SPINT1) and HAI2 (also known as SPINT2)53:64,
Increased expression of matriptase and/or hepsin induces cancer cell invasion and

metastasis, as does decreased expression of HAI1 and/or HAI26>,

HGE a - chain B-chain

Il |
- —

B a
Sema domain
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PSI domain
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Plasma membrane

/ Y1003 I ) \
Juxtamembrane Domain
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Y1349 I Mul f . Id ki .
V1356 e ultifunctional docking site

Figure 3. The structure of HGF and MET. HGF consists of six domains including an N-
terminal domain, four kringle domains and a C-terminal domain which is a serine
proteinase homology (SPH) domain. MET is a disulfide linked heterodimeric RTK consisting
of an extracellular a chain, a B chain that encompasses the remainder of extracellular

domain, the juxtamembrane and the kinase domains. MET is synthesized as a single chain
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precursor and cleaved by furin during transit through the endoplasmic reticulum, which
accounts for the smaller, amino-terminal a-chain and a larger B-chain. The extracellular
component groups several domains including a large N-terminal semaphorin (Sema)
domain, a plexin-semaphorin-integrin (PSI) domain, and a stalk structure consisting of four
immunoglobulin-plexin-transcription factor (IPT) domains. The intracellular component
contains a juxtamembrane region, a catalytic region with the enzyme activity, and a C-

terminal region which acts as a docking site for adaptor proteins.

1.1.2 HGF and MET Signalling.

Structurally, it is the SPH domain of HGF that binds the large, amino-terminal domain of
MET (the SEMA domain)®. Binding of HGF to MET leads to receptor dimerization and
phosphorylation of tyrosine residues (Tyr1230, Tyr1234, and Tyr1235) in the kinase
domain®’-%°, This leads to autophosphorylation of the carboxy-terminal bidentate
substrate-binding site (Tyr1349 and Tyr1356) of MET®’-%°, and the resulting phospho-
tyrosines function as docking sites for other proteins involved in RTK-mediated signal
transduction®’-%9,

For instance, various cytoplasmic effector proteins, including GAB1, GRB2,
phospholipase C (PLC) and SRC are directly recruited to this site, and bind to activate
distinct downstream signaling pathways*>#47%. Phosphorylated GAB1, attached to MET
at the cell membrane can attract further docking molecules and enzymes, such as PI3K,
CRK-like protein (CRKL), SRC homology 2 domain-containing phosphatase 2 (SHP2) and
others, that altogether activate various downstream signalling cascades®®8,
These activated signaling pathways include phosphoinositide 3-kinase (P13K)/AKT
(protein kinase B), mitogen-activated protein kinase (MAPK), signal transducer and

activator of transcription proteins, and nuclear factor-kB’*"3(Figure 4).
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The variety of cellular responses that follow activation of MET is a remarkable feature of
the HGF—MET signaling system. More recently, several types of signal co-operation and
crosstalk are thought to occur between MET and other receptor pathways, such as
epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor
(VEGFR) and MET-WNT pathways, and there is evidence that cooperative signaling
between MET and the epidermal growth factor receptor (EGFR) occurs during kidney
development’. This signalling network may obviously have serious implications for

targeted therapies.

Overall, depending on the cellular context, the physiologic function of the MET pathway
can involve cell proliferation, cell motility, morphogenesis, angiogenesis, organ
regeneration and the epithelial to mesenchymal transition’>7®. In normal physiology,
activation of the MET signalling pathway leads to activation of cytoplasmic and nuclear
processes, resulting in a variety of cellular functions, including proliferation and
protection from apoptosis’*™’3. The MET pathway also facilitates functions such as
hepatic regeneration, and wound healing, and has key role in normal liver
development??, embryonic placental development, and the development of neurons and

muscle””78,
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Signaling pathways activated by HGF and MET
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Figure 4. Signalling pathways activated by HGF and MET.

1.1.2.1 MET ubiquitylation, endocytosis and shedding.

Similar to other RTKs, on ligand binding MET is internalized through endocytosis, and the
internalized receptor is subsequently either degraded or recycled to the plasma mem-
brane. Consequently, aberrant receptor trafficking, degradation, and deranged
recycling, can all cause sustained signaling which can contribute to cell transformation,

tumorigenesis and metastasis’®.
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Casitas B-lineage lymphoma (CBL), a ubiquitin E3 ligase, contains a phosphotyrosine-
binding module that recognizes the phosphorylated tyrosine residue 1003 (Y1003)
residue in the juxtamembrane region of MET and induces degradation’®. Y1003, which
serves as the binding site of CBL, is located in the juxtamembrane region of MET and is
encoded by exon 14 (METex14)%. CBL thus mediates the ubiquitylation of MET, and
ubiquitylated MET is then degraded in a late endosomal or lysosomal compartment in a
proteasome-dependent manner®82, Mutation or deletion of this CBL-binding site
converts MET into a transforming protein, and has recently been a cause of much
interest in the MET field”®. Such receptor variants are still internalized on ligand activa-
tion, but because of a change in endosomal sorting, they escape degradation, and lead

to increased MET signalling”®.

1.1.3 MET and HGF in lung cancer

Gain of function alterations in MET in lung cancer are varied, and include gene copy-
number amplification, protein overexpression, and point mutations in the
juxtamembrane and Sema domains®3 (Figure 5). Pathologic activation of MET via gene
amplification is a well-characterized driver of oncogenesis, that occurs in many different
cancers®. In lung cancer, amplification of MET occurs in approximately 4% of lung
adenocarcinomas and 1% of squamous cell lung cancers®>*¢. The overall incidence of
MET mutations in lung cancer varies, occurring in 3% of squamous cell lung cancers®®
and 8% of lung adenocarcinomas?®®. Somatic mutations affecting splice sites of exon 14
of the MET gene (METex14) alone have been shown to occur in approximately 3% of
lung adenocarcinoma cases 848, (METex14 mutations have also been observed in

neuroblastoma, and gastric cancer cell lines®%°1).

Overexpression of MET is associated with poor prognosis in NSLC, and high MET gene
copy number linked with reduced overall survival, and an increased risk of death after

surgical resection®-°2,
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AMPLIFICATION

RECEPTOR
OVEREXPRESSION

Figure 5. Schematic diagram illustrating well-documented mechanisms of activation of
MET receptor in human cancers. Multiple reported mechanisms of activation of the MET
receptor and its oncogenic signalling pathways are identified, including genomic
amplification, receptor protein overexpression, mutations (which can be germline,
somatic; exon 14 juxtamembrane skipping mutations cause alternative splicing variant,

(METex14), and MET gene chromosomal fusion.

Mutations are also seen in HGF, and the overall incidence of HGF mutations varies,

occurring in 5% of squamous cell lung cancers!> and 8% of lung adenocarcinomas?®.
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Interestingly, the frequency of HGF mutations in NSCLC (adenocarcinoma and squamous
combined) is approximately 3 times higher than epidermal growth factor protein (EGF)
in the same datasets, despite the protein being smaller'>¢ (Figure 6). Moreover,
whether these mutations can cause constitutive MET activation or render cells MET
dependent has not yet been explored. Furthermore, with the exception of METex14,
whether different types of MET activating lesions are associated with either specific
responses to different classes of MET targeting agents, and/or distinct signal

transduction signatures, has not been investigated.

Recent successes in targeting these smaller pieces of the “oncogenomic pie” (Figure 1),
such as ROS1 in lung cancer®’ (a lesion which accounts for roughly 1% of all lung
adenocarcinomas) should serve as a reminder: select the correct patient (with a
molecularly selected target) and treat with the appropriate drug and clinical success can
follow. Recent achievements in the management of NSCLC have been driven by such

approaches’%3%4,
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Figure 6. The frequency of mutations in HGF compared with epidermal growth factor (EGF)

is vastly different using the same datasets'>'*, Note the difference in size.
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1.1.3.1 METex14 alterations.

Peschard et al initially reported that mutations of Y1003 in the binding domain of c-CBL,
abolished c-CBL binding to MET, disrupting c-CBL-mediated degradation and leading to
MET oncogenic activity’?. Mutations in the METex14 splice sites were reported by Ma et
al in small cell lung cancer and NSCLC3%>. Ubiquitination tags the MET receptor for
degradation. As discussed previously, METex14 encodes part of the JMD containing
Y1003, the c-Cbl E3 ubiquitin ligase binding site®®, and JMD mutations that disrupt splice

sites flanking METex14 cause aberrant splicing.

Thus, Exon 14 mutations result in MET ex14 skipping, creating a truncated MET receptor
that lacks the Y1003 c-Cbl binding site. Losing this binding site leads to decreased
ubiquitination and degradation of the MET protein, sustained MET activation, and
oncogenesis®® (Figure 7). MET mutations affecting exon 14 splicing elements occur in up
to 5% of lung adenocarcinoma®’, and result in a juxtamembrane-domain-lacking MET
protein with extended half-life after HGF stimulation that has been considered an
oncogenic driver event. They are also more likely to occur with concurrent MET genomic
amplification (concurrent MET amplification have been reported in 15-21% of

METex14+ NSCLC) °7-%°,

Decreased degradation of the MET receptor caused by METex14 was thought to
potentially cause MET overexpression in some tumours detectable by IHC'%°, however

recent published data suggests otherwise.

The French Thoracic Co-operative Intergroup investigated advanced NSCLC patients,
aiming to determine whether NSCLC with high MET overexpression could define a
subset of patients with a high rate of METex14 mutations!®!. Investigating 108 NSCLC
samples with high MET overexpression (defined by an immunochemistry score 3+) they
found that the rate of METex14 mutations in NSCLC with high MET overexpression was
actually similar to the rate found in unselected NSCLC samples, i.e. high MET

overexpression did not predict for the presence of METex14 splice mutationsoZ,
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These data were replicated in an American data set, where, data was collected from a
tri-institutional cohort from Lung Cancer Mutation Consortium (LCMC)'%2. Guo et al
confirmed MET IHC as a poor screen for METex14 mutations in lung adenocarcinomas,
however, in addition, they also noted that the same was true for MET amplification: high

MET overexpression did not predict for the presence of MET amplification'®?.

In reality, there is high diversity of METex14 alterations, as an extremely diverse set of
mutations (point mutations, insertions/deletions (indels) or large deletions) can all result
in similar biology which relies on increased MET activity. This presents an ongoing
challenge for diagnostic testing: it makes these alterations hard to detect by DNA

sequencing in clinical practice.

For example, base substitutions (or indels) can disrupt several gene positions which are
important for splicing out introns flanking METex14, including the branch point,
polypyrimidine tract, 3’ splice site of intron 13, and the 5’ splice site of intron 141,
Furthermore, point mutations or deletions within METex14 can affect the Y1003 residue,
which results in c-Cbl binding site loss-of-function, without even causing METex14
skipping®>103104  DNA-based broad, hybrid-capture next generation sequencing (NGS) is
now used tool in clinical practice!®, however, in reality, this is a platform and not a
standardised test: detection of a specific genomic alterations will always depend on the
primers designed and used in the NGS panel. Given the diversity of METex14
alterations, it certainly cannot be assumed that these METex14 variants will be equally

detected.

While many cases of METex14 alterations are found in lung adenocarcinomas (up to
5%%7), these events have a much higher reported incidence in pulmonary sarcomatoid
carcinomas, where approximately 20-30% of these tumours have been shown to
harbour METex14 alterations®”1%. Pulmonary sarcomatoid carcinomas also have a

higher reported incidence rate of MET amplification®3, suggesting that consideration
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should be given to enrichment for this subgroup of patients in the design of future MET-

targeted studies.
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Figure 7. MET Exon 14 mutation leads to loss of c-CBL binding site and increased MET

1.1.3.2 Learning from past failures.

signalling.

MET has been the focus of therapeutic studies in lung cancer for a number of years. Pre-

clinical29-107
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and recent clinical evidence suggests that targeting the MET receptor can
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elicit meaningful therapeutic responses in carefully selected patients
however, clinical studies on MET-targeting cancer therapies have produced mixed
results. Phase lll randomized control trials, for instance, undertaken with MET inhibitors
have ultimately proved disappointing3®1%. However, the recent emergence of splicing
alterations of MET ex14 in NSCLC as a primary driver, and subsequent clinical success of

TKI crizotinib in patients with this genomic aberration, has certainly reinvigorated

interest in the development of MET inhibitors in NSCLC3°40:108,

Typically, clinical trials of MET-targeted therapies have taken two approaches:
monoclonal antibody therapy, directed against the MET receptor or HGF ligand, and

tyrosine kinase inhibition (Figure 8).
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Figure 8. MET-targeting strategies used in the clinic to date.
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The failure of MET-targeted therapy in the phase lll setting is multifactorial. Poor drug
choice, coupled with inadequate patient selection and variable assay use are all

reasonable critiques. Two studies highlight this expertly.

In the METLung trial, Spigel et al'® investigated second-line onartuzumab (a
monoclonal antibody that binds the extracellular domain of MET) +/- erlotinib (the
epidermal growth factor receptor (EGFR)-targeted drug) in tumours demonstrating high
MET protein expression by centrally-confirmed immunohistochemistry (IHC). Of note,

EGFR mutation status was not used as an inclusion criterion.

110 syggested that MET-IHC status could predict clinical benefit from

The phase Il results
the onartuzumab/erlotinib combination, thus the METLung phase Ill trial was designed
to include patients with MET-IHC 2+/3+ in 250% tumour cells. The METLung phase IlI
study, however, was terminated early due to a lack of clinically meaningful efficacy;
ultimately, it failed to demonstrate improved clinical outcomes, with shorter overall

survival (OS) in the onartuzumab arm, compared with erlotinib in patients with MET-

positive NSCLC!*,

In this trial, patients were deemed ‘MET-positive’ using central IHC testing: roughly 80%
of each arm was MET IHC2+, and 20% MET IHC3+, thus suggesting that this assay is

ineffective. In addition to this, the use of a TKI which targets EGFR, in combination with
a MET-targeting antibody, in a population where 11% of each arm were EGFR mutation
positive is perplexing. If the hypothesis was that MET was the primary oncogenic driver,

then there was no clear justification for combining onartuzumab with erlotinib.

This study perfectly highlights the futility of using targeted therapies in an unselected

NSCLC patient population.

In the phase Il MARQUEE study, Scagliotti et al*!? investigated the combination of
tivantinib and erlotinib in advanced non-squamous NSCLC. Tivantinib (or ARQ 197) is an

orally available selective small molecule MET TKI*'3114 and this was combined with
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erlotinib and compared 1:1 with erlotinib +/- placebo in an unselected cohort of patients

with advanced non-squamous NSCLC.

Of note, MET expression status/ MET FISH status was unknown in 55-60% of patients in
each arm all patients. In addition to this, collectively, 35% of patients on each arm were
documented mutant EGFR (10%) or mutant KRAS (25%). The MARQUEE study was
discontinued for futility at the interim analysis, and ultimately did not meets its primary
endpoint, as OS did not improve, although final analysis showed some improvement in
progression-free survival (PFS) and overall response rates (ORR) were improved.
Additionally, the tivantinib treatment group did show significant OS improvement in the
subgroup with MET-high expression, essentially recapitulating the phase Il MetMab
study results. This study failure highlights the importance of evaluating drugs in the

appropriately selected patient cohort.

Another phase Il trial of tivantinib plus erlotinib compared with tivantinib plus placebo
in previously treated Asian patients with non-squamous NSCLC was discontinued early
due to toxicity concerns (due to the incidence of interstitial lung disease), underscoring

the important of selecting the appropriate compound(s) in clinical trial design2.

In addition to these critiques, the role of HGF as a cause of resistance to MET-TKIs, was
also not taken into consideration in any of these clinical studies. In reality, there has
been a paucity in studies to understand the mechanistic basis of these clinical trial

failures.

1.1.3.3 Defining ‘MET-positive’ disease.

Another challenge which is staggering progress in MET-driven cancer research, is that in
the literature, to date, there is no consensus on the definition of ‘MET positive’ cancer.
Indeed, the most appropriate method and criteria for defining ‘MET positivity’ are
uncertain. MET IHC was initially investigated as a biomarker for MET activity, however

the disappointing experience with onartuzumab and erlotinib in MET-overexpressing
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NSCLCs emphasises the point that, in isolation, MET overexpression is not an optimal

predictive biomarker of response to MET-directed therapy!*®.

In reality, overexpression of MET occurs with a high frequency (35%—72%) in NSCLC
tumours. For example, in one recent study which included 222 NSCLC samples, 37%
were scored as IHC2+ for MET expression?!>. The group found that neither MET
expression nor the gene amplification status selected patients for MET targeting
therapies, as no correlation with MET activation status was observed!*>. Another study
found that expression of c-Met was found in all 23 of the NSCLC tumours examined, and
most of the cell lines (89% of n=9). Furthermore, sixty-one percent of tumour tissues
strongly expressed total c-Met, which was confirmed as particularly common in

adenocarcinoma (67%)%*.

There is also no consensus regarding the definition of ‘MET-positive’ NSCLC by gene copy
number. In theory, increases in MET copy number are postulated to cause excessive
amounts of MET protein, and subsequent auto-aggregation, ligand-independent MET
signalling and subsequent oncogenic addiction to the MET pathway'®. The challenge is
that changes in MET copy number represent a continuous variable, and this variable has
been assessed in different ways, defined as either the ratio of MET relative to another
region of chromosome 7, such as CEP7 (to show true amplification), or as the absolute

number of MET copies (which can also be increased by polysomy).

Thus, an ongoing difficulty with MET copy number studies has been to define a
threshold for any given methodology above which a MET-directed therapy will likely be
active. It is a persistent challenge with any defined cut-off criteria: a less stringent
criteria could include more patients but then dilute the clinical benefit; conversely, a
more stringent criteria could identify fewer patients, but include those patients who
may derive the greatest clinical benefit. The risk is always the potential of excluding

patients who may still derive some benefit.
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The cut point for high MET gene copy number in the literature ranges between 3 and 5;
some studies use in-situ hybridization, and others RT PCR. Tong et al®’ recently identified
four distinct patterns of MET copy number alterations in a sample set of six hundred

eighty-seven NSCLCs:

1. High-level amplification, defined as clustered MET signals or MET/CEP7 ratio> 5,
2. Polysomy: MET signal > 5, without gene amplification
3. Low-level amplification/ high gene copy number: 2 < MET/CEP7 < 5, MET signal >
5
4. Low-level amplification/low gene copy number: 2 < MET/CEP7 < 5, MET signal <
5.
Given its lack of overlap with other oncogenic drivers, high levels of amplification

(MET/CEP7 ratio =5 by FISH) are thought to potentially represent a driver state of its

own?’.

A recent small series further emphasised the significance of choosing patients with high
copy number, as demonstrated ORR to crizotinib differed dramatically between cases
with different MET/CEP7 ratios (for a ratio of >1.8 to < 2.2, ORR 1/4 0%; for a ratio of
>2.2 to <5, ORR 1/4 17%; and for a ratio of > 5, ORR 1/4 67%).11¢

Noonan et al used oncogene overlap analysis to further define FISH MET/ CEP7 ratio of 5
or higher as a “MET-positive” group with no oncogenic overlap, as this criteria was
associated with the highest response rate to MET inhibition, the group concluding that
this represents the clearest definition of a MET copy number gain—addicted state!?’.
One potential drawback of using the MET/CEP7 gene ratio is that this technique may not
identify all amplified patients due to the unique pathophysiology of NSCLC, and in some
cases, amplicons occur that may include the centromere control protein and the MET
gene or the centromere protein but not the MET gene; in the latter case, the ratio may

be falsely lowered!?*2,
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Regardless, identifying the appropriate patients, with true high-level focally-amplified
MET, and treating them with the appropriate MET-targeting strategy, will likely be the

key to designing an informative biomarker-driven clinical trial in MET-driven NSCLC.

1.1.3.4 MET with success

The recent clinical successes in MET-targeting are largely related to targeting METex14
alterations. Initial clinical reports documented the impressive responses to the MET
inhibitors crizotinib and cabozantinib in patients with lung adenocarcinoma and
METex14 alterations®®9%11%-125 " Consequently, a number of clinical trials testing the
activity of MET inhibitors in patients harbouring METex14 and MET amplification are

now under way.

Drilon et al*?® have recently published the METex14 data from the innovative PROFILE-
1001 study, reporting on the activity and safety of crizotinib (a multi-kinase inhibitor
with potent activity against MET?’) in 69 patients with advanced NSCLCs harbouring
MET exon 14 alterations!?®. The early reports of this study documented encouraging
responses®®, however, the success reported in the subsequent Nature paper publication
is more muted: ORR was 32% (95% Cl, 21-45) among 65 response-evaluable patients

treatment-naive or chemotherapy-refractory MET ex14-aberrant NSCLC*?°.

This is the first prospective study to characterize the activity of a MET inhibitor in a
dedicated cohort of patients with MET exon 14-altered NSCLC and local primarily DNA-
or RNA-based NGS was used'?®. In addition to a 32% ORR, median duration of response

of 9.1 months, and median PFS of 7.3 months was reported.

These outcomes are comparable with first-line platinum platinum-doublet
chemotherapy (ORR, 31-35%; median time to progression, 4.8—6.2 months)'2812° but
exceed responses observed with second-line chemotherapy (ORR, 7-23%; median PFS,
2.4-4.5 months)3%131, However, they are noticeably inferior to reported outcomes

observed with first-line chemo-immunotherapy combinations in unselected NSCLC'3?,
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and overwhelmingly inferior to the ORR 60—-80% achieved with targeted therapy for
other NSCLC drivers such as ALK, EGFR, and ROS1°3.24133,

MET exon-14-alterations are diverse, and accordingly, MET14 alteration NSCLCs are a
heterogeneous group. The possibility of sub-populations perhaps driving down the
response rate was explored, however, in an exploratory analysis of this series: the group
found, however, that mutation type and splice-site region did not affect outcomes, and

that MET copy number was not a major differentiating factor?6.

The updated data presented on patients with MET amplified NSCLC treated with
crizotinib in PROFILE 1001 were similarly disappointing34. Rapid and durable responses
were observed, however, ultimately reported ORR was 40% in patients classified as high-

level amplification, defined as MET/CEP7 ratio> 5.

Altogether, these ORRs of 30-40% in selected cohorts suggest there are elements of trial
design that require further modification: perhaps there are elements of resistance that

are currently not being considered in the design of MET-driven clinical trials.

1.1.3.5 Increasing specificity, increasing clinical efficacy.

It is certainly true that the type of MET inhibitor used to treat MET-exon-14-altered lung
cancers may affect clinical outcomes. Recently, more potent and selective MET-targeting
agents are yielding impressive clinical results — two highly specific, potent and selective
MET inhibitors, in particular, have recently demonstrated promising clinical efficacy:
capmatinib3> and tepotinib®3®. Indeed, both of these compounds have been granted
Breakthrough Therapy designation from the FDA based on the preliminary findings of
their respective phase Il trials presented at the American Society of Clnical Oncology

(ASCO) Annual Meeting 2019137138,

The phase Il GEOMETRY trial is examining capmatinib across several cohorts, with cohort
4 and 5b selected for presentation at ASCO. Cohort 4 contained pretreated patients with

METex14 alterations in the second or third-line setting (n = 69) while cohort 5b included
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treatment-naive patients (n = 28). Encouragingly, capmatinib showed an ORR of 67.9%
(95% Cl, 47.6%-84.1%) in treatment-naive patients with METex14-altered NSCLC.
Furthermore, responses were seen in patients with intra-cranial disease as 54% the
patients with brain metastases at baseline experienced an intracranial response with
capmatinib (7 of 13; 54%); the intracranial disease control rate (DCR) was 92.3% (12 of
13). In pre-treated patients with METex14 alterations, the ORR was 40.6% (95% Cl,
28.9%-53.1%), the disease control rate (DCR; ORR plus stable disease) was 78.3% (95%
Cl, 66.7%-87.3%).

Tepotinib is another highly specific potent MET-selective agent generating robust and
durable clinical response in patients with METex14 alterations in the VISION trial. The
phase Il VISION trial, also presented at the ASCO annual meeting, consisted of 2 cohorts:
cohort A enrolled patients with METex14 skipping mutations, and cohort B included
those with METamplification®38. The first cohort included a total of 87 patients with
alterations that had been identified by either liquid biopsy (n = 57) or tumor tissue
biopsy (n = 58), 33 patients were treatment-naive and 54 were previously treated*38.
Across all lines of treatment, the ORR in liquid biopsy-identified METex14-positive
tumors was 50%, the median DOR was 12.4 months and the DCR was 66.7%. For those
identified by tissue biopsy, the ORR was 45.1% and the median DOR was 15.7 months
with a DCR of 72.5%. In the second-line and beyond, the ORR was 45.2%. For those with
tissue biopsy assessed tumors, the ORR was 44.4% and 50%, in the first- and second-line,

respectively. In the second-line or greater, the ORR by IR was 45.5%.

These data highlight some important points to be considered when treating a select

cohort of MET-targeted patients: clinical efficacy appears to greatest when

e using more-specific and more potent MET-targeting agents, and
e when these potent drugs are deployed earlier in treatment i.e. when
these MET-specific drugs are given in the first-line setting, patients gain

the most benefit.
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While the recently published METex14 crizotinib results from PROFILE 1001'%¢ have
been somewhat disappointing, the trial data of tepotinib and capmatinib are clear: MET-
positive NSCLC patients should be genomically-selected upfront, and treated with the

appropriate MET-specific agent to yield the greatest benefit in the clinical setting.

1.1.4 Resistance to MET TKls

1.1.4.1 HGF causes upfront resistance to MET inhibitors.

We, and others, have demonstrated that overexpression of MET’s ligand HGF, causes
resistance to MET inhibitors in MET-addicted NSCLC cell lines3#13°, Methods suggested
to overcome this resistance have included using a small molecule inhibitor of pro-HGF
activation3® or using HGF-antibody ficlatuzumab?34, neither of which are current clinically
feasible solutions. While recent studies that have suggested AKT/PI3K re-activation as a
possible driver of HGF-induced drug resistance, the molecular basis for this resistance
has not yet been determined. Furthermore, whether HGF binding is shifting the
conformation of the MET receptor, and thus affecting how MET-targeted TKIs bind to

the receptor has not been considered.

There are clinical data suggesting the HGF can be detected in a significant proportion of
lung tumours. For instance, one group demonstrated that seventy percent of resected
lung tumours showed strong HGF expression?®. Additionally, there are pre-clinical data
showing that HGF produced in lung fibroblasts enhances NSCLC cell survival and

promotes tumour progression?4!,

In spite of this, the significance of the role of HGF excess has not been explored in lung
cancer research, and indeed the presence of HGF remains largely ignored in the design,

to date, of MET-driven clinical trials.
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Given that HGF can be supplied by either the tumour itself or the tumour
microenvironment3?, secreted by cells such as fibroblasts33, HGF-mediated resistance to
MET TKIs could be a critical unidentified cause for the primary failure of MET-TKIs in the

clinic.

1.1.4.2 Acquired resistance to MET TKIs

A key challenge of the precision medicine era is understanding and addressing the
inevitable development of drug resistance that occurs with molecularly targeted agents.
The landscape of MET-specific targeting agents remains underdeveloped, and

consequently current knowledge of mechanisms of resistance to MET TKls is limited.

Recent data has revealed, broadly, two distinct classes of resistance mechanism: on-

target resistance, and off-target bypass tract activation.

Table 1 summarises reported clinical knowledge to date. Documented on-target
alterations include mutations in MET (including D1246, Y1248H, H1094Y, G1163R,
L1195F, L1195V, D1228N, Y1230H, and Y1230S), METex14 amplification, and HGF
amplification!427147, Off-target bypass mechanisms of resistance include amplification of

KRAS, BRAF, EGFR, KRAS mutations, MDM2 amplification, and EGFR amplification4?~

144,148

It is clear, that we are only starting to understand the complexity of these resistance
mechanisms, yet they do bear a striking resemblance to the known resistance

mechanisms of other oncogenic addicted lung cancers, such as EGFR-driven NSCLC**°.

Perhaps, an important approach to consider will be using combination of small molecule
MET TKIs with neutralising antibodies that inhibit the MET receptor, or its ligand, HGF3*,
thus allowing for total blockade of the MET axis. Nonetheless, it is clear that
oovercoming these multiple complex mechanisms of acquired MET TKI resistance in
METex14 and MET amplified NSCLC with novel therapeutic strategies will clearly be a

challenge moving forward.
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Resistance MET Refs
alteration inhibitor
HGF Crizotinib 140 On-target
amplification
D1228N Crizotinib 140,
144,
Gleasatinib 141
D1246N Crizotinib 142
Y1230H, Y1230S Crizotinib 141,
145
MET G1163R Crizotinib 141
Gleasatinib
L1195V Gleasatinib 141
H1049Y Gleasatinib 141
MET exon 14 Geasatinib 141
amplification
EGFR Crizotinib 140 BYPASS
amplification
KRAS Crizotinib 143
amplification
KRAS G12S/ Crizotinib 140
G13V
RASA1 S724 Crizotinib 140
MET D1228V Savlotinib 143 On-target
KRAS mutation Crizotinib 142 BYPASS
HER2 Crizotinib 142
amplification
Y1248H Crizotinib 142
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Table 1. Summary of current known mechanisms of resistance to MET TKIs in Met exon 14

and MET amplified NSCLC.

1.2 Conclusion

NSCLC is no longer a single-disease entity. It is instead, being divided into a collection of
molecularly-defined tumours, each with different clinical characteristics and treatment
options. The clinical failure of MET—targeted agents underscores the importance of
appropriate predictive biomarkers for patient stratification in the new era of
personalized medicine. Shaw et al* have previously demonstrated that it is possible to
conduct trials in small subgroups of patients with NSCLC and demonstrate practice-
changing results. We intended to further understand and interrogate MET oncogene
addiction in lung cancer, with the final aim of designing a biomarker-driven trial in an

appropriately selected cohort of NSCLC patients.
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1.3 PhD Objectives

The primary objective of my PhD was to confirm HGF as a mechanism of resistance to
MET TKls in in vitro models of MET-dependence, to explore the potential of MET as a
primary oncogenic driver in lung cancer and to develop strategies to overcome HGF-

induced primary MET TKI resistance in lung cancer.

In summary, | aimed:

o Toidentify in vitro models of MET-dependence

o To assess the impact of MET activation mechanism on response to various MET
targeting agents

o To understand the role of HGF overexpression in resistance to MET inhibitors

o To characterise the subcellular distribution of MET as a function of activation
mechanism

o To characterise the phosphoproteomic signatures of MET activation

o To develop a clinically feasible strategy to overcome de novo HGF-mediated

resistance to MET TKls.
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2 Characterising in-vitro models of MET dependence

2.1 Introduction

Assessing the impact of MET activation mechanism on response to various MET

targeting agents.

Vivanco et al have previously shown*° that in the case of EGFR-dependent cancers
(including NSCLC), the nature of the activating EGFR lesion defines distinct shifts in the
conformational equilibrium of the receptor that determines whether conformation
selective compounds (e.g. type | vs type Il kinase inhibitors) can bind and inhibit EGFR
effectively. Thus, we hypothesized that perhaps using different types of conformational

selective compounds could produce different results in MET-driven lung cancer cells.

To address the question of whether MET is inhibited better with a type | inhibitor or a
type Il inhibitor in MET-dependant NSCLC, we compared the activity of various type |
and type Il MET TKls in MET-addicted cells (Table 2). Type | TKls (such as JNJ-38877605
and crizotinib) are ATP-competitive small-molecule TKls that bind at the ATP binding site
while in the active kinase conformation, while type Il inhibitors (such as cabozantinib
and SGX-523) bind at and/or near the ATP binding site in the inactive kinase

conformation (Figure 9).

Both crizotinib and cabozantinib were initially developed as MET inhibitors, and are now
used for other clinical indications. Forinstance, crizotinib is a potent oral small-molecule
tyrosine kinase inhibitor of MET, ALK and ROS1 kinases*>?, currently FDA-licenced for
ALK, ROS1 and METex14 positive NSCLC. Cabozantinib is a multi-kinase inhibitor with
potent activity toward MET and VEGF receptor 2, as well as RET, KIT, AXL, and FLT3'>?,
approved for the treatment of advanced renal cell carcinoma, and hepatocellular
carcinoma. JNJ-38877605%3 and SGX-523'*, in comparison to these clinically approved

compounds, are exquisitely selective MET ATP competitive tyrosine kinase inhibitors,
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that were associated with renal toxicities which precluded their further clinical

development.

Finding a clinically relevant strategy, thus, often dictated choice of compound used in

different experimental models.

MET TKI Kinase binding

Crizotinib Type | (active conformation)
JNJ-38877605 Type | (active conformation)
Capmatinib Type | (active conformation)
Cabozantinib Type Il (inactive conformation)
SGX-523 Type Il (inactive conformation)

Table 2. Classification of reversible ATP-competitive MET kinase inhibitors based on crystal

structures.
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“C-Helix out’

Type Il
inhibitor

Type |
inhibitor

Active Inactive

Figure 9. lllustration of the active and inactive conformations of MET tyrosine kinase
domain. In the inactive state (right), the key aC helix is displaced, which breaks an
important salt bridge between a glutamate in aC (red sticks) and a lysine in the ATP-
binding site (blue sticks). In the active conformation (left), aC is moved in towards the
centre of the N-lobe, so that this salt bridge forms to stabilise ATP binding. Type |
inhibitors such as crizotonib and JNJ-38877605 bind to the active conformation (left),

whereas type Il inhibitors, such as cabozantinib bind only to the inactive conformation.
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2.2 Results

2.2.1 MET amplified cell lines are sensitive to type | and type Il MET tyrosine kinase

inhibition.

Sensitivity to various MET tyrosine kinase inhibitors was assessed in MET-amplified
cancer cell lines. MET-amplified NSCLC cell line EBC-1 was sensitive to both type | and
type Il MET tyrosine kinase inhibition, demonstrable from doses as low as 25nM (Figure
10). With regards to cell death and MET phosphorylation, no significant difference was
noted between type | and type Il MET tyrosine kinase inhibition. Indeed, maximum
amount of cell death was achieved with as little as 25nM of either SGX-523 and JNJ-
38877605, and remained at this level with doses as high as 200nM. However,
downstream signalling revealed interesting variations, as it appeared type | inhibitor JNJ-
38877605 was more potent at suppressing phosphorylation of the adaptor protein GAB-
1 and of the mitogen-activated protein kinase (MAPK) pathway (as judged by pERK1/2

levels) (Figure 10).
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Figure 10. MET amplified cells are sensitive to type | and type Il MET tyrosine kinase
inhibition. (A and B) Analysis of the responses of MET amplified cell line, EBC-1, to 72h
treatment with MET inhibitors, JNJ-38877605 and SGX-523. Cell death percentages (mean
+ SEM) in A and B were assessed via automated trypan blue method (ViCell), and is
expressed as the fraction of stain-positive cells. (C) Western blot analysis of the responses
of MET amplified (EBC1) cell lines to 8h treatment with MET inhibitors, type | inhibitor JNJ-

38877605 and type Il inhibitor SGX-523 respectively.

This experiment was repeated in EBC1 cells with an alternative type Il tyrosine kinase
inhibitor, cabozantinib. Again, comparable levels of robust cell death were observed
using both type | and type Il MET TKIs (Figure 11A). However, there were clear
differences in phosphorylation of MET, as on western blotting cabozantinib appeared to
be more potent than JNJ-38877605 in inhibiting MET phosphorylation (Figure 11B),

despite inducing comparable cell death at the same dose.

Sensitivity to MET tyrosine kinase inhibition was subsequently confirmed in MET-

amplified NSCLC line H1993 and MET-amplified gastric cancer cell line GTL16 (Figure 11).
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Figure 11. MET amplified cells are sensitive to type | and type Il MET tyrosine kinase
inhibition. (A, C, D) Analysis of the responses of MET amplified cell lines (EBC1, H1993,
GTL-16 respectively) to 72h treatment with type | MET inhibitors JNJ-38877605 or
Crizotinib, and type Il inhibitor Cabozantinib. Cell death percentages (mean + SEM) were
assessed via automated trypan blue method (ViCell). (B) Western blot analysis of the
responses of MET amplified (EBC1) cell lines to 6h treatment with MET inhibitors, JNJ-
38877605 and Cabozantinib respectively. In this instance, Cabozantinib appears more

potent than JNJ-38877605 in inhibiting MET phosphorylation.

Clinically relevant MET compounds crizotinib and capmatinib (a highly selective and
potent MET inhibitor), were then tested in MET amplified cell line EBC-1 and GTL-16,

with comparable levels of cell death again observed from low doses (Figure 12).
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Figure 12. MET amplified cells are sensitive to type la and type Ib MET tyrosine kinase

inhibition. (A - D) Analysis of the responses of MET amplified cell lines EBC1 and GTL-16

respectively) to 72h treatment with MET inhibitors, type la inhibitor, crizotinib and type Ib

inhibitor, capmatinib. Cell death percentages (mean + SEM) were assessed via automated

trypan blue method (ViCell).

2.2.2 Exon 14 splicing mutation cells insensitive to MET-TKI inhibition

Sensitivity to various MET tyrosine kinase inhibitors was assessed in METex14 skipping

cancer cell lines H596 and Hs746t. Hs746t, a gastric cancer METex14 skipping cell line

and H596, a NSCLC METex14 skipping cell line were both, respectively, insensitive to

high dose single agent MET-TKI inhibition, at various doses (Figure 13).
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Figure 13. MET exon 14 skipping mutation cells are insensitive to type | and type Il MET
tyrosine kinase inhibition. (A, B, C, D) Analysis of the responses of MET exon 14 splicing
cell lines (Hs746t (gastric) and H596 (NSCLC) respectively) to 7 days treatment with MET
inhibitors, type | inhibitors JNJ-38877605, Crizotinib and type Il inhibitor Cabozantinib. Cell
death percentages (mean * SEM) were assessed via automated trypan blue method

(ViCell).
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2.3 Discussion

2.3.1 MET amplified cell lines are sensitive to type | and type Il MET tyrosine kinase

inhibition.

We aimed to address the question of whether MET (when highly over-expressed
through high level gene amplification) is inhibited differently if using different
conformation-selective MET TKls. To do this, we treated a panel of MET-amplified
cancer cell lines with type | inhibitor or type Il MET kinase inhibitors. As previously
mentioned, type | TKls (such as JNJ-38877605 and Crizotinib) are ATP-competitive small-
molecule TKls that bind at the ATP binding site while in the active kinase conformation,
while type Il inhibitors (such as Cabozantinib and SGX-523) bind at and/or near the ATP

binding site in the inactive kinase conformation.

Vivanco et al**° have previously shown, that in the case of EGFR-driven cancers
(including NSCLC), the nature of the driving oncogene matters. Using lung cancer and
GBM models, Vivanco et al demonstrated that the nature of the driving EGFR lesion can
lead to distinct shifts in the conformational equilibrium of the receptor, and this
determines whether conformation specific compounds (i.e. type | or type Il kinase
inhibitors) can bind and inhibit EGFR effectively'*°. More specifically, the group noted
that EGFR mutations in lung cancer target the intracellular kinase domain (KD)**°. EGFR
mutations in GBM, on the other hand, tend to cluster in the extracellular (EC) domain,
and tellingly, in contrast to KD mutants found in lung cancer, glioma-specific EGFR EC
mutants are poorly inhibited by EGFR inhibitors that target the active kinase
conformation (drugs such as erlotinib)**°. Inhibitors which bind to the inactive EGFR
conformation, on the other hand, potently inhibit EGFR EC mutants and induce cell

death in EGFR mutant GBM cells*>°.

We sought to assess if MET-driven NSCLC cancer cells demonstrated any similar
specificities regarding ATP-site competitive MET kinase inhibitors. Consequently, we

initially began experiments using the highly selective type | and Il inhibitors JNJ-
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38877605%3 and SGX-523'%4, which are exquisitely selective MET targeting-compounds
compared to the clinically approved compounds, crizotinib and cabozantinib. We then
extended our drug panel to include these clinically relevant compounds, including

capmatinib, which became commercially available at the end of the project.

We have demonstrated that in the setting of MET-amplified cells, both types of MET TKls
appear to cause comparable cell death in MET-amplified cell lines, which confirms that
these cells are addicted to MET signalling (Figure 10-12). Furthermore, once robust cell
death is achieved (for example with JNJ-38877605 at 25nM in Figure 10), increasing the
dose of MET TKI does not appear to significantly alter the extent of cell death in these
MET-addicted cells, a phenomenon that was repeated with all MET TKiIs trialled in these

cells (in a 3-day or 5-day assay).

Looking at the biochemical effect of these MET TKls, we noticed some inconsistencies in
PMET changes in response to MET TKI treatment. pMET was not a robust PD marker of
MET TKI activity in the models used, particularly at low doses that were already
biologically active. Forinstance, on initial testing, no significant difference was noted
between type | and type Il MET tyrosine kinase inhibition (SGX-523 and JNJ-38877605 in
Figure 10); here no significant drop is seen in pMET, even at doses of drug at which we
see robust cell death. Intriguingly, Initially, it appeared the changes alone were in
downstream signalling, as type | inhibitor JNJ-38877605 was more potent than SGX-523
at suppressing the mitogen-activated protein kinase (MAPK) pathway, as evidenced by

reduced phosphorylation of pGAB-1 and p-Erk1/2 (Figure 10).

We tested another type Il inhibitor, cabozantinib, in the same MET-addicted NSCLC cell
line, and in this case, cabozantinib appeared more potent than JNJ-38877605 in
inhibiting MET phosphorylation (Figure 11). Yet, there is still a lagging effect, with the
reduced signal in pMET seen fully with cabozantinib at 100nM, yet we know that
comparatively at cabozantinib 25nM there is robust and similar levels of cell death

(Figure 11). This suggests that perhaps pMET is not a robust pharmacodynamic marker
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for MET activity. Cabozantinib also proved more potent at reducing phosphorylation of
pPGAB1 and pERK (Figure 14, Figure 15), suggesting that cabozantinib is better at
supressing this arm of the pathway. Perhaps the specific conformation that
cabozantinib targets is more active towards GAB-1. pGAB-1 / pMAPK does not seem to
be associated with cell survival. Altogether, this suggests that GAB1/MAPK may be

dispensable for MET-dependent survival.

The lack of specificity of MET phosphorylation as a marker for MET activity is apparent
on reviewing the MET literature: the lack of correlation between pMET as an indicator of

155 and time again3*. And yet, using phosphorylated MET

target engagement is seen time
has, of course, been suggested as a marker for MET pathway activation, especially as it
represents a practical and feasible approach to demonstrate MET activity in in vitro

studies using cell/tissue lysates.

There are some data suggesting its potential as a biomarker in lung cancer®®®, or more
specifically, certain forms of pMET. In one particular study of the expression and
prognostic role of MET, p-MET, and HGF in patients with NSCLC and SCLC cancer'>®
(including 129 patients), high expression of two specific forms of p-MET, cytoplasmic
expression of Y1003 and nuclear expression of Y1365, was associated with significantly
worse overall survival [OS; P=. 0.016; hazard ratio (HR), 1.86; 95% confidence interval:
1.12—-3.07; and P=0.034; HR: 1.70; 95% confidence interval: 1.04-2.78, respectively). Yet,
somewhat predictably, large-scale studies convincingly demonstrating pMET scoring in
lung cancer tissue and correlating with MET pathway activity and/or with efficacy of

MET-targeted therapies are absent!>’.

2.3.2 Exon 14 splicing mutation cells insensitive to MET-TKI inhibition

Given the recent clinical interest in MET exon 14 splicing, | interrogated METex14
skipping cells H596 (lung cancer) and Hs746t (gastric cancer) using MET TKls, and both
cell lines demonstrated little sensitivity to type | and type Il MET-TKIs. Here (Figure 13),

155

we replicate published data’>, which suggests that MET-TKIs may have little clinical
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efficacy in patients with lung cancer with MET mutations. Tanizaki et al*>® interrogated
METex14 skipping lung cancer cells H1437 and H596 cells, and H2122, a cell line which
harbours the N375S mutation of MET using crizotinib. Our data are consistent with their
observation that, although crizotinib exerted a marked antitumor action in lung cancer
cells with MET amplification, those without this genetic change, including in those with a
MET mutation, crizotinib had no substantial antitumor effect on lung cancer cells with an

exon 14 deletion either in vitro, or indeed, in vivo®>.

Clinically, response to MET inhibitors has been observed in lung cancer patients whose
tumours contained mutations leading to MET exon 14 skipping32°8°9108  Thus, the
paucity of preclinical evidence demonstrating the effectiveness of crizotinib and other
MET TKls in METex14 skipping cells, is confounding, especially given that crizotinib and
capmatinib have received Breakthrough Therapy designation from the FDA for patients
with metastatic NSCLC with MET exon 14 based on these clinical responses®®, and that
crizotinib has been used as the MET-targeting agent of choice in the METex14 arms of
both US and UK genomic driven cancer studies'>®1>°, The relative clinical success of
crizotinib in METex14 could, perhaps, be related to the observation that approximately
15-21% of tumours harbouring MET exon14 skipping also have concurrent MET

amplification?®®.

Patient derived xenograft (PDX) models are useful preclinical models for cancer research
for the development of anti-cancer drugs*®!. There are few PDX models of METex14
commercially available, however these are not without significant cost, and can only be
used at the will of certain commercial companies, which of course limits the capability of

independent laboratory work.

The lack of valid pre-clinical METex14 models highlights an obvious challenge in
interrogating MET-driven disease — the rarity of these lesions can limit the number of
valid models available, and this can, of course, limit the possibility of generating

accurate reproducible data.
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3 HGF and resistance to MET-TKIs

3.1 Introduction

As mentioned previously, HGF can be supplied by either the tumour itself or by the
tumour microenvironment3?, secreted by cells in the microenvironment such as
fibroblasts33. Indeed, HGF is a major component of the fibroblast secretome, and cancer
associated fibroblasts (CAFs) have been shown to promote epithelial-mesenchymal
transition, cell scattering, and cancer cell survival by providing tumour-promoting

chemokines, growth factors, cytokines and extracellular matrix proteins'2.

Previous studies have highlighted the key role for HGF secreted from the tumour
microenvironment in the development of drug resistance3?343>, however the
mechanistic basis of how the presence of excess HGF alters the response to MET TKls
remains unknown. Additionally, there are pre-clinical data showing that HGF produced
in lung fibroblasts enhances NSCLC cell survival and promotes tumour progression4. In
spite of this, the significance of the role of HGF excess has not been thoroughly explored
in lung cancer, and indeed the presence of HGF remains largely ignored in the design, to
date, of MET-driven clinical trials. We propose HGF-mediated resistance as another
potentially critical unidentified cause for the large-scale failure of MET-directed lung

cancer trials to date.

3.2 Results

3.2.1 HGF overexpression causes resistance to MET tyrosine kinase inhibition in MET-

addicted cells

To further understand the role of excessive HGF exposure, HGF was ectopically over-
expressed in various MET-amplified cancer cell lines (Table 3). Overexpression was

confirmed with western blotting and HGF-ELISA (Figure 16). SBC-5, a small cell lung

54



(SCLC) cancer cell line with HGF and MET co-expression was also used as an endogenous

model of HGF expression.

Parental Cells Cell Lines Generated
BEAS2B BEAS2B-HGF
BEAS2B-MET

BEAS2B-MET/HGF

BEAS2B-HGF_C211S

BEAS2B-HGF_R220Q,

BEAS2B-HGF_ C232Y

EBC-1 EBC1-HGF
H1993 H1993-HGF
GTL-16 GTL-16-HGF
Hs746t Hs746t-HGF
H596 H596-HGF

Table 3. Cell lines generated to explore the significance of HGF expression.

HGF-overexpression rescued MET-amplified lung cancer cells from MET tyrosine kinase

inhibition-induced cell death, using both type | and type Il MET TKIs (Figure 14 and 15).
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Figure 14. HGF overexpression causes resistance to MET tyrosine kinase inhibition in MET-
addicted cells. (A, B) Analysis of the responses of MET amplified cell line, EBC-1, to 72h
treatment with MET inhibitors, type | inhibitor JNJ-38877605 and type Il inhibitors
cabozantinib and SGX-523, respectively. Cell death percentages (mean + SEM) were
assessed via automated trypan blue method (ViCell), and expressed as the fraction of
stain-positive cells. (C) Western blot analysis of the responses of MET amplified (EBC1) cell
line and EBC1-HGF to 6h treatment with MET inhibitors, JNJ-38877605 and Cabozantinib
respectively. In this instance, cabozantinib appears more potent than JNJ-38877605 in

inhibiting MET phosphorylation.

Of note, | did not observe any correlation between the biochemical effects of these
drugs on MET phosphorylation and biological response (Figure 14, C). Both cabozantinib

and JNJ-3887760 induced robust cell death. However, in this instance, cabozantinib
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appeared more potent than JNJ-38877605 in inhibiting MET phosphorylation. In
addition, both of these drugs showed similar induction of cell death at 25nM in EBC1
parental cells (Figure 15). However, crizotinib appeared more potent than cabozantinib
in inhibiting MET phosphorylation in these experiments. Therefore, pMET does not
appear to be a robust readout of target engagement. Similarly, in HGF-overexpressing
EBC1 cells, we see that despite robust inhibition of MET phosphorylation by
cabozantinib (Figure 15, B), cells were significantly resistant to treatment (Figure 15, A).
This is additional evidence that pMET is not a robust PD marker of MET inhibitor efficacy.
Even canonical downstream effectors such as GAB1 or MAPK, may not be good PD
biomarkers based on the observed lack of correlation between response and the extent

of canonical pathway inhibition (Figure 14, Figure 15).

Interestingly, HGF-overexpressing EBC1 cells demonstrated a significant increase in the
levels of panAKT, pAKT s473 and pAKT T308, compared to parental controls (Figure 14,
Figure 15).

To further validate our model of MET TKI resistance, | generated further HGF-
overexpressing cell lines. | overexpressed HGF in the MET-amplified gastric cancer cell
line GTL16. Similar to EBC1, HGF-overexpression rescued MET-amplified gastric cancer
cells from MET tyrosine kinase inhibition-induced cell death, using both type | and type Il
MET TKIs (Figure 15).
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Figure 15. HGF overexpression causes resistance to MET tyrosine kinase inhibition in MET-
addicted cells. (A,B) Analysis of the responses of MET amplified cell line, EBC1 and GTL16,
to 72h treatment with MET inhibitors, type | inhibitor crizotinib and type Il inhibitor
cabozantinib. Cell death percentages (mean + SEM) were assessed via automated trypan
blue method (ViCell), and expressed as the fraction of stain-positive cells. (C) Western blot
analysis of the responses of MET amplified EBC1 cell line and EBC1-HGF to 6h treatment
with MET inhibitors, crizotinib and cabozantinib respectively. In this instance, crizotinib

appears more potent than cabozantinib in inhibiting MET phosphorylation.

3.2.2 A model of endogenous HGF and MET overexpression shows resistance MET

TKis.

SBC-5 cells were used as a naturally-occurring model of HGF-mediated resistance to MET

TKls. SBC-5 is a SCLC cell line with documented gene amplification and co-expression of
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HGF and MET*34 (Figure 16), and was interrogated with comparable doses of multiple
type | and type Il MET TKls. However, no significant increase in cell death was noted as

they remained insensitive to single agent MET TKls.
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Figure 16. SBC-5 cells appear insensitive to type | and type Il MET tyrosine kinase
inhibition. (A) Analysis of response of SBC-5, SCLC model with high levels of HGF and MET
co-expression, to 72h treatment with MET inhibitors, type | inhibitor crizotinib,
JNJ38877605, capmatinib and type Il inhibitors cabozantinib, SGX-523. Cell death
percentages (mean + SEM) were assessed via automated trypan blue method (ViCell), and
expressed as the fraction of stain-positive cells. Note the inactivity of these compounds in
these cells. (B) HGF ELISA confirming elevated HGF levels in generated cell lines EBC1-HGF,

GTL16-HGF and SBC-5, a cell line with established endogenous elevated levels of HGF.

59



3.2.3 HGF secreted in the tumour microenvironment.

A growing body of evidence suggests that components of the tumour
microenvironment, including cancer-associated fibroblasts (CAFs), may modulate the
treatment sensitivity of tumour cells. Indeed, recent evidence has shown that the
tumour microenvironment®3 and more specifically HGF produced in lung fibroblasts!#?

may play a significant role in NSCLC progression.

To study the relevance of HGF secreted by the microenvironment in MET inhibitor
response, we interrogated lung CAFs. Primary lung CAFs (obtained through a
commercial source) were first immortalised through ectopic expression of hTERT. Then,
HGF ELISA confirmed that lung CAFs produce HGF, and significantly higher levels of HGF
compared with the MET-addicted EBC1 parental cell line (Figure 17), where the EBC1 cell
line had essentially undetectable HGF levels compared with lung CAFs. Lung CAFs also
produced higher levels of HGF compared with the non-cancerous bronchial epithelial cell
line BEAS2B (Figure 18). MET-amplified EBC1 parental cells, HGF-overexpressing models,
CAF-HGF, and EBC1-HGF, were all confirmed to secrete high levels of HGF as judged by
ELISA (Figure 17).

Given that cisplatin, and platinum-doublet chemotherapy, remains the mainstay of
treatment for patients with advanced NSCLC'%4, and because this patient population is
the most likely to be recruited into MET inhibitor trials, we wanted to investigate the
effect of cisplatin on HGF expression. We found that HGF levels reduced by up to
approximately 50% in lung CAFs with increasing dose of cisplatin (Figure 18 and Figure
17). This was in contrast to both lung cancer EBC1 cells (Figure 17) or immortalized
bronchial epithelial cells (BEAS2B cells) (Figure 18), which showed no significant change.
In these cells, when compared separately with lung CAFs, cisplatin treatment had no
demonstrable effect on HGF produced, likely due to the fact that HGF levels in these

cells were negligible on ELISA assay testing.
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Figure 17. Lung CAFs produce elevated levels of HGF compared to EBC1 lung cancer cells
and treatment with cisplatin reduce levels of HGF. ELISA HGF is used to assess HGF levels
(A-C). Cells were treated with cisplatin 10uM or DMSO where indicated for 24hours. In

Lung CAFs, HGF levels show a downward trend with cisplatin treatment.
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Figure 18. HGF levels reduce with cisplatin treatment in CAFs, but not in non-cancerous
bronchial epithelial cells. (A,B) Cells were treated with increasing doses of chemotherapy
agent cisplatin (lum, 5uM, 10uM), for 18hours. Results of ELISA assay in lung CAFs (A) and
immortalised bronchial epithelial cell line BEAS2B (B) are shown respectively. CAFs treated
with cisplatin, at increasing doses, showed a reduction in HGF levels in these cells (A). HGF
levels in BEAS2B cells remained undetectable on ELISA assay testing, with or without

cisplatin treatment.

Interleukin-6 (IL-6) is a pro-inflammatory cytokine produced by macrophages that plays
important roles in the acute phase reaction, inflammation, erythropoiesis, bone

remodelling, inflammatory diseases and inflammatory cancers 165169,
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IL-6 is also thought to regulate HGF expression'’?, and so we wanted to assess whether
cisplatin could affect HGF expression through an IL-6 dependant mechanism, by

assessing levels of IL-6 using a Human IL-6 Immunoassay.

Lung CAFs had higher levels of IL-6 on baseline testing compared with EBC1 parental
cells (Figure 19). Lung CAFs, EBC-1 and EBC1-HGF cells were treated with increasing
doses of platinum agent cisplatin (5uM — 10uM and IL-6 levels were then assessed using
ELISA. In the lung CAFs, ELISA assay testing revealed reduced levels of IL-6 with cisplatin
treatment, and a strikingly similar trend was observed with the HGF-overexpressed EBC-
1 cell line. (Figure 19). EBC1-HGF showed a similar pattern of a reduction in IL-6 levels
using all doses of cisplatin, suggesting that when you provide excess HGF, these lung
cancer cell lines behave similar to the CAF cells (Figure 19). Of note, in lung CAFs, IL-6

levels followed the similar trend of reducing HGF levels on treatment with cisplatin

(Figure 19).
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Figure 19. IL-6 produced by CAF and EBC1-HGF cells reduce with cisplatin treatment. (A)

Cells were treated with cisplatin for 18hours. Lysates were measured for IL-6 using ELISA
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assay. Note the downward trend for HGF-expressing cells, when platinum agent cisplatin

is added to cells.

3.2.4 HGF scoring in lung cancer tumours: HGF exposure matters.

Previously, Tsao et al'’? reported that seventy percent of the 166 lung tumours showed
strong HGF expression with higher frequency noted in adenocarcinoma (84%) as
compared with squamous cell carcinoma (57%) or large cell carcinoma (57%). Through a
collaboration with colleagues in Trinity College Dublin (TCD), we aimed to characterise
levels of HGF in a current patient cohort, to further clarify the fraction of patients with

detectable levels of HGF.

Semiquantitative immunohistochemistry (IHC), using the Allred scoring system, is a near-
universal method of determining tumour hormone receptor (estrogen receptor,ER and
progesterone receptor, PR) in breast cancer'’?. Pathology laboratories have adopted
>1% positive staining for tumour cells as the definition of ‘ER-positive’ clinically, and a
1% cut-off has now been clinically validated in a number of studies’3. This 1% cut-off
corresponds to Allred score greater than or equal to 2'74. A modified Allred scoring
system has also been suggested'’>, where positive score is 3 or above: high scores were

defined as Allred 6-8, and low scores as Allred 3-517.

Dr Stephen Finn and colleagues in TCD noted that, HGF staining was found mainly in the
cytoplasm of cancer cells (Figure 20), and that Allred score HGF scoring 268/286 of
evaluable lung cancer readings had detectable levels of HGF, i.e. 94% of cases
demonstrated detectable HGF scoring levels. Using a modified Allred scoring, this
corresponded to 249/286 (87%) of evaluable lung samples defined as Allred positive,
138/259 53% as high 111/249 45% low Allred score.
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Figure 20. Representative IHC staining of lung samples using HGF-specific antibody.
Positive expression HGF is shown (in images B to D), A is the negative control (original
magnification 10X). Allred Scoring System are as follows: (A) Proportion Score: 0, Intensity
Score: 0, Alired Score: 0; (B) Proportion Score: 5, Intensity Score: 2, Allred Score: 7; (C)
Proportion Score: 5, Intensity Score: 1, Allred Score: 6; (D) Proportion Score: 4, Intensity

Score: 1, Allred Score: 5.
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3.2.5 Known resistance model in METexon14 - KRAS mutations

We have described HGF as a mechanism of de novo resistance to type | and type || MET
TKls in MET-addicted cancer cells. In the clinic, thus far, it appears that secondary
mutations in MET**6176 and KRAS43148 pathway activation are emerging as mechanisms
of acquired resistance to MET TKIs in MET exon 14 mutant patients. Specifically, Suzawa
et al'*® show that KRAS G12 mutations result in constitutive activation of RAS/ERK
signalling and resistance to MET inhibition, acting as mediators of primary and
secondary resistance. To assess how our resistance model measures up against a model
of a clinically validated mechanism of MET TKI resistance, KRAS mutants G12C and G12V
were both ectopically expressed in EBC1 parental cells. Response to type | and type Il
MET inhibitors was assessed. KRAS mutants G12C and G12V, in addition to HGF-
overexpression in EBC-1 cells, rescued NSCLC MET-amplified lung cancer cells from MET
tyrosine kinase inhibition-induced cell death to a similar extent, using both type | and

type Il MET TKls (Figure 21).
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Figure 21. HGF-excess, as a model of resistance, is comparable when compared with
documented mechanisms of resistance in METex14 NSCLC, KRAS mutants G12C and G12V.
Analysis of the responses of MET amplified cell line, EBC1 and to 72h treatment with MET
inhibitors, type | inhibitor crizotinib and type Il inhibitor cabozantinib. Cell death
percentages (mean + SEM) were assessed via automated trypan blue method (ViCell), and

expressed as the fraction of stain-positive cells. 2-way anova performed. Adjusted P-value

is <0.0001.
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3.3 Discussion

3.3.1 HGF overexpression causes resistance to MET tyrosine kinase inhibition in MET-

addicted cells.

A consistent and challenging aspect of treating NSCLC patients with targeted therapies in
the era of precision medicine, is that complete clinical responses are rare due to both
primary and acquired mechanisms of treatment resistance. My data suggest that HGF-

excess is one such form of de novo resistance to MET TKiIs.

To confirm that excess HGF causes resistance to MET TKls, we over-expressed HGF in
MET addicted models, and demonstrated significant protection from the cytotoxic
effects of both type 1 and type 2 MET TKIs (Figure 14, Figure 15). Importantly, these
HGF-overexpressing cells have been generated multiple times over the course of this
PhD project, with consistent results throughout. These data have also been replicated
using different HGF expression constructs, further supporting the reproducibility of
these data. We also show that SBC-5 cells, the endogenous model of HGF-excess, are
resistant to single agent MET TKIs, further highlighting the significance of this resistance

model.

These results are consistent with a strong phenotype, reported previously>***3°, in which
HGF rescues MET-amplified lung cancer cells from MET tyrosine kinase inhibition
overexpression in MET-addicted cells confers resistance to both MET tyrosine kinase
inhibitors, indicating that MET activation mechanism can indeed influence MET inhibitor
response. The resistance of SBC-5, the endogenous model of resistance provides
rationale to avoid using MET TKIs alone in the case of co-amplification, where high levels
of HGF are also present, and suggests that alternative methods of targeting are certainly

required.

While previous studies have commented on the effect of HGF in causing resistance to

MET tyrosine kinase inhibition, the mechanistic basis behind this resistance mechanism
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remains undetermined. In an effort to further understand the mechanism, a
phosphoproteomic profiling experiment was performed, discussed in further detail in

Chapter 4.

One potential hypothesis is that chronic HGF exposure shifts the conformation of the
MET receptor making it less accessible to MET TKls (Figure 22). HGF, of course, is the
cognate ligand of MET, an RTK. RTKs comprise an extracellular domain containing a
ligand-binding site, a single hydrophobic transmembrane a helix, and a cytosolic domain,
which includes a region with protein-tyrosine kinase activity'”’. Binding of the ligand
causes most RTKs to dimerize, and autophosphorylation occurs: the protein kinase of
each receptor monomer phosphorylates a distinct set of tyrosine residues in the

cytosolic domain of its dimer partner’’ (Figure 22).

During autophosphorylation, tyrosine residues in the phosphorylation lip residing near
the catalytic site are phosphorylated and this leads to a conformational change that
facilitates binding of ATP in some receptors (for example, the insulin receptor) and
binding of protein substrates in other receptors. For MET, ligand-induced MET
dimerization activates the tyrosine kinase by phosphorylation of tyrosine residues
(Tyr1230, Tyr1234, and Tyr1235) in the kinase domain, which leads to
autophosphorylation of the carboxy-terminal bidentate substrate-binding site (Tyr1349
and Tyr1356) of MET®’-%°, Receptor kinase activity then phosphorylates other sites in
the cytosolic domain and the resulting phospho-tyrosines function as docking sites for

other proteins involved in RTK-mediated signal transduction®’-°.
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Figure 22. MET receptor on binding of its ligand, HGF, causes conformational change,
making receptor inaccessible to MET TKls. Schema representing potential induction of
resistance to MET TKis.

Kinase conformational plasticity describes the capability of kinases to reversibly switch
between distinct conformations observed in many crystal structures of kinases'’2.
Structural plasticity appears to be essential for kinase regulation and enzymatic activity,
as different conformations reflect distinct functional states. Substrate binding, catalysis,
and product release, for example, all require conformational changes and intrinsic
dynamic properties in the kinase domain’®. Although catalytic domains of different
kinases appear to have strikingly similar structures in the active state, crystal structures
of inactive kinases have shown remarkable plasticity in the kinase domain that allows

binding of regulatory domains or proteins to promote distinct conformational chages'’2.

My working hypothesis is that chronic HGF exposure, perhaps through receptor
desensitization, to the MET receptor shifts the conformation of the receptor to a

transitional state, between ‘active’ and ‘inactive’, which makes it difficult for both type |
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and type Il MET TKls to bind to the kinase domain (Figure 22). The observed rescue of
MET TKl-induced toxicity by HGF overexpression, suggests that for patients whose
tumours have co-amplification of MET and HGF, (or MET amplification with elevated
HGF levels), single agent MET TKIs might not to be sufficient to elicit a measurable
clinical response. Thus, interfering with HGF binding and its ability to induce any
conformational changes on MET could re-sensitise the receptor to both type | and type Il

TKls.

Potential strategies to do this could involve using antibodies that either 1) sequester
HGF away from MET, or 2) block the HGF binding site on the receptor. Given that
currently there are no HGF antibodies in clinical development, MET-directed antibodies
may be a clinically feasible option. Interestingly, there has been some success in
overcoming resistance to EGFR TKls with this dual inhibition strategy in the pre-clinical
setting®%. Clinically, however while afatinib and cetuximab demonstrated robust clinical
activity in a heavily treated cohort of NSCLC patients'®!, the combination resulted in
considerable toxicities. Some of these toxicities appear to be on-target!®. Therefore, it

is conceivable that this strategy may be tolerated when targeting MET.

3.3.2 pMET is a poor surrogate marker for MET activity.

We demonstrate again in Figure 14 and Figure 15, that on examining the biochemical
effect of MET TKls, at the molecular level, MET phosphorylation is inconsistent and as
such, remains a poor surrogate marker for MET activity. Again, both JNJ-38877605 and
cabozantinib show similar induction of cell death in EBC1 parental cells, yet if pMET
were to be used as an indicator of target engagement, it would not be predictive (Figure
14), and the same is true again for pERK1/2 and other downstream effectors. Similarly,
in the HGF-overexpressing EBC1 cells (Figure 15), it appears that cabozantinib is potent
at suppressing MET phosphorylation. However, these EBC1-HGF cells are resistant to
MET TKls. Together with previous data, this is now additional evidence that pMET is not
a good predictor of response to targeted agents, and even canonical downstream

effectors do not appear to be reliable pharmacodynamic biomarkers because there does
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not appear to be a correlation between response and the extent of canonical pathway

inhibition. Better biomarkers for MET activity are clearly needed.

3.3.3 Significance of HGF in the tumour microenvironment.

It is becoming increasingly clear that one cannot think of lung tumours as simply an
accumulation of malignant cells. Rather, the true picture is that of a highly complex
tissue, composed of neoplastic and stromal cells. Stromal cells comprise a variety of cell
types: mesenchymal cells, particularly fibroblasts, myofibroblasts, endothelial cells,
pericytes and inflammatory cells associated with the immune system, extracellular
matrix (ECM), and the vascular network!®%18,  Accumulating evidence has confirmed
that tumour cells must recruit and essentially reprogram the surrounding normal cells to
serve as contributors to tumour progression, such that tumour cells and the supporting
normal cells form an organ-like structure and make concerted efforts for rapid
proliferation, local invasion and metastases®2'83(Figure 23). Hence, the tumour
microenvironment plays an active, rather than a passive role, in tumour progression and
metastasis. Indeed, we now know that the tumour microenvironment plays a key role

in tumour initiation, progression, metastasis and even therapeutic resistance3>184,
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Figure 23.

Formation of the tumour microenvironment.

Figure representing the

construction of the tumour microenvironment, including the detailed processes involved
in the recruitment of various cell types are shown. The tumour cells recruit CAFs, epithelial
cells, fibroblasts, pericytes, macrophages and endothelial cells to the primary tumour site.
Important components of the tumour microenvironment also include the extracellular
matrix and the vascular network, which is composed of blood vessels, and lymphatic
vessels. VEGF, vascular endothelial growth factor; CCL2, chemokine chemokine (C-C motif)
ligand 2; TNF, tumour necrosis factor; M-CSF, macrophage-colony stimulating factor; MCP-
1, monocyte chemotactic protein 1; TGF-B, transforming growth factor B; PDGF, platelet-
derived growth factor; HGF, hepatocyte growth factor; EMT, epithelial-to-mesenchymal

transition; EndMT, endothelial-to-mesenchymal transition.
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Fibroblasts and myofibroblasts comprise a significant proportion of the cells in the
tumour stroma, and while these cells secrete several tumour-promoting chemokines,
growth factors, cytokines and extracellular matrix proteins, HGF is a major component of
the fibroblast secretome'®?. Consequently, HGF is abundant in the tumour
microenvironment, but it can also be supplied by the tumour itself'®5, CAFs have been
shown to promote epithelial-mesenchymal transition, cell scattering, tumour-promoting
chemokines, growth factors, cytokines and extracellular matrix proteins®?. Recent
evidence has shown that the tumour microenvironment!®® and more specifically HGF
produced in lung fibroblasts!*!, may play a significant role in NSCLC progression. Most
notably, there are data that HGF can elicit resistance to targeted therapies3%34139,184,186
Interestingly, one study noted that stromal cells secreted HGF resulting in activation of
MET, and resistance to RAF inhibition in BRAF-mutant melanoma cell lines treated with
BRAF inhibitor3?. They also demonstrated that patients confirmed to have stromal HGF
had a significantly poorer response to treatment compared to those lacking
expression32. In addition to this, they showed that HGF led to sustained activation of
both AKT and ERK, and suggested reactivation of AKT and the mitogen-activated protein
kinase (MAPK) signalling pathways as a possible mechanism of this HGF-induced

resistance3?.

Remarkably, when MET activation acts as a mechanism of acquired resistance to EGFR
kinase inhibitors, it can occur in the absence of c-MET amplification via HGF-induced
activation of the AKT pathway*®88, Another study, has demonstrated that PI3K/AKT
signaling is sustained by recruitment of the GAB1 adaptor protein'®. Consistent with
this role of HGF in mediating secondary resistance to EGFR inhibitors, acquired
resistance to gefitinib and erlotinib in patients with lung cancer has also been shown to
be associated with high HGF levels in the tumor microenvironment®”1%° and even when

measured in patients plasma samples®®®.
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My work has focused on primary MET-driven disease, where HGF could be acting as a
mechanism of primary resistance to MET TKIs. It is, therefore, clear that HGF levels in
the tumour microenvironment could influence drug response. My data, showing that
lung CAFs secrete significantly higher levels of HGF compared to both MET-addicted lung
cancer cells, and non-cancerous immortalized bronchial epithelial cells (Figure 17 and
18), strongly suggest that the tumour microenvironment could be an important source

of excess HGF for tumour cells.

There are no published data investigating the effect of chemotherapy on HGF
expression, and our data suggest that cisplatin does indeed have an effect on HGF
expression, particularly in CAFs. We demonstrate that HGF levels reduce by up to
approximately 50% in lung CAFs with increasing dose of cisplatin (Figure 17, 18), in
contrast to MET amplified EBC1 cells (Figure 17) or immortalized bronchial epithelial
cells (BEAS2B cells) (Figure 18), which showed no significant change. We also show that
treating MET-amplified HGF overexpressing lung cancer cells and lung CAFs (both with
documented elevated levels of HGF) with cisplatin causes a decrease (albeit not

statistically significant) in HGF production (Figure 17, 18).

We also demonstrate reduced levels of IL-6 in lung CAFs and EBC1-HGF cells when
treated with cisplatin (Figure 19), and that both CAFs and EBC1-HGF expressed higher
basal levels of IL-6 compared to parental EBC1 cells. HGF has been shown to activate IL-
6/JAK2/STAT3/twist1 pathway by up-regulating IL-6 receptor (IL-6R) expression'®?.
These data suggest that perhaps cisplatin can affect HGF expression through an IL-6-

dependant mechanism, at least in the case of CAFs and EBC1-HGF cells.

Finally, given that CAFs, through production of HGF, could modulate the treatment
sensitivity of MET-driven lung cancer cells, it would be interesting to see the effect of
HGF produced by lung CAFs on the response to MET TKls in EBC1 cells using a co-culture
system, and ultimately in vivo. These experiments will help to validate the relevance of

non-tumour-cell-derived HGF on the response to MET TKIs, and provide rationale for the
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clinical assessment of MET-targeting approaches involving combinations of HGF

neutralising antibodies and MET kinase inhibitors.

3.3.4 Significance of HGF levels in NSCLC tumours.

It has been reported that lung cancer samples show high levels of HGF expression when
scored on immunohistochemistry. Indeed, Tsao et al'*’! reported in their cohort that
seventy percent of 166 tumors showed strong HGF expression with higher frequency
noted in adenocarcinoma (84%) as compared with squamous cell carcinoma (57%) or
large cell carcinoma(57%)*’. This is consistent with older data published on 42 patients
with primary NSCLC'®>, not previously subjected to chemo- or radiotherapy, who were
analysed, with each cancer sample compared with adjacent normal lung tissue; here,
HGF was found to be 10 to 100-fold overexpressed in carcinoma samples (P<0.0001)8>,
showing that HGF/SF is overexpressed and consistently activated in non-small-cell lung

carcinomas and may contribute to the invasive growth of lung cancer'®.

Our results (Figure 20) confirm that a significant proportion of lung cancer samples
demonstrate detectable levels of HGF, and as such, its presence should not be ignored.
Of course, what is deemed ‘HGF-High’ is debatable, and similar to the definition of ‘MET

positive’ NSCLC, has not been agreed in the literature.

Given the potential for high-levels of HGF exposure to interfere with MET targeting
drugs, such as MET TKIs, we argue for the inclusion of HGF-level testing in routine clinical
practice for MET+ NSCLC. To date, and to the best of our knowledge, HGF levels are not
routinely considered or tested for, in MET-driven clinical trial design. This is a clear
weakness, but the development of reliable quantitative assays for the assessment of

HGF in NSCLC tumours is warranted.

76



3.3.5 Activation of mutant KRAS Mediates Resistance to MET TKIs in MET Ex14
NSCLC.

Determining mechanisms of resistance of METex14 altered, or MET-amplified, lung
cancers to MET therapy is a relatively new area of study, with very few validated
mechanisms of resistance. Secondary mutations in MET, specifically D1228N/V and
Y1230C*46176 and KRAS pathway activation?*3 148 gre emerging as mechanisms of
resistance in MET exon 14 mutant patients. Suzawa et al**¢, for example, have
demonstrated that KRAS G12 mutations result in constitutive activation of RAS/ERK
signaling and resistance to MET TKls, acting as mediators of both primary and secondary
resistance to crizotinib. Of note, in this study lung cancer models with METex14 skipping
or MET amplification were both used, and expression of oncogenic KRAS mediated
resistance to MET TKI. Importantly, the group also noted that dual inhibition of MET and
MEK, using a combination of trametinib and crizotinib, was more effective at reducing

tumour growth than either agent alone in vitro and in vivo'*®

, suggesting that
combination therapy in these cases might represent a more effective therapeutic

strategy compared to single-agent TKI use.

Based on the data from Suzawa et al**®, we overexpressed KRAS mutants G12C and
G12Vin EBC1 parental cells and showed that, similar to our model of HGF-mediated
resistance, these cells are rescued from MET tyrosine kinase inhibition-induced cell
death, using both type | and type || MET TKls (Figure 21). While Suzawa et al used a
different mutant KRAS (KRAS G12D) and a different MET-amplified model (H1993), we
reproduce their finding in EBC1, another model of NSCLC MET-amplification, and add to
current data suggesting that KRAS activation is a mechanism of clinical significance in
MET-amplified NSCLC. Our data further implies that HGF-mediated de novo resistance
to MET TKls is another under-estimated and under-reported mechanism of resistance,

worthy of further investigation.
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4 Characterising the phosphoproteomic signature of HGF-

mediated resistance.

4.1 Introduction

Cellular signalling, mediated commonly by phosphorylation through protein kinases, is
found to be deregulated in most cancer types!®3. For example, a single constitutively
active kinase originating from the fusion of the BCR and ABL genes, can give rise to and
sustain chronic myeloid leukemia (CML)'%4. Accordingly, the small molecule inhibitor of
the BCR-ABL kinase, imatinib, was developed. After demonstrating extraordinary

195 imatinib has become the poster-child for

therapeutic effectiveness in CML patients
targeted therapy, heralding the modern era of precision medicine. Consequently,
protein kinases have become subject to intense investigations in cancer research, to

understand their role in oncogenesis and to discover new therapeutic targets.

Often, phosphorylation is used as a surrogate for monitoring kinase activity in cells.
Quantitative phosphoproteomic analysis by mass spectrometry (MS) therefore provides
a wide-scale view of cellular phosphorylation networks, and is a valuable tool that allows
researchers to characterise signalling pathways, investigate aberrantly activated

signalling pathways, and identify therapeutic targets in cancers.

HGF is a multifunctional growth factor that can induce a number of diverse biological
events. The MET receptor, as previously mentioned, is the only known receptor for HGF
and, as such, mediates all HGF-induced biological activities. Upon HGF binding, MET is
tyrosine-phosphorylated, which is followed by the recruitment of a group of signalling
molecules and/or adaptor proteins to its cytoplasmic domain and its multiple docking
sites. This action leads to the activation of several different signalling cascades that form

a complete network of intra and extracellular responses, as previously described.

78



In order to understand the systems-level perturbations mediated by HGF-excess in MET-
driven NSLC, we carried out mass spectrometry (MS) -based phosphoproteomic analysis

of MET-amplified NSCLC cell line EBC-1, and the EBC1 cells with ectopic HGF-expression.

Although type | and type Il MET TKIs had differential effects on canonical MET-
dependent signalling, we reasoned that because HGF could confer resistance to all MET
TKls tested, excess HGF might confer biochemical resistance to a MET-dependent

pathway, and that this resistance would be common across TKls.

Thus, EBC1 and EBC1-HGF cells were treated with a single dose of type | MET TKI
crizotinib and type Il MET TKI cabozantinib (Table 4), and their effects were profiled on
the phosphoproteome using mass spectrometry. This was undertaken through a
collaboration with Dr Pedro Cutillas and his team in Barts Cancer Institute. Drug
concentrations were chosen based on the ability of HGF to rescue the growth inhibitory
and cell killing effects of the MET TKls at this concentration, and five biological replicates

were performed.

Cells Treatments
EBC1 Parental Vehicle Crizotinib 25nM Cabozantinib 25nM
EBC1-HGF Vehicle Crizotinib 25nM Cabozantinib 25nM

Table 4. Cells and conditions used in phosphoproteomic profiling experiment.

MS-based phosphoproteomics enables the identification of thousands of
phosphorylated peptides in a single experiment, and since every phosphorylation event
results from the activity of a protein kinase, high-coverage phosphoproteomics data
indirectly contains comprehensive information about the activity of protein kinases. To
help extract this type of information, we used kinase substrate enrichment analysis

(KSEA), a computational method for the estimation of kinase activities based on
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phosphoproteomics data and using prior-knowledge about kinase-substrate
relationships®®®. KSEA activity scores describe the activity of a kinase in one condition
relative to another'®®'%97 and was used to identify effector kinases whose function might

be selectively altered by MET TKI inhibition.

Recently, two studies using a large panel of oncogene-addicted human cancer cells
investigated the effect of growth factors on the response to targeted anticancer agents
and identified HGF as the most relevant microenvironment-borne source of
resistance3%1%8, Intriguingly, both of these works recognised a recurrent theme in this
HGF-mediated resistance, that PI3K re-activation, compensated for the survival signal
transduced by the targeted kinase. Interestingly, PI3K also represents a key mediator of
survival in MET-addicted tumour cells, in the setting of EGFR resistance®®>2%, |t
therefore remains rather surprising, that the role of HGF in innate or acquired resistance

to MET-targeted agents has not been properly investigated.

4.2 Results

4.2.1 AKT, specifically isoform AKT2, is implicated in HGF-driven resistance.

During the course of our experiments, we noticed on western blotting, that HGF
overexpression caused increased AKT signalling, with increased levels of total AKT
protein as well as pAKT S473 and pAKT T308 (Figure 24). Both of these phosphorylation

sites are necessary for the maximal activation of AKT kinase?°%.
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Figure 24. Increased AKT signalling in HGF-overexpressed EBC1 cells. (A,B) Western blot
analysis of the responses of MET amplified (EBC1) cell line and EBC1-HGF to 6h treatment
with MET inhibitors, JNJ-38877605, crizotinib and cabozantinib respectively. Note that in

EBC1-HGF cells, in both experiments, there is increased signalling in panAKT and pAKT

sites.

In order to assess on a broader scale what the potential signalling mediators associated
with HGF-induced resistance could be, MS-based phosphoproteomic profiling was used

as a tool.

To look for potential MET substrates, we were, initially, interested in identifying any
tyrosine-phosphorylated peptides with higher abundance in the HGF-overexpressing cell
line (vehicle treated) compared to the parental cells (also vehicle treated), and whose
abundance decreases after drug treatment in either parental cells only, or in both cell

lines, to try and identify which pathways become resistant to MET inhibitors with HGF

overexpression.
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Phosphoproteomic data demonstrated that tyrosine phosphorylation of AKT2 was
significantly affected by HGF expression in MET amplified NSCLC cells. Looking
specifically at tyrosine-phosphorylated peptides with higher abundance in the HGF-
overexpressing cell line (vehicle treated) compared to the parental cells (also vehicle
treated), and whose abundance changes after drug treatment, AKT2 phosphotyrosine

sites were significantly altered (Figure 25, Supplementary Figure 1).
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Figure 25. AKT2 is a potential mediator of resistance in HGF-expressed MET-addicted lung
cancer. (A) Clustered heatmap of KSEA analysis showing AKT2 phosphosites with increased
signal, and (B) Volcano plot of phosphoproteomic data, comparing vehicles in EBC1
Parental and EBC1-HGF, with regards to tyrosine-phosphorylated peptides. The colour
intensities correspond to the values of the scores of each signalling pathway indicating
upregulated sites (red, upregulated; blue, downregulated). AKT2-specific tyrosine

phosphosites are upregulated.
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Further analysis of all phosphopeptides sites showed an upregulation of multiple AKT2-

specific phospho-sites, predominantly serine/threonine phosphopeptides (Figure 26).

-log10(pvalue)

EBC1-H_Vehicle_vs_EBC1-P_Vehicle.fold

RPS6KB1(233-241,

AKT2(S128);

.
AKT2(T444);

.
KCTD12(5185): AKT1(T308);AKT2(T309);AKT3(T305);

AKT2(Y154);

°

AKT2(185-202, no_mod);
AKT2(S268);

;
‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

‘

:

‘

‘ N .
! JCAD(ST044); o TAKT2(Y265);
: AKT2(S478);AKT2(S476);
‘
‘
‘
‘
‘
‘
‘
‘
‘
‘
‘
:
‘
‘
‘
‘
‘
‘
‘
‘
‘
‘
‘
‘
‘
‘

AKT2(S447);

AKT2(30—.39, no_mod);

AKT2(Y475);

&~
AKT2(S478); .
AKT2(378-386, no_mod);

AKT2(S474);

0
'
1
|
|
'
1
1
'
|
1
|
'
1
|
1
'
1
|
|
'
1
1
'
'
1
|
'
1
|
1
'
|
|
|
'
1
1
'
'
1
|
|
1
|
1
'
|
1
|
'
'
1
. .
'

1

|

.
AKTH(Y315PAKT2(Y316);AKT3(Y312);
. 1 NS AKT2(39-64, no_mod);

1 o 1 e
. - . . AKT2(421-437, no_mod):
AKT‘(TS“?)vA.’%.{?;FSW;),AKTS(TSOQ)f o T e O 1392) PRRC2A(S1386);

CHMP3(M197);CHMP3(S200);CHMP3(M213 . no*mOd);\QKTZMSFASW, no_mod);
PPPWR .( );M1(307—328, n.ofmod):AKT2(308—329, no_mod);AKT3(304-325, no_mod);
no_mod);RPS6KB2(209-217, nofmod);SGKMAB?lERHO D' &Gchmmzsﬂomgmpﬁﬁmngegg%onmgdﬁd);AKT3(286—294, no_mod);
. L4 .
PRKCSH(167-177, no_fnod); L. ARTR(Y456); EPS15(S662);
MTMR2(S58); " 38 B¥8 . eAKT2(S458); o ©

o BAIAPSER: sBye CLT4(M458); KRT14(S435);

DDX5(45-53, no_mpd); *
o o Y %

¥, v ','.\o.. K

-20

-10 10 20

0
Log2fold

Figure 26. AKT2 is upregulated in analysis of all phosphopeptide sites. Volcano plot of

phosphoproteomics data. Red circles, and red text show phosphosites which have

significant increases. Blue circles and corresponding blue text show phosphosites which

have significant decreases. Log-transformed P values (t test) associated with individual
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peptides and phosphopeptides plotted against EBC1-HGF. Multiple AKT2 phosphosites,

highlighted by red text and circles, are identified as significantly upregulated.

We undertook a separate analysis with phospho-serine and phospho-threonine
(pSer/pThr) peptides, again to identify which pathways become resistant to MET
inhibitors with HGF overexpression. On analysis of pSer/pThr sites, upregulation of AKT2
phosphosites was noted (Figure 27-28, Supplementary Figures 1-3). Consistent with our
western blotting results, these data showed a significant basal increase in AKT activation
which was resistant to MET TKI treatment in HGF-overexpressing cells compared to
parental controls, suggesting that increased cellular AKT activation is primarily driven by

activation of the AKT2 isoform.

On further analysis of the phosphoproteomic profiling data, except for the upregulation

of AKT2, there were no other findings of significance in all comparisons.
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Figure 27. AKT2 is a potential mediator of resistance in HGF-expressed MET-addicted lung
cancer. Volcano plot showing AKT phosphosites with increased signal, comparing vehicles
in EBC1 Parental and EBC1-HGF, with regards to threonine-phosphorylated peptides
threonine-phosphorylated peptides. The colour intensities correspond to the values of the
scores of each signalling pathway indicating upregulated sites (red, upregulated; blue,

downregulated). AKT2-specific threonine phosphosites are upregulated.
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Figure 28. AKT2 is a potential mediator of resistance in HGF-expressed MET-addicted lung
cancer. Volcano plot of phosphoproteomic data demonstrating AKT2 phosphosites with
increased signal, comparing vehicles in EBC1 Parental and EBC1-HGF, with regards to
serine-phosphorylated peptides. The colour intensities correspond to the values of the
scores of each signalling pathway indicating upregulated sites (red, upregulated; blue,

downregulated). AKT2-specific serine phosphosites are upregulated.
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4.2.2 Validation of phosphoproteomic profiling results.

We then validated this increase in AKT2 specific signalling seen in phosphoproteomic
profiling using western blotting, probing with AKT2-specific antibodies (Figure 29).
Again, in MET-addicted NSCLC EBC1 cells with HGF overexpression, there were
significant differences in AKT signalling compared with parental EBC1 cells, with
increased levels of panAKT and pAKT T308. Guided by our MS data, we also wanted to
confirm the isoform-specific upregulation of AKT in HGF-overexpressing cells. Indeed,
we observed striking differences between AKT1 and AKT2, as noticeably, there was a
selective increase in the levels of total AKT2 and phosphorylated AKT2 (as shown by the
pPAKT2 s474-specific antibody), in comparison to the signal seen in total AKT1 and pAKT1
(with the specific antibody for pAKT1 s473). Thus, increased activation of AKT2 in HGF-

expressed EBC1 cells is demonstrated using two independent techniques.
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Figure 29. AKT2 specifically is a potential mediator of HGF-induced resistance to MET TKls
in MET-addicted lung cancer. (A) Western blot analysis of the responses of EBC1 and
EBC1-HGF to 6h treatment with MET inhibitors, crizotinib and cabozantinib respectively.
(B) Analysis of the responses of EBC1 and EBC1-HGF to 72h treatment with 25nM crizotinib
and cabozantinib. Cell death percentages (mean + SEM) were assessed via automated
trypan blue method (ViCell). In this instance, crizotinib and cabozantinib induce robust cell
death (B), yet pMET is poorly inhibited. AKT2 specific antibodies are increased in HGF-
expressed cells (A), s474 and total AKT2, in contrast to AKT1 specific antibodies s473 and

total AKT1.
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4.2.3 AKT2 as a mediator of resistance

We then sought to further characterise how AKT2 might be driving HGF-mediated
resistance by using immunoprecipitation experiments to seek out an interaction

between MET and AKT2.

Co-immunoprecipitations (Co-IP) are routinely used to detect protein-protein
interactions in cells. The tight binding between biotin and avidin (or streptavidin) makes
biotin-labelling a useful tool for many applications such as detection, immobilization,
and purification?%2. The applications of this system have been furthered greatly by the
discovery of BirA, an Escherichia coli biotin ligase??32%4, BirA can catalyse the covalent
attachment of biotin to the lysine side chain, within a 15-amino acid peptide termed the
Avi-tag?932%4, Using this system, co-expression of an Avi-tagged protein of interest with

BirA leads to specific biotinylation?°>.

Initially, a co-IP was performed in HEK 293T cells to first assess a potential interaction
between MET and AKT2 using an overexpressed epitope-tagged AKT2 (avi-tagged) and
over-expressed MET (Figure 30, A). Using this system, we found no evidence of
interaction between AKT2 and MET. We then examined this endogenously in EBC1 and
EBC1-HGF cells. However, once again immunoprecipitated MET in these cells did not

show any interactions with AKT2 (Figure 30, B).
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Figure 30. Immunoprecipitation experiments investigating if AKT2 be mediating MET TKI
resistance. In both A and B, there was no evidence of a direct interaction between AKT2
and HGF. Cell lysates were immunoprecipitated using anti-MET antibodies and analysed

by western blotting with antibodies directed against AKT2 and MET.

In order to assess whether the increased levels of AKT in HGF-overexpressing cells had

any impact on its subcellular distribution, we stained EBC1 and EBC1-HGF cells with

antibodies against AKT.

The localization of AKT was assessed by immunofluorescence. HGF excess was
associated with increased cytoplasmic and nuclear AKT staining, with only weak cytosolic

staining evident in the EBC1 parental cell line (

Figure 31).
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Figure 31. Expression and localisation of AKT differs in HGF excess in EBC1 cells. The
localization of AKT was assessed in EBC1 parental cells (A-C) and EBC1-HGF cells (D-F) by
immunofluorescence. We demonstrate that AKT localisation differs in EBC1 parental those
cells exposed to HGF excess. Note, both cytoplasmic and nuclear evidence of AKT

signalling in EBC1-HGF.
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4.3 Discussion

4.3.1 AKT2 is implicated in HGF-induced resistance to MET TKIs in MET-addicted lung

cancer.

There are a number of recent studies that have implicated AKT re-activation as a
possible driver of HGF-induced drug resistance. Firstly, two recent studies using a large
panel of oncogene-addicted human cancer cells investigated the effect of growth factors
in general, on the response to targeted anticancer agents and while they identified HGF

as the most relevant microenvironment-borne source of resistance3%1%8,

Interestingly,
both studies noted that PI3K re-activation, compensated for the survival signal
transduced by the targeted kinase3%1°%, More specifically, in the setting of NSCLC and
primary HGF-induced resistance, Owusu et al'3°, demonstrated that while HGF drives
resistance to anti-MET therapy in MET-amplified lung cancer cells, MET-amplified NSCLC
cells become addicted to HGF upon MET inhibition, and HGF reactivates and restores
AKT and ERK signaling3®. Pennachietti et al>* noted that HGF restored PI3K signaling
through recruitment of the physiologic GAB1 adaptor protein and postulated that this
signaling adaptor shift may be explained by the different mechanisms of MET activation
involved. For example, HGF stimulation conceivably causes the stabilization of MET
homodimers, perhaps explaining why HGF-induced MET activation is qualitatively

different from overexpression-sustained MET activation, and the two signals behave in

effect, as two distinct redundant pathways in terms of cell survival3®.

Intriguingly, in the setting of MET-mediated resistance to EGFR inhibitors in lung cancer,
resistance has been found to occur even in the absence of MET amplification via HGF-
induced activation of the AKT pathway87:188,

Our data demonstrate, through multiple approaches - western blotting,

phosphoproteomic profiling and immunofluorescent studies - that HGF excess in MET
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amplified NSCLC causes increased AKT activation, suggesting that perhaps sustained
activation of the AKT pathway is driving innate HGF-induced resistance in MET-amplified

NSCLC.

To the best of our knowledge, the results of our phosphoproteomic profiling, and
subsequent western blotting implicating AKT2 specifically as the major AKT isoform
associated with HGF-mediated MET TKI-resistance, is entirely novel. Our data strongly
suggest that the activation of pro-survival AKT signalling pathways in tumour cells in the
presence of excess HGF in MET amplified NSCLC plays a major role in de novo MET TKI

resistance.

A common feature of many human cancers, including lung cancer?°6¢2%7 is the
unregulated activation of the AKT pathway. The protein kinase AKT is a critical signal
transducer of the phosphatidylinositol 3-kinase (PI3K) pathway, and plays a pivotal role
in the maintenance of many cellular processes including cell growth, proliferation,
survival and metabolism. Indeed, the PI3K/AKT pathway is arguably the most commonly

208 with pathway aberrations having

disrupted signalling pathway in human cancers
been identified in up to 40% of all tumour types (PTEN loss by immunohistochemistry
occurring most frequently (30%), followed by mutations in PIK3CA (13%), PTEN (6%) and

AKT (1%))28.

There are three AKT isoforms, transcribed from separate genes, which share three highly
conserved domains (and more than 80% sequence homology): a central catalytic domain
and two regulatory domains: a lipid-binding N-terminal pleckstrin homology (PH)
domain, and a C-terminal hydrophobic motif?®®. AKT1 and AKT2 are ubiquitously
expressed in all tissues, whereas AKT3 has a more restricted expression pattern?1°,
Because of their similar tissue distribution and activation pattern, it had previously been
assumed that the AKT1 and AKT2 isoforms had overlapping functions?'*21?, and that due
to the shared 80% sequence homology, all AKT isoforms had been considered to possess

similar substrate specificity?*?2.
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In vivo studies, however, using knockout mouse models have provided evidence for
isotype-specific functions of AKT: for example, AKT2 knockout mice show diabetes-like

213214 and AKT3 knockout mice show

symptoms due to an impaired insulin response
reduced brain size?!>. Phosphoproteomic screens have demonstrated unique and
common substrates for each of the AKT isoforms, and functional studies have recently
started to highlight their physiological relevance, for example during RNA processing in
lung cancer?!®. Altogether, these data suggest that AKT isoforms have both distinct and

overlapping functions under physiological conditions.

Why AKT2, specifically, is so active in the presence of excess HGF in MET-amplified
NSCLC cells above other isoforms is uncertain, and these data are driving current
research efforts in our lab. Of critical importance is to determine whether AKT2
activation is sufficient to confer MET TKI resistance. To do this, we are currently
generating MET TKl-sensitive cell lines ectopically expressing constitutively active alleles
of AKT1 or AKT2. We are also generating cell line models where individual AKT isoforms
are selectively depleted using CRISPR/Cas9 gene editing to test whether this restricts the

ability of HGF overexpression to confer MET TKI resistance.

Our western blotting data using AKT isoform-specific antibodies (Figure 29), clearly
demonstrate increased AKT2 signal in EBC1 HGF-expressed cells, compared to AKT1.
Our IP experiments (Figure 30) failed to show a direct association between AKT2 and
MET molecules in EBC1 cells, and in HEK293T cells, suggesting that the effects of AKT2

on MET function might influence MET-dependent signalling rather than MET itself.

However, it is also possible that AKT2, through its effects on signal transduction, could
impact MET receptor conformation and/or localization. Further experiments are
ongoing (described in Chapter 5) to try to determine the fate of cell-surface MET when

chronically exposed to excess HGF.
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It is possible that a desensitised MET receptor (as a consequence of chronic HGF
exposure) might have distinct steady-state signalling properties (such as increased AKT2

activation).

From a clinical point of view, this provides the rationale for another reasonable strategy
to overcome innate HGF-induced resistance to MET TKls in MET amplified NSCLC —

combining MET TKIs with clinically available AKT inhibitors.
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5 Overcoming HGF-mediated MET TKI resistance in NSCLC.

5.1 Introduction

The development of molecularly targeted agents has undoubtedly led to multiple
successes in cancer medicine, and the clinical success of small molecule EGFR tyrosine
kinase inhibitors in the treatment of EGFR-mutant NSCLC exemplifies this?17218,
However, not all patients will respond to these targeted treatments, and drug resistance
is inevitable with resulting disease progression in most if not all patients. Thus, targeted

therapies are often inadequate when used as single agents, and rational combinatorial

strategies are generally necessary to overcome compensatory escape mechanisms?°,

We have demonstrated in our in-vitro models of MET-addiction sensitivity to type | and
type Il MET TKls (Figure 10-12), and subsequently shown clear rescue to these inhibitors
when HGF is overexpressed in these models (Figure 14, Figure 15). As previously
mentioned, quantification of tumour HGF given its potential role in MET TKI resistance,
has been largely ignored as part of clinical trial design for lung cancer. Based on our data
supporting excess HGF as a mechanism of primary resistance to MET TKls, we explored
potential therapeutic strategies to overcome this resistance. Clinical experience tells us
that sometimes one option is not enough, we therefore wanted to design multiple

strategies to overcome resistance.

5.2 Results

5.2.1 Strategy 1: Overcoming resistance with increasing dose MET TKI.

We reasoned that this mechanism of resistance is MET-dependent because it relies on
overexpression of its physiological ligand, HGF, which is selective for MET. Thus, our
initial strategies were focused on alternative MET-targeting approaches. Firstly, using
increasing doses of MET TKls HGF-induced MET TKI-resistance could be overcome, in our

MET-addicted models with HGF-overexpression. Yet, perhaps unsurprisingly, the dose at
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which this was achieved varied depending on the compound (Figure 32). Similarly,
relatively high doses of crizotinib (1uM) were required to induce robust cell death in

SBCS5, the SCLC cell line with endogenous over-expression of HGF and MET.
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Figure 32. Increasing dose MET TKI can overcome HGF-induced resistance in MET-
amplified NSCLC. (A-C) Analysis of the responses of MET amplified cell line, EBC1 and
EBC1-HGF to 72h treatment with MET inhibitors, type | inhibitor JNJ-38877605, crizotinib
and type Il inhibitor cabozantinib. 2-way Anova performed where indicated. Adjusted P-
value is <0.0001 when specified as **#**, (D) Analysis of SBC5 cell line, SCLC cell line with
high level HGF and MET co-expression. Cell death percentages (mean + SEM) were
assessed via automated trypan blue method (ViCell), and expressed as the fraction of

stain-positive cells. One sample t and Wilcoxon test of Data performed, p value <0.0009.
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These data suggest that increasing the dose of MET TKI could overcome HGF-mediated
resistance. However, increasing drug concentrations in the clinic remains a challenge,
and achieving prolonged exposure of tumours to high drug concentrations may not be
feasible. Therefore, we decided to investigate whether duration of exposure of MET+

NSCLC cells to MET TKIs affects the biological response.

| carried out washout experiments (initially using a fixed dose of crizotinib and
cabozantinib (50nM)) to define the shortest time of exposure needed to elicit a
meaningful biological response (Figure 33). In these experiments, cells are treated with
compound for a fixed amount of time, after which the drug is “washed out” and the cells
are allowed to grow in drug-free media. Intriguingly, in EBC1 parental cells (Figure 33,
B), between 30mins and 2 hours of continuous exposure with crizotinib at 50nM, was
sufficient to induced robust cell death (almost to full effect). For cabozantinib, much
longer exposure time was required, as it took 96 hours of continuous exposure to induce
cell death. Furthermore, resistance in HGF-overexpressing EBC1 cells was maintained

throughout this experiment.

Subsequently, | performed another experiment with crizotinib at a higher dose and with
additional time points, and asked whether it was possible to achieve a biological
response earlier in parental cells, and also to assess whether the EBC1-HGF cells
maintained their resistance (Figure 33, C). Here, only 15mins exposure to 200nM
crizotinib was required to cause cell death in EBC1 parental cells, however resistance
was maintained throughout in the HGF-overexpressing subline. Furthermore, even at
increasing doses of crizotinib (up to 200nM) it took three full days of drug exposure to

fully overcome resistance.

These data suggest that both the dose, and the duration of drug exposure, influence the
response to treatment. Therefore, my data suggest that to improve future clinical trial
design alternative dosing schedules (including pulsatile high dose crizotinib) should be

considered.
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Figure 33. Washout experiments indicating that duration of drug exposure counts. (A)
Depicts the design of the washout experiments. (B) Analysis of the responses of MET
amplified cell line, EBC1 and EBC1-HGF to 50nM of treatment with MET inhibitors, type |
inhibitor crizotinib and type Il inhibitor cabozantinib. (C) Analysis of the responses of MET
amplified cell line, EBC1 and EBC1-HGF to 15minutes, 30 minutes, 2 hours, 3 days drug
treatment with crizotinib. Cell death percentages (mean + SEM) were assessed via

automated trypan blue method (ViCell), and expressed as the fraction of stain-positive

cells.
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5.2.2 Strategy 2: HGF-mediated MET TKI resistance can be overcome by multi-

modality MET targeting.

Given that our mechanism of resistance is MET-dependent, relying solely on the
overexpression of MET’s physiological ligand HGF, we sought further MET-based
strategies to overcome this resistance. Firstly, we evaluated the MET-specific
monovalent antibody MetMAB (or onartuzumab). While this compound demonstrated
weak single agent activity, when used in combination with type | and type [l MET TKls in
MET-addicted NSCLC cell line EBC1 and the HGF-expressed cells, this combination
induced robust cell death (Figure 34). This strategy of combining MET targeting
antibody MetMAB with MET TKI also proved successful in overcoming HGF-induced

resistance in our MET-amplified gastric carcinoma model GTL16.
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Figure 34. MET-targeted antibody in combination with MET TKI overcomes HGF-induced
resistance. (A) Analysis of the responses of MET amplified cell line, EBC1 and EBC1-HGF to
96h treatment with MET inhibitors, type | inhibitor JNJ-38877605, and type Il inhibitor
cabozantinib alone and combined with MET-targeting antibody metMAB. 2-way anova

performed where indicated. Adjusted P-value is <0.0001 when specified as *#***. (B)
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Biochemical effects of combination therapy. Note, here that again, pMET does not
correlate with response and there is again evidence of increased AKT signalling in EBC1-
HGF. (C) Schema representing the potential action of MetMAB blocking HGF access to
binding site on MET receptor, allowing TKIs to bind efficiently and induce cell death. (D)
Analysis of response of MET amplified gastric cancer cell line, GTL16 and HGF-over
expressed GTL16, to 72h treatment with MET inhibitor, crizotinib and MET-targeting
antibody MetMAB. Cell death percentages (mean + SEM) were assessed via automated
trypan blue method (ViCell), and expressed as the fraction of stain-positive cells.
Combination therapy with crizotinib and metMAB is synergistic, causing increased cell

death in GTL16-HGF cells. Adjusted P-value is <0.0001 when specified as %%,

5.2.3 Strategy 3: mTOR kinase inhibitors overcome HGF-mediated MET TKI resistance

We have demonstrated in MET-addicted NSCLC EBC1 cells, that AKT levels are
significantly increased following ectopic HGF overexpression. Interestingly, | noticed
that there were differences in terms of the response of specific AKT phosphorylation
sites to MET TKI treatment (Figure 24). Phosphorylation of the PDK1 site in the activation
loop (Thr308) was much more sensitive to MET TKI treatment, compared to the mTORC2
site in the hydrophobic motif (Ser473), particularly with the more selective inhibitor JNJ-
38877605 (Figure 24).

Given that the mTORC2 phosphorylation site on AKT appeared to be refractory to MET
TKl-induced dephosphorylation in HGF-overexpressing cells, we suspected that mTORC2
activity was unaffected by MET TKI treatment. We therefore hypothesised that mTORC2

inhibition might overcome HGF-mediated MET TKI resistance.
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Importantly, AZD2014 (or Vistusertib) a mTORC1/2 kinase inhibitor, was being tested in
the phase Il genomic-driven National Lung Matrix Trial (NLMT)*2 in NSCLC at the Royal
Marsden Hospital. Thus, we evaluated this compound in combination with MET TKls in
our NSCLC MET-driven model. Combination of mTORC1/2 inhibitor AZD2014 with either
type | or type Il MET TKI overcame HGF-mediated resistance in MET-addicted NSCLC

cells (Figure 35).

A B
80
o Il EBC1 Par
g el _ EBC1-HGF EBC1 Parental EBCI-HGF
gGO"‘ T u+--+-w+--+-crilotinib
2 I T-4c--# -+ - 4 cabonnied
540 £ - -+++ L - -+ + + unou
= 40
a IB: Total MET :!g::'::.'“
? a T = IB: pMET )
L: 20 l* (¥1234/1235) ---33 - .
BN -
0“-| T
¢ X N > e
© & N » N
S F S P DY
RS I - R AN O
K S P T 40 PP
< gg &
) S Q
A0S S S
SV P
®
(¢}

Figure 35. MET TKI combined with mTORC1/2 inhibitor AZD2014 overcomes HGF-induced
resistance in EBC1 cells. Analysis of the responses of MET amplified cell line, EBC1 and
EBC1-HGF to 72h treatment with MET inhibitors, type | inhibitor crizotinib, and type Il
inhibitor cabozantinib alone and combined with mTORC1/2 inhibitor AZD2014. 2-way

anova performed. Adjusted P-value is <0.0001 when specified as %%,
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Unfortunately, updated clinical data from the NLMT indicated that this compound was
not clinically active in NSCLC?%°, and subsequently this led to re-focusing efforts on more
clinically relevant NSCLC strategies. Additionally, this inhibitor combination did not
overcome resistance in our second model (Figure 36), the gastric MET-amplified cell line

GTL16, suggesting that it may not be broadly applicable.
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Figure 36. AZD 2014 inactive in combination with MET TKls in MET-addicted gastric cancer
models. Analysis of the responses of MET amplified gastric cell line, GTL16 and GTL16-HGF
to 72h treatment with MET inhibitors, type | crizotinib, and type Il inhibitor cabozantinib

alone and combined with mTORC1/2 inhibitor AZD2014.
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5.2.4 Strategy 4: Overcoming TKI resistance with combination MET TKI + allosteric

AKT inhibitor, ARQ092.

The results from our phosphoproteomic profiling experiments, together with the
western blot analyses showing that HGF-overexpressing EBC1 cells demonstrated
increased AKT signalling, suggested that combining MET TKIs with an AKT inhibitor could
be another reasonable approach to overcome HGF-mediated MET TKI resistance.
Furthermore, finding a clinically relevant strategy was paramount. Recent encouraging
data from biomarker-driven basket studies of ATP-competitive AKT inhibitor AZD5363
(or capvisertib) 22222 have re-boosted enthusiasm for the utility of AKT-targeting
compounds. And, while the allosteric AKT inhibitor MK2206 has failed to show single

209

agent activity in a number of clinical trials*??, another potent and selective allosteric AKT

inhibitor called ARQ092 (or miransertib) has shown promising results in early phase

studies?®

and is currently undergoing phase | testing in solid tumours. ATP-competitive
inhibitors and allosteric inhibitors are the two distinct classes of AKT inhibitors that are
currently in clinical trial development. Allosteric inhibitors, such as ARQ092, bind to AKT

through interactions with the PH-domain/kinase-domain interface??*

, a key feature of
the inactive kinase (Figure 37). ATP-competitive inhibitors, such as AZD5363, bind to the
active conformation in which the PH domain has swung away from the kinase domain

and expose the ATP-binding pocket (Figure 37).
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Figure 37. AKT has 3 isoforms and have similar domain structures. The interaction
between PH domain and kinase domain keeps AKT inactive and upon activation and the
PH domain dislodges from this conformation enabling the phosphorylation of threonine
T308 and S473. AKT however can also be activated by mutation in the PH domain, locking
the kinase in a constitutively active state, independent of a growth factor signal.
Deregulation of the PI3K/AKT is common in cancer and there are various drugs that target

it. The differential AKT conformation states that these drug classes target.

Treatment with type | or type Il MET TKls in combination with ARQ 092 (miransertib)
induced robust cell death in MET-addicted EBC1 parental and EBC1-HGF cells. In
contrast, ATP-competitive AKT inhibitors AZD5363 and GDC0068 (Figure 38) failed to

synergise with MET TKls. These encouraging combination data involving ARQ092 plus
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MET TKI were reproduced many times (>10) using different models of EBC1-HGF

resistance generated at different time points.
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Figure 38. ARQ092 in combination with MET TKI overcomes HGF-induced resistance. (A, B)
Analysis of the responses of MET amplified cell line, EBC1 and EBC1-HGF to 72h treatment
with MET inhibitors, crizotinib and cabozantinib alone and combined with allosteric AKT
inhibitor ARQ092. 2-way anova performed where indicated. (C) Biochemical effects of
ARQO092 in EBC1 Parental and EBC1-HGF. Note, here that maximal inhibition of AKT occurs
at 2uM. (D) Biochemical effects of ARQ092 (2uM) used in combination with crizotinib
(25nM) or cabozantinib (25nM). Note the differences in phosphorylation of pAKT sites,

s473 and T308.
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Dose titration experiments and western blotting were used to confirm that 2uM of
ARQQ092 was required in combination with MET TKIs to sufficiently overcome HGF-
resistance, as when increased to 2uM, the maximum biochemical and biological effect

was achieved (Figure 38).

Intriguingly, when looking at the biological effect of the ARQ092 combination, there
appeared to be a difference in the pattern of AKT phosphorylation in the HGF-
overexpressing cell line. In the western blot depicted in Figure 38D, as demonstrated
previously, there was increased levels of AKT protein in the HGF-overexpressing cell line.
However, there were subtle changes in AKT phosphorylation on Ser473 and Thr308. In
the parental EBC1 cells, ARQQ92 inhibits AKT phosphorylation at both sites, as expected.
In the HGF overexpressing cell line, however, ARQ092 appeared to lead to a decrease in
S473 phosphorylation but not in T308 phosphorylation. Indeed, it appears that ARQ092
(alone and in combination) caused an increase in AKT-T308 phosphorylation (Figure 38).
One possibility is that HGF overexpression affects the sub-cellular localisation of AKT
which may restrict access of site-specific phosphatases (PP2A in the case of Thr308 and

PHLPP in the case of Ser473).

The combination of ARQ092 and MET TKI also proved effective at inducing cell death in
our MET-amplified SCLC model with endogenous high levels of HGF, SBC-5. In Figure 39
robust cell death is induced in SBC-5 using combination therapy crizotinib and ARQQ092.
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Figure 39. AKT inhibitor ARQ092, in combination with MET TKI, overcomes HGF-
mediated MET TKI resistance in MET-amplified SCLC model with HGF co-expression.
Analysis of the responses of SBC5, to 72h treatment with MET inhibitor, crizotinib, and
allosteric AKT inhibitor ARQ092, alone and in combination. Synergy is seen with the

combination treatment.

ADC8830 and ADC11368 are allosteric AKT inhibitors currently in development.
Compared to these allosteric AKT inhibitors, ARQ092 was confirmed most efficient at
inducing robust cell death in combination with MET TKI, overcoming HGF-induced
resistance most effectively (Figure 40). Compared to these compounds, ARQ092 also
appeared more potent at inhibiting AKT on western blotting, and was notably more

effective at inhibiting AKT1 compared with AKT2 (Figure 40).
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Figure 40. AKT inhibitors overcome HGF-mediated MET TKI resistance in NSCLC. (A)
Analysis of the responses of MET amplified cell line, EBC1 and EBC1-HGF to 72h
treatment with MET inhibitor, crizotinib and allosteric AKT inhibitors ARQ092,
ADC8830 and ADC 11368. 2-way anova performed where indicated. (B) Western blot
comparing efficacy of allosteric AKT inhibitors using doses 500nM, 1 ARQ092 is

undoubtedly the most efficient allosteric AKT inhibitor tested.

To confirm the potent inhibition of AKT by these compounds, AKT1 and AKT2 were both
ectopically re-expressed in AKT-null HCT116 cells (DKO in Figure 41). These cell lines
were a kind gift from Bert Vogelstein’s laboratory at Johns Hopkins University, and have
been previously described??>. The ability of these allosteric AKT drugs to inhibit AKT was
assessed. Again, these drugs were confirmed to be potent inhibitors of the AKT1

phosphorylation site (Figure 41).
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Figure 41. HCT116 knockout cells used to demonstrate allosteric AKT inhibitors potent
inhibition of AKT1. (Doses used: ARQ1uM, ADC 8838 1uM and 2uM; ADC 11368 1uM
and 2uM).

Strikingly, in the gastric MET-addicted model GTL16, ARQ 092 in combination with MET
TKls did not overcome HGF-mediated resistance to MET TKIs (Figure 42). Of note, in
contrast to EBC1 cells, western blotting in this cell line showed no increase in AKT levels
when HGF was overexpressed (Figure 42, B+C), suggesting that perhaps the tissue of

origin might play a permissive role in HGF-induced AKT overexpression.
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Figure 42. AKT inhibitor ARQ092 unable to overcomes HGF-mediated MET TKI
resistance in gastric MET-amplified model. (B, C) Western blotting showing, in
contrast to MET-addicted NSCLC EBC1, when HGF is overexpressed in these cells there

is no increased AKT signalling, specifically there is no increased AKT2 signalling.

5.2.5 Understanding the relationship between AKT, HGF excess and MET

5.2.5.1 shRNA knockout experiments

In an effort to interrogate the role that AKT, and more specifically the role that AKT2,
plays in mediating the HGF-induced resistance to MET TKls, we knocked down AKT2 in
EBC1 and EBC1-HGF cells using doxycycline-inducible short hairpins (shAKT2). Western
blotting confirmed doxycycline-inducible knockdown of AKT2 in these cells (Figure 43B).
However, the residual protein level of AKT2 following induction of the shRNA remained
significantly higher compared to untreated parental EBC1 cells, and these EBC1-HGF cells

with shAKT2-mediated knockdown remained resistant to MET TKIs (Figure 43A+C).
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Figure 43. AKT2 knockdown using doxycycline-inducible short hairpins (shAKT2) resulted in
no significant change to HGF-induced resistance to MET TKIs in EBC1-HGF, (A)+(C). In (B),
note, the residual protein level of AKT2 following induction of the shRNA remained

significantly higher compared to untreated parental EBC1 cells.

The same doxycycline-inducible shRNA-mediated knockdown approach was used to
knockdown HGF in SBC-5, the SCLC cell line with endogenous HGF and MET co-
expression. The cells were generated and selected, however, knockdown was
incomplete, and residual protein of HGF following induction of shRNA remained higher
compared with untreated parental SBC5 cells. No difference was observed in cell death
in the doxycycline inducible HGF-knockdowns following multiple growth assays and
experimental procedure optimizations (Figure 44. HGF knockdown using doxycycline-
inducible short hairpins (shHGF) resulted in no significant change to HGF-induced

resistance to MET TKIls in SBC5 cells.
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Figure 44. HGF knockdown using doxycycline-inducible short hairpins (shHGF) resulted in

no significant change to HGF-induced resistance to MET TKIs in SBC5 cells.

5.2.5.2 Does HGF change availability of MET at the cell surface.

In an effort to assess whether chronic exposure to excess HGF changes the localisation
of the MET receptor, we undertook a number of experiments to measure the levels of
receptor at the cell surface. From a therapeutic point of view, this question is of
particular relevance for antibody drug conjugates (ADC)?262%7 (which are currently being
developed as another strategy to target MET in cancer) because the efficacy of these

drugs relies on high expression levels of the target at the cell surface.

For example, ABBV-399 is an ADC currently in development, which is comprised of the

ABT-700 monoclonal anti-MET antibody conjugated to the clinically validated cytotoxic
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microtubule inhibitor monomethylauristatin E (MMAE) via a cleavable valine—citrulline
linker?2822° We wanted to see whether having excess HGF could impact the levels of cell
surface MET which could, at least in theory, affect the efficacy of ADCs such as ABBV-
399.

First, using flow cytometry, and a MET-specific antibody that recognises an extracellular
epitope, we asked whether HGF affects the availability of the epitope to be recognised
by the antibody. We hypothesised that if chronic HGF exposure promotes a
conformational change in MET, it could affect the accessibility of the epitope to an
antibody, and therefore change its binding efficiency. We found that, in both lung MET-
addicted cell line EBC1, and gastric MET-addicted cell line, GTL16, HGF overexpression
reduced binding of the MET antibody in intact cells (represented by the blue shift in
Figure 45).
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Figure 45. Flow cytometry analysis of EBC1 parental, EBC1-HGF (A+B), GTL16 parental and
GTL16-HGF cells (C+D) respectively quantifying surface expression of c-Met using a MET
specific antibody. Histograms A and C show relative fluorescence intensities of isotype
controls and cell samples. In Histograms B and D, the red represents the control, the
orange represents the Parental cell line binding with MET specific antibody, and the blue
represents the HGF-expressed cell line binding with MET specific antibody. Note, the HGF-
expressed cells, both EBC1-HGF and GTL16-HGF both cause a binding shift represented by

a blue shift in B+D.

This difference (demonstrated by the blue shift in Figure 45, images B + D) could be
interpreted in two ways: firstly, it could be a change in the conformation of MET
receptor that hides the epitope recognised by the specific MET antibody causing a loss

of signal. Secondly, perhaps HGF overexpression increases the basal rate of receptor
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internalisation, and there is simply less protein at the cell surface. Regardless, these
experiments provide proof-of-principle evidence that binding of antibodies directed
against the extracellular domain of MET can be affected by excess HGF. Furthermore, it
suggests that binding of a MET-targeted ADC could be affected by excess HGF, thereby
reducing its efficacy. This raises the possibility that adding an HGF antibody, as a way to

reverse the effects of HGF on MET conformation, could help to overcome this resistance.

To assess the possibility that excess HGF is causing increased MET receptor
internalisation, cell surface biotinylation experiments were performed. These
experiments involve the labelling of cell surface MET protein using a biotinylating probe.
Through this approach, all lysines on the extracellular surface are labelled. Therefore,
any regional changes in conformation should have minimal effects on overall receptor
biotinylation, subsequent pulldown, and quantification. We found that in both EBC1 and
GTL16, in the presence of HGF, there was no loss of signal in biotinylated MET (Figure
46). In these two MET-addicted cell lines, there was no observable difference in cell
surface biotinylated MET (Figure 46A,B) indicating that in the presence of excess HGF

there is no significant change on cell surface MET levels.
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Figure 46. HGF excess does not alter biotinylated MET at the cell surface. In (A) a
simplified cell surface biotinylation technique is used, with EBC1, EBC1-HGF, GTL16, GTL16-
HGF cells respectively were cell surface biotinylated for 30mins at 4degrees. In (B), same
cell types were cell surface biotinylated for the expanded time points indicated. Note, for
the biotinylated samples for MET, for each cell line, a distinct lack of significant change in

signalling, indicating that HGF excess does not alter MET at the cell surface.

5.2.5.3 HGF excess does not affect localisation of MET.

In order to assess whether excess HGF had any impact on the subcellular distribution of
MET in MET-amplified NSCLC, we stained EBC1 parental and EBC1-HGF cells with
antibodies against pMET (1234/5) and total MET. The localization of MET and pMET was
then assessed using immunofluorescence. There was no significant change in MET/

PMET expression or localisation in EBC1 parental compared with EBC1-HGF. HGF excess
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was not associated with any significant change in cytoplasmic and/or nuclear MET/pMET

(Figure 47).
EBC1 Par
DAPI pMET (1234/5) Merge
EBC1-HGF
DAPI PMET (1234/5) Merge

Figure 47. HGF does not alter MET and pMET localisation in EBC1 and EBC1-HGF. The
localisation of pMET(1234/5) and total MET was assessed in EBC1 parental cells (A) and
EBC1-HGF cells (B) by immunofluorescence. Note that the expression and localisation of
total MET and pMET does not appear to differ in these cells. Note, both cytoplasmic and

nuclear evidence of MET signalling.

5.2.6 Strategy 5: More potent and selective MET-TKIs.

Capmatinib (formerly, INC280), a potent and selective MET TKI, became commercially
available in the final months of experimental work, as promising ASCO data from the
GEOMETRY mono-1 trial?3° showed an objective response rate (ORR) of 67.9% in newly

diagnosed patients with MET exon 14—altered NSCLC, which led to FDA designation of
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capmatinib as a breakthrough therapy as a first-line treatment for patients with MET

exon 14 skipping mutation—positive NSCLC.

Consequently, capmatinib was evaluated in our MET-addicted NSCLC models. Even at
low doses, robust cell death is observed in EBC1 parental, and HGF-induced resistance is
overcome in our model at lower doses than previously demonstrated (Figure 48, A).
Compared with other MET TKls, capmatinib was clearly superior in overcoming
resistance in the HGF-expressed EBC1 cells and at significantly lower doses (Figure 48),
as it takes higher doses of crizotinib and JNJ-38877605 (500nM and 200nM, respectively)
to overcome EBC-HGF resistance. However, in Figure 48, B note that using Capmatinib,

there is a still a significant (p< 0.0114) difference at 500nM Capmatinib.
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Figure 48. Capmatinib induces robust cell death in EBC1 and EBC1-HGF cells from low
doses. Analysis of the responses of MET amplified cell line, EBC1 and HGF-
overexpressed EBC1, to 72h treatment with MET inhibitor, capmatinib. 2-way anova

performed where indicated.

Given that our previous data have suggested that duration of exposure to crizotinib and
cabozantinib influences the response to these drugs (Figure 33), we wanted to know
whether response to capmatinib also depended on time of exposure. Consequently, we
carried out a washout experiment (Figure 49) to determine the shortest drug exposure
time required for a meaningful biological response in EBC1 cells, and to assess whether

resistance to capmatinib caused by excess HGF also requires prolonged drug exposure.

Intriguingly, similar to the crizotinib washout experiment described previously (Figure
33), 30mins of exposure with 200nM Capmatinib was sufficient to induce significant cell
death in parental EBC1 cells. However, HGF-mediated resistance is maintained

throughout, and it takes three days of continuous capmatinib treatment for resistance
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to be overcome. Here, again, our data suggest that the duration of exposure to drug is a

critical determinant of response, even with more potent and selective compounds.
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Figure 49. Capmatinib washout experiment indicating that it takes 72 hours of
continuous drug exposure for HGF-driven resistance to be overcome by Capmatinib.
Analysis of the responses of MET amplified cell line, EBC1 and EBC1-HGF to 30mins,
2hours and 72h treatment with MET inhibitor, Capmatinib (doses 25nM, 200nM,
500nM). Cell death percentages (mean + SEM) were assessed via automated trypan

blue method (ViCell), and expressed as the fraction of stain-positive cells.
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5.3 Discussion

5.3.1 Strategy 1: Overcoming resistance with increasing dose MET TKI.

We have identified a number of rational potential strategies to overcome HGF-induced
resistance to MET TKIs. First, we show that increasing the dose of MET TKI eventually
overcomes primary HGF-induced resistance. However, this approach may be
challenging in the clinical setting, given the likelihood of increased toxicity. In phase |
oncology studies, a key aim has traditionally been to establish the maximum tolerated
dose (MTD) of a new compound for further clinical investigation. This typically
corresponds to the highest dose associated with an acceptable level of toxicity and is
drawn from clinical data and preclinical dose-toxicity and dose-activity studies?3!. A
meta-analysis of 24 phase | trials of targeted agents at MD Anderson Cancer Center
found that higher doses led to substantially higher numbers of dropouts due to toxicity
with no concomitant improvement in clinical response (complete response, partial
response, or stable disease) over doses that were roughly half of the MTD?32. Thus,
increasing the dose of MET TKIs to overcome HGF-mediated resistance may not be

clinically feasible.

Furthermore, we have shown that even with increased doses of MET TKls, long and
continuous high-dose exposure to MET TKI is necessary to overcome HGF-mediated
resistance. For example, although a short amount of exposure to crizotinib (15mins) is
required to induce robust cell death in MET-amplified NSCLC cell line EBC1, resistance is
always maintained in the presence of excess HGF (Figure 33). Even at increasing doses
of crizotinib (up to 200nM) it takes three full days of drug exposure to fully overcome
HGF-induced resistance. These data were also replicated using the more MET-selective
and more potent TKI, capmatinib, where even at high doses (up to 500nM) it takes three
days of tumour cells exposed to drug for HGF-induced resistance to be overcome (Figure

49).
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It is clear that in the era of targeted therapies, traditional trial design involving multiple
dose de-escalation steps to determine a tolerable dose may not be sufficient.
Molecularly targeted agents target specific aberrant pathways in cancer cells, while
sparing normal cells, and as such the toxicity and efficacy of these novel agents may not
be dose dependant. Alternative endpoints besides toxicity have been suggested for
phase | trials to evaluate molecularly targeted agents, such as target inhibition in
tumours or surrogate tissues and detection of biologically relevant pharmacokinetic (PK)
levels?31:233-235 Qur data support this idea, that novel dose escalation strategies using

creative scheduling to optimally hit the target are required.

Crizotinib is a potent oral small-molecule tyrosine kinase inhibitor of ALK, MET and ROS1
kinases®>!, with half maximum inhibitory concentration values of 5-25 nmol/L based on
preclinical mouse models'>'23¢, QOriginally developed as a MET inhibitor, the first-in-man
crizotinib study, PROFILE 1001?37, began in 2006 with an initial standard dose-escalation
PK portion followed by a clinical efficacy portion that aimed to enrol a small number of
molecularly enriched patients to assess the anti-tumour activity of crizotinib. The initial
PK cohort used the standard dose-escalation finding schema to determine the MTD, and
the recommended phase Il dose (250 mg twice daily in 28-day cycles), and patients with
ALK-positive or MET-positive tumours were enrolled into a series of molecularly defined

expansion cohorts at the proposed recommended phase 2 dose.

The crizotinib PK studies were carried out on samples of patient plasma. However, non-
invasive tumour PK and PD measurements can provide invaluable additional data?32.
Importantly, there are no data available assessing target inhibition in lung tumour tissue
from the landmark PROFILE studies>!%8237.239 and to the best of our knowledge, there

are no published pharmacodynamic data regarding crizotinib available.

In reality, in clinical practice assessing target inhibition is a challenging aspect of clinical
trial designs for a number of reasons. First, tumour tissue (or a valid surrogate tissue)

must be readily available and easily accessible (an ongoing challenge for lung tumours).
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Second, there must be a reliable assay for measuring the effect of the drug on the
target. Finally, the optimal extent of target inhibition (i.e. inhibition that yields a
meaningful clinical benefit) must be known?*°. While meeting all of these conditions is a
challenge, ideal trial design should try to determine the dose at which there is optimal

target inhibition (rather than an MTD alone).

From a practical point of view, this means that particular questions need to be answered
during early clinical trial development, including: is the drug reaching the concentrations
required for biological activity in the blood and tumour tissue, is the drug hitting the
desired molecular target, is the drug modulating the biochemical pathway in which the
molecular target functions, and is the drug achieving the desired biological effect??3,
We would argue that for crizotinib in MET-amplified NSCLC, the answers to all of these

guestions have not been determined.

The washout data presented (Figure 33, Figure 49) are hypothesis-generating and
suggest that duration of exposure of tumour cells to MET TKI, as well as increasing dose
of drug, is important and influences response to treatment. Therefore, in addition to
assessing HGF levels in the tumour, clinical trial design should incorporate alternative
dosing strategies in MET amplified NSCLC patients, if excess HGF is to be appropriately
addressed as a mechanism of MET TKI resistance. Simply increasing the dose of MET TKI
may not be sufficient to overcome HGF-mediated resistance given how critical duration

of exposure appears to be.

There are data based on mathematical models that continuous dosing is a clinically
feasible strategy for slowing down tumour growth in GBMs, even when taking into
consideration intratumor heterogeneity and drug resistance?*'. Regarding the use of
high dose pulsatile crizotinib as an alternative treatment strategy in NSCLC, data are

limited. The only published case study?*?

reports a patient with ALK-positive NSCLC with
intra-cranial metastases who received high-dose pulsatile crizotinib therapy (1000 mg/d)

on a one-day-on/one-day-off basis with reported significant central nervous system
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response, with time to neurological progression was prolonged to 6 months. These data
suggest that high dose pulsatile crizotinib may indeed be a feasible treatment option,
and so we suggest investigating using intermittent schedules of high dose pulsatile
crizotinib as the first strategy in overcoming de novo HGF-mediated resistance in MET-

amplified NSCLC.

5.3.2 Strategy 2: Overcoming resistance with combination MET TKI + MET targeting

antibody.

Given that HGF-mediated resistance is MET-dependent, relying solely on the
overexpression of MET’s cognate ligand HGF, we sought further MET-based strategies to
overcome this resistance. We first evaluated MET-specific monovalent antibody
MetMAB (or onartuzumab). While this compound demonstrated weak single agent
activity, when used in combination with type | and type Il MET TKls in MET-addicted
NSCLC cell line EBC1 and the HGF-expressed cells, this combination induced robust cell
death (Figure 34). This strategy of combining MET targeting antibody MetMAB with
MET TKI also proved successful in overcoming HGF-induced resistance in our gastric
MET-addicted model GTL16, and SBC-5, our endogenous SCLC model with elevated HGF

levels (Figure 34).

We have proposed that chronic HGF exposure, perhaps through MET receptor
desensitization, could shift the conformation of the receptor to a transitional state,
between ‘active’ and ‘inactive’, which impairs the ability of both type | and type || MET
TKls to bind to the kinase domain (Figure 22). The observed rescue of MET TKl-induced
toxicity by HGF overexpression, suggests that for patients whose tumours have co-
amplification of MET and HGF, (or MET amplification with elevated HGF levels), single
agent MET TKIs might not to be sufficient to elicit a measurable clinical response.
However, interfering with HGF binding, and its ability to induce any conformational

changes on MET, could re-sensitise the receptor to both type | and type Il TKls.
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Onartuzumab is a single-armed, recombinant, humanized, monoclonal, monovalent
antibody that binds to the extracellular domain of the receptor tyrosine kinase MET,
interfering with HGF binding and subsequent activation of the MET receptor®. We show
that using either a type 1 or a type 2 inhibitor combined with a MET targeted antibody,
HGF-mediated resistance is overcome. Perhaps Onartuzumab binding to the ECD of the
receptor is blocking HGF access to the receptor, while allowing concurrent TKI binding in

the intracellular domain (Figure 50).
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Figure 50. MetMAB, or onartuzumab, interferes with HGF binding to MET receptor.
Typically, on binding of METs cognate ligand, HGF, the receptor undergoes
conformational change, making receptor inaccessible to MET TKiIs; binding of MetMAB

however blocks HGF access to MET receptor, allowing MET TKIs to bind.

Our data provide evidence for a novel and clinically relevant approach to overcome HGF-
mediated MET TKI resistance, by combining Onartuzumab with a type | or type Il MET
TKI (Figure 34). Whilst Onartuzumab has shown disappointing clinical activity in the

pivotal MetLUNG study'®, in this phase Il trial MetMAB was combined with erlotinib, an
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EGFR targeting agent, and trialled in an unselected MET-positive NSCLC patient
population. MetMAB was, therefore, likely deployed using an inappropriate
combination strategy in a poorly selected patient population. We propose that a
combination of a MET-directed TKI and a MET-antibody may fare better in cases where
upfront resistance is caused by excess HGF, i.e. in patients whose tumours have co-
amplification of MET and HGF, (or MET amplification with elevated HGF levels). Given
the current ability to carefully select NSCLC patients with high-level MET amplification
(FISH MET/CEP7 ratio> 5), we propose this novel combination to form the basis of a

clinical trial, with the addition of prospective HGF-level testing.

Similarly, further combination therapies which interfere with HGF-binding, such as
combining MET TKIs with anti-HGF antibodies, could be trialed, to provide an alternative

243

strategy to enhance the pharmacologic effect of MET TKIs**3, in an appropriately

selected NSCLC patient population with high-level MET amplification.

5.3.2.1 Using ADCs in MET-positive NSCLC.

Our working hypothesis is that HGF excess could be inducing a conformational change in
the MET receptor, shifting the conformation of the receptor to a transitional state,
between ‘active’ and ‘inactive’, which makes it difficult for both type | and type Il MET
TKls to bind to the kinase domain. Another targeting approach for MET currently under
clinical development is the use of ADCs?%%??7, and one such example of MET-targeting
ADC is ABBV-399. In an effort to assess if having excess HGF could impact the response
to this type of agent, and evaluate if excess HGF changes the MET receptor, we used
flow cytometry to see if there was a change in availability of the receptor to bind a

specific MET antibody in the presence of HGF excess.

We hypothesised that if chronic HGF exposure promotes a conformational change in
MET, it could affect the availability of the epitope recognised by a MET-specific antibody

and therefore change its binding efficiency. We show that in both MET-amplified cells
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EBC1 and GTL16, in the presence of HGF, the availability of the binding shifts in the HGF-
expressed cell line (Figure 45), suggesting that excess HGF does affect the availability of
the epitope to be recognised by a MET antibody, and raising the possibility that other
antibodies that target the ECD could be similarly affected. As this could also happen
clinically when using an ADC (the presence of HGF might limit the response to the ADC),
perhaps adding an HGF antibody — could re-expose the epitope, and help overcome this

resistance.

The difference in cell surface levels of MET between parental MET-amplified and HGF-
overexpressed cells seen by flow cytometry (demonstrated by the blue shift in Figure 45,
images B + D) could be interpreted in two ways. 1) It could be that HGF changing the
conformation of the MET receptor hides the epitope recognised by the specific MET
antibody causing a loss of signal. 2) It is also possible that HGF excess enhances receptor

internalisation, and there is simply less protein at the cell surface.

To address the second possibility, cell surface biotinylation experiments were performed
to see if HGF excess changed the levels of MET at the cell surface. As HGF produced no
change in MET protein at the cell surface, our data supports the notion that perhaps
HGF excess is instead inducing a conformational change in the MET receptor that hides

the epitope recognised by the MET antibody.

No MET-targeting ADCs are currently commercially available, and as such, in our models
of primary HGF-induced resistance, we were unable to trial ADCs as part of a
combination strategy. Regardless, our data suggest that when using MET-directed ADCs,
combination strategies, as opposed to single agent treatment, may be necessary. The
presence of HGF might limit the response to a MET targeting ADC, and as such perhaps
adding an antibody targeting HGF, which could re-expose the epitope, may possibly help
overcome HGF-induced resistance. This could certainly be another valid strategy to

consider.
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5.3.3 Strategy 3: Overcoming HGF-induced resistance using MET TKI + mTOR kinase

inhibition.

We have demonstrated using western blotting, on numerous occasions, that ectopically
over-expressing HGF in MET-amplified EBC1 cells results in increased AKT signalling
(Figure 24). In addition to this, in these HGF-expressed cells we noted subtle alterations
in the response of AKT phosphorylation sites to MET TKls (Figure 24). In the HGF-
overexpressed EBC1 cells, the PDK1 site, Thr308, appeared to be consistently more
responsive to MET kinase inhibition, in comparison to the mTORC?2 site, Ser473, which

appeared to be refractory to MET TKls (Figure 24).

Accordingly, this suggested another potential strategy to overcome primary HGF-
induced resistance to MET TKIs in MET-amplified NSCLC. We suspected that mTORC2
activity was unaffected by MET TKI treatment. We, therefore, hypothesised that
MTORC2 inhibition might overcome HGF-mediated MET TKI resistance.

AZD2014, or vistusertib, is an ATP-competitive dual m-TORC1/2 inhibitor, and has shown

244 \We show

preclinical activity across a range of in vitro and in vivo preclinical models
that combining AZD2014 together with either crizotinib or cabozantinib (type | and type
Il TKIs) overcomes HGF-mediated resistance to MET TKIs in MET-addicted NSCLC cells

(Figure 36).

The PI3K/AKT pathway is, arguably, the most commonly disrupted signalling pathway in

human cancers?8

, including lung cancer. Mechanisms of deregulation include activating
mutations in PIK3CA and AKT and loss of function of tumour suppressor genes such

as PTEN?*. m-TOR consists of two essential complexes,mTORC1 and mTORC2, and is a
crucial node in the PI3K signalling network?*¢. mTORC1 regulates protein synthesis
through activation of S6K and EIF4e, and while regulation of mTORC2 is less well
understood, it is thought to phosphorylate AKT on Ser473 contributing to its kinase

activation?*®; m-TORC2 is therefore critical to AKT signaling®*’.
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In the first-in-human phase | study of AZD2014, crucially, robust PD and PK data are

128 confirmed target engagement by demonstrating m-TORC1

presented. Basu et a
inhibition in tumour and normal tissue, as shown by reduction in the phosphorylation of
4EBP1 and S6(m-TORC1 inhibition), respectively, and importantly, m-TORC2 inhibition
(as shown by reduction in p-AKT) in normal tissue and tumour tissue?*®, We have
demonstrated that in the presence of HGF excess there is increased levels of total and
active AKT by western blot, and phosphoproteomic profiling, in our MET-amplified lung
cancer model, EBC1. Consistently, we find that targeting mTORC2, the kinase that

phosphorylates a key regulatory site (Ser473), is another effective combination strategy

for overcoming HGF-induced resistance to MET TKiIs.

Currently, there are no published data investigating AZD2014 specifically in MET-driven
NSCLC, either as a single agent or in combination with MET TKls. The compound has
been investigated in the phase | setting in combination with chemotherapy agent,
paclitaxel, and shown encouraging activity in the expansion cohorts in high-grade serous
ovarian cancer (HGSOC) and squamous non-small-cell lung cancer (sqNSCLC)?*°: in
patients with sqNSCLC the RECIST response rate was 35% (8/23), and the mPFS was

5.8 months (95% Cl: 2.76—21.25), while in the HGSOC expansion, RECIST and GCIG CA125
response rates were 52% (13/25) and 64% (16/25), respectively, with median
progression-free survival (mPFS) of 5.8 months (95% Cl: 3.28—-18.54).

As part of the NLMT, patients with advanced NSCLC with serine/threonine kinase 11
(LKB1/STK11), TSC1 or TSC2 tumour mutations were deemed eligible for treatment with
AZD2014 as a single agent. (LKB1 is a tumour suppressor gene, and approximately half
of NSCLC patients with activating KRAS lesions have also deletions or inactivating

mutations in the (LKB1/STK11)2°9-252),

However, recruitment to the LKB1 single mutation arm was halted at interim due to
futility???. As part of the NLMT, for single agents, clinically relevant outcomes are

defined as either median progression-free survival for more than three months or
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objective response rate and/or durable clinical benefit rate (DCBR) at 24 weeks greater
than 30 percent. Data presented at the World Conference on Lung Cancer (WCLC)
demonstrated that at the interim, for AZD2014 in this cohort of patients, the predicted
probability of success for DCBR in those with KRAS mutation with concomitant STK11

loss was DCBR of 27% and there were no objective responses?2°.

The abject failure of AZD2014 in the NLMT suggests that this compound should be
evaluated differently. We have provided data (Figure 20), consistent with previous
published research?%, that demonstrates detectable HGF levels are a common finding in
lung tumours. The reason single agent MET TKIs have failed in the clinic could
potentially be attributed to HGF overexpression in tumours. These data suggest that
HGF overexpression may be a common event. Therefore, the development of rationale

combination strategies to overcome this HGF-induced resistance is warranted.

We provide pre-clinical evidence that AZD2014 in combination with MET TKIs is another
attractive therapeutic strategy in MET-driven NSCLC, for use in both rare cases of NSCLC
patients whose tumours have co-amplification of MET and HGF, or more frequent cases

of MET amplified NSCLC with elevated levels of HGF.

5.3.4 Strategy 4: Overcoming HGF-induced resistance using MET TKI + AKT inhibition.

Our data, western blot analyses and phosphoproteomic profiling data, show increased
total AKT and phosphorylated AKT levels. Given the importance of AKT in cancer cell
survival, this suggests that HGF-mediated resistance to MET TKls might be driven by AKT.
Consequently, we show that combing MET TKI with allosteric AKT inhibitors is an

effective strategy to overcome this resistance.

Finding a clinically relevant strategy for the treatment MET-amplified NSCLC patients
was an essential part of my PhD project. As a result of this, initially | evaluated potent,
selective, allosteric AKT inhibitor ARQ092 (also called miransertib), which has shown

223

promising results in early phase studies®*> and is currently undergoing phase | testing in
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solid tumours. As described previously, AKT inhibitors come in two well-defined classes:
1) allosteric inhibitors (such as ARQ092) bind to AKT in the inactive state, via the PH-
domain/ kinase-domain interface, and 2) ATP competitive inhibitors bind to the active

conformation of AKT, when the ATP-binding pocket is exposed??* (Figure 37).

We demonstrate that combination strategies using allosteric inhibitors, such as ARQ092,
and MET TKI overcomes HGF-induced resistance to MET TKIs in two cancer models
(EBC1-HGF and SBC5), yet this is not true for ATP-competitive AKT inhibitors combined
with MET TKI (Figure 38). Vivanco et al have previous reported on the inability of ATP-
competitive inhibitors, compared to allosteric AKT inhibitors, to suppress non-catalytic
AKT functions?>3, representing a liability of compounds, such as AZD5363. Perhaps, in
this context, ATP-competitive inhibitors such as AZD 5363 are unable to overcome HGF-
induced resistance because it is not able to suppress the non-catalytic functions of

AKT?3,

As a critical component in the PI3K/AKT/mTOR pathway, AKT has been an attractive
target for therapeutic intervention for many years. ARQ092 is a highly potent and
selective allosteric AKT inhibitor which has been shown to inhibit AKT1, 2, and 3
activities with reported I1Cso values of 5.0, 4.5, and 16 nM?>*. Biochemical and cellular
analysis have shown that ARQ 092 (and next-generation allosteric AKT inhibitor, ARQ
751) inhibit AKT activation by dephosphorylating the membrane-associated active form,
and also by preventing the inactive form from localizing into plasma membrane?>.
Currently, there are no published data evaluating ARQ092 as a single agent, or as a

combination strategy, in MET-amplified NSCLC.

We have provided evidence that AKT, and more specifically AKT2, is activated by HGF
overexpression. It is therefore not surprising that given the known role of AKT in
promoting cancer cell survival, a pan-AKT inhibitor such as ARQ092, in combination with
MET TKls was successful in overcoming HGF-mediated resistance in MET amplified or co-

amplified models. Interestingly, the gastric MET amplified model appeared to have no
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increased signalling in AKT in the presence of HGF-overexpression (Figure 42), and
subsequent experimental testing confirmed that ARQ092 was inactive as a single agent
and in combination with MET TKls in these cells. Perhaps the nature of MET-dependence
is different based on cell lineage. In both models of MET-amplification, EBC1 and GTL16,
the resistance factor (the presence of excess HGF) is the same. However, only EBC1 is
associated with increased AKT signalling and the combination of an AKT inhibitor and

MET TKI overcoming the HGF-mediated resistance.

Perhaps, this difference is due to cell-type-specific differences in signalling networks.
Unfortunately, we did not have the resources to perform multiple phosphoproteomic
profiling experiments, and it is clear that examining GTL16 in the setting of HGF-
overexpression in this way would perhaps have provided further answers and potential

drivers of HGF-mediated resistance in the case of gastric MET-amplification.

Another important observation when examining the effects of ARQ092, is the distinct
differences in AKT phosphorylation in MET-amplified NSCLC EBC1 cells as a function of
HGF overexpression. We find that in parental EBC1 cells treated with ARQ092,
phosphorylation of AKT on both Thr308 and Ser473 is inhibited (Figure 38). However, in
the HGF-over expressed cell line EBC1-HGF, the same dose of drug causes selective
inhibition of the mTORC2 phosphorylation site (Ser473), and a subtle increase in the
PDK-1 phosphorylation site (Thr308) (Figure 38). This has not been seen previously when
investigating the effect of ARQ092 on AKT in cell line models®**. Importantly, however,
to the best of our knowledge the biochemical effects of ARQ092 treatment in the setting

of MET-amplification or HGF excess has not been examined.

Given that HGF overexpression affects the subcellular distribution of AKT (

Figure 31), it is possible that these differences in AKT phosphorylation result from
localisation-dependent phosphorylation/dephosphorylation events. Alternatively, it is

also possible that HGF excess is leading to impaired Thr308 dephosphorylating activity
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(i.e. a defect in PP2A, the Thr308 phosphatase). Regardless, it is clear that HGF and AKT

are inextricably linked, and we are currently investigating the significance of this.

Our data provide evidence for a novel and clinically relevant approach to overcome HGF-
mediated MET TKI resistance, by combining an allosteric AKT inhibitor with type | or type
Il MET TKI (Figure 38). We therefore, propose this novel combination to form the basis
of a clinical trial, with the addition of prospective HGF-level testing, in an appropriately

selected NSCLC patient population with high-level MET amplification.

Admittedly, we have presented data showing that duration of exposure of tumour cells
to drugs is significant when trying to overcome HGF-induced resistance MET-amplified
NSCLC (Figure 33), and that it requires at least three days of constant high-dose
exposure to MET TKI, for HGF-induced resistance to be overcome, even when using
potent next generation MET TKls such as capmatinib. Whether the combination of
allosteric AKT inhibitor and MET TKI also requires this duration of exposure to drug in
order to be effective at inducing cell death in EBC1 parental and EBC1-HGF should also

be explored.

It would also be interesting to assess if the next-generation allosteric AKT inhibitor
ARQ751, which is more potent than ARQ092, demonstrates the ability to overcome HGF-
mediated resistance to MET TKIs in HGF-overexpressed MET-amplified NSCLC cells.
Given that this is another AKT inhibitor showing exciting promise, further work should

also interrogate this compound in our model of de-novo HGF resistance.

5.3.5 Understanding the relationship between AKT, HGF excess and MET

5.3.5.1 Unsuccessful shRNA knockout experiments
As an alternative way of assessing whether AKT2 specifically drives HGF-induced

resistance to MET TKls in MET-amplified cells, we knocked down AKT2 in MET-amplified
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EBC1 and EBC1-HGF cells using doxycycline-inducible short hair pins (shAKT2). While
western blotting confirmed knockdown of AKT2 in these cells (Figure 43, B), the extent
of knockdown was incomplete and the EBC1-HGF cells with shAKT2 knockdown
remained resistant to MET TKI inhibition (Figure 43, A and C). In fact, residual levels of
AKT2 following induction of the AKT2-targeting shRNA in EBC1-HGF cells were still
significantly higher than those seen in untreated parental controls (Figure 45, B), which
could be sufficient to drive resistance. Interestingly, there is increased cell death in the
untreated parental EBC1 doxycycline-inducible AKT2 knockdown cells ((Figure 43, A and
C), suggesting that AKT2 is important in these cells for survival, though the significance

of this is uncertain.

It is crucial that we determine whether AKT2 activation is sufficient to confer MET TKI
resistance. Current efforts in the lab are centred on this: MET TKl-sensitive cell lines
ectopically expressing constitutively active alleles of AKT1 or AKT2 are being generated,
as are cell line models where individual AKT isoforms are selectively depleted using
CRISPR/Cas9 gene editing. The idea here is to assess if this limits the ability of HGF

overexpression to confer MET TKI resistance.

We also used an HGF knockdown strategy in SBC-5, the SCLC cell line with endogenous
HGF and MET co-expression to see if this could then make these cells sensitive to MET
TKls (Figure 44). However, this experiment again highlights the challenge of using such a
system: HGF knockdown was incomplete, and residual protein of HGF following
induction of shRNA remained higher compared with untreated parental SBC5 cells. SBC5
cells with shRNA-HGF knockdown remained resistant to MET TKI inhibition at crizotinib

25nM and crizotinib 250nM (Figure 44).

To investigate this further, HGF levels are going to be assessed in these cells using ELISA
to ascertain if perhaps a certain level of HGF-expression is required to induce resistance
to MET TKls. A mixing experiment involving the MET-amplified NSCLC cell EBC1 and

EBC1-HGF could also be performed to generate these data. By using serial dilutions of
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EBC1-HGF mixed with EBC1 parental, the response to MET TKIs could be investigated to
assess if increasing levels of HGF-expression are important in inducing resistance to

MET-TKIs.

5.3.5.1.1 Does HGF excess affect localisation of AKT

To assess whether chronic exposure to excess HGF changes the localisation of the MET
receptor, experimental work to measure the levels of receptor at the cell surface were
performed. This question is clinically relevant for ADCs. ADCs are currently in

226

development as a potential strategy to target MET in cancer??®, and the efficacy of these

drugs is dependent on high expression levels of the target at the cell surface.

Our data show that, in two MET amplified cell lines, HGF overexpression reduces binding
of a MET-specific antibody that recognises an extracellular epitope (Figure 45). Here,

HGF is affecting the availability of the epitope to be recognised by the antibody.

We also show, using cell surface biotinylation experiments, that in two MET-amplified
cells, in the presence of HGF, there is no loss of signal in cell surface biotinylated MET
(Figure 46). This indicates, that in the presence of excess HGF, there is no significant
change on cell surface MET levels. Immunofluorescence data also shows that the
presence of HGF does not affect the expression and localisation of MET and

phosphorylated MET (Figure 46).

Altogether, these data suggest that perhaps chronic HGF exposure is promoting a
conformational change in MET, thereby affecting the accessibility of the epitope to a
MET-specific antibody, and changing its binding efficiency, causing a loss of signal. The
cell surface biotinylation experiments argue against the possibility of HGF
overexpression increasing the basal rate of receptor internalisation, causing less protein

at the cell surface.
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These experiments demonstrate that binding of antibodies or ADCs directed against the
extracellular domain of MET could be affected by excess HGF, and subsequent binding of

a MET-targeted ADC could be affected by excess HGF, its efficacy reduced.

We therefore suggest perhaps deploying an HGF antibody, as a way to reverse the

effects of HGF on MET conformation, could help to overcome this resistance.

5.3.6 Strategy 5: More potent and selective MET TKis.

The clinical development of MET inhibitors has been challenging. In addition to the
presence of HGF inducing resistance to MET TKls, the use of non-selective MET-
targeting agents has likely contributed to the large-scale failure of multiple trials to date.
Capmatinib (formerly known as INC280) is a highly selective and potent ATP-competitive
type | MET TKI with in vitro activities against preclinical cancer models with MET
activation, and demonstrates single-agent anti-tumour activity in MET-driven mouse
xenograft models?>>2%6,

Capmatinib is currently under investigation as a single agent and in combination studies.
Furthermore, in September 2019, the FDA designated capmatinib as a breakthrough
therapy for the first-line treatment of patients with MET exon 14 skipping mutation—
positive NSCLC following the presentation of the phase Il GEOMETRY mono-1 trial at the
ASCO annual meeting 2019230,

Encouraging, durable responses in patients with METex14-positive NSCLC were
presented at ASCO%3°. The GEOMETRY trial is a multi-cohort, multi-centre study
evaluating capmatinib in patients with METexon14-mutated or MET-amplified advanced
NSCLC across 6 cohorts: cohort 4 and 5b selected for presentation at ASCO. Cohort 4
contained pre-treated patients with METex14 alterations in the second- or third-line

setting (n = 69) while cohort 5b included treatment-naive patients (n = 28).
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GEOMETRY mono-1 included METex14 patients who were treatment naive as well as
patients who were treated with capmatinib in the second- or third-line setting. Among
the pre-treated patients, the ORR by independent review was 40.6% (95% Cl, 28.9%-
53.1%) and the disease control rate (DCR) was 78.3% (95% Cl, 66.7%-87.3%). The median
duration of response (DOR) was 9.72 months and the median progression-free survival
(PFS) was 5.42 months. In the treatment-naive cohort, the ORR by independent review
was 67.9% (95% Cl, 47.6%-84.1%) and the DCR was 96.4% (95% Cl, 81.7%-99.9%). The
median DOR was 11.14 months and the median PFS was 9.69 months. The brain
penetration of capmatinib is one feature which sets it apart from crizotinib - more than
10% of newly diagnosed patients had brain metastases along with 15.9% of the pre-
treated patients were included and, of these, approximately half (54%; 7 of 13)
experienced an intracranial response, with 4 patients experiencing a complete

resolution of their brain lesions. The intracranial DCR was 92.3% (12/13).

Consistent with published data, we show that capmatinib is highly potent and active in
models of MET activation (Figure 48, Figure 49), even in the presence of HGF excess?>®.
We also show however, in washout experiments (Figure 49), that in EBC1 cells with HGF
excess, HGF-induced resistance is seen at both 30mins and 2hours drug exposure, and,
similar to the crizotinib washout experiment (Figure 33), it still takes three days of drug

treatment with capmatinib for HGF-induced resistance in EBC1 cells to be overcome.

These data emphasise the critical importance of drug exposure times in determining
biological response, even when using a potent and highly selective MET TKI, such as
capmatinib. These data argue for the assessment of pulsatile high dose schedules in

future capmatinib studies.

Of note, the recently published initial phase | study of capmatinib?®’, does not include
PD data involving METex14 NSCLC patients, or any lung cancer patients, as the phase |
NSCLC expansion cohort has yet to be fully published*3**, though recommended phase 2

dose of capmatinib was 600 mg bid capsule/400 mg bid tablet 400mg was determined.
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PD data involving one patient with advanced colorectal cancer was provided, showing
near-complete immunohistochemically determined phospho-MET inhibition using
450mg capmatinib in paired biopsies?>’. Rather strikingly, similar to crizotinib, there are
no published PD data regarding capmatinib in MET-driven lung tumours. Even in the
phase | dose-escalation study of capmatinib in Japanese patients with advanced solid
tumours, there are no published data showing convincing target inhibition as post-
treatment tumour samples were collected only from one patient, therefore, no formal

analysis was performed.

Thus, the questions of whether capmatinib is reaching the concentrations required for
biological activity in tumour tissue, and whether capmatinib is hitting the desired

molecular target remains to be adequately answered.
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6 Investigation of a novel target in MET-driven cancer

6.1 Introduction

Our group has been interested, for a number of years, in understanding the functional
crosstalk between RTKs (including MET and EGFR) and the lipid kinase, PI3K. During the
course of these studies, phosphatidylinositol-3-phosphate 5-kinase (PIKfyve) was
identified as a potential therapeutic target in GTL16 cells, the gastric MET-amplified
model described earlier. | have been working together with another PhD student in the

laboratory to characterise the relevance of this target in MET-driven lung cancer.

PIKfyve is an endosomal lipid kinase, that phosphorylates the D-5 position in endosomal
phosphatidylinositol-3-phosphate (PI3P) to yield the 3,5-bisphosphate (P1(3,5)P2)%%8,
which in turn serves to control endolysosomal membrane traffic2>°=2%2, PIKfyve
inhibition, as a cancer treatment, has only been minimally explored. Here, we report on
the activity of apilimod, a first-in-class PIKfyve kinase inhibitor with exquisite specificity

263

for PIKfyve lipid kinase“°>, which has shown promise in treatment of B cell

malignancies?%4

. We report the findings of apilimod single-agent treatment in MET-
driven cancer models, and in doing so report another strategy in overcoming HGF-

induced resistance to MET TKls in MET-amplified lung cancer.

6.2 Results

6.2.1 Apilimod has single-agent cell killing activity in MET-amplified and METex14

cancer cells.

Sensitivity to PIKfyve inhibitor, apilimod, was assessed in a panel of MET-amplified and
METex14 skipping mutant cancer cell lines. Significant induction of cell death was noted
in MET-amplified EBC1 (lung), GTL16 (gastric), SBC5 (lung) and VMRC_RCW (renal) and

METex14 skipping cells (gastric) Hs746t (Figure 51). In contrast to this, no effect was
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seen in hTERT-immortalized human non-transformed bronchial epithelial cells HBEC3-KT
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Figure 51. Apilimod induces robust cell death in MET-driven cancer cell lines. Apilimod
demonstrates single-agent cell killing activity in MET-amplified EBC1 (lung), SBC5 (lung,
HGF co-expression), GTL16 (gastric), VMRC RCW (kidney), and METex14 skipping
(gastric) Hs746t cancer cells (A-E). hTERT immortalised human bronchial epithelial cells
are insensitive to apilimod (F). (A-f) Analysis of cells to 72h treatment with MET
inhibitor, crizotinib 500nM, and apilimod, 50nM — 200nM, as indicated. Cell death
percentages (mean + SEM) were assessed via automated trypan blue method (ViCell),

and expressed as the fraction of stain-positive cells.

Further MET-amplified cells were evaluated for sensitivity to apilimod, H1993 (lung) and
SNU-638 (gastric). In addition to impaired cell proliferation, apilimod induced significant

cell death in these models of MET amplification (Figure 52).
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Figure 52. Apilimod induces robust cell death in MET-amplified cells. (A, C) Analysis of
the responses of MET amplified cell lines, EBC1 (lung), GTL16 (gastric), H1993 (lung)
and SNU-638 (gastric), to 72h treatment with MET inhibitor, type | inhibitor crizotinib
and PIKfyve inhibitor, apilimod. Cell death percentages (mean + SEM) were assessed
via automated trypan blue method (ViCell), and expressed as the fraction of stain-

positive cells.

6.2.2 Apilimod overcomes HGF-induced resistance to MET TKIs in lung cancer.

Sensitivity to PIKfyve inhibitor, apilimod, was then assessed in MET-amplified lung
cancer in the setting of excess-HGF. In both models of HGF-excess, SBC5 cells our
endogenous model of HGF expression, with MET-amplification and HGF co-expression,
and in the generated resistance model EBC1-HGF, MET-amplified cell with HGF-
overexpressed, HGF overexpression did not significantly impact sensitivity to apilimod

(Figure 53).
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Figure 53. Single-agent apilimod is effective at overcoming HGF-mediated resistance to
MET TKIls in MET-amplified NSCLC and SCLC. Analysis of the responses of MET
amplified cell line, EBC, EBC1-HGF and MET-amplified HGF co-expressed SCLC cell line
SBC5, to 72h treatment with MET inhibitor, crizotinib and PIKfyve inhibitor, apilimod.
Cell death percentages (mean + SEM) were assessed via automated trypan blue

method (ViCell), and expressed as the fraction of stain-positive cells.

6.3 Discussion

6.3.1 Apilimod has single-agent cell killing activity in MET-amplified and METex14

cancer cells.

PIKfyve is in its infancy as a cancer therapeutics target, and consequently PIKfyve
inhibitors have only recently entered development as anti-cancer drugs. Among these,
apilimod is most promising. Apilimod was identified as an inhibitor of Toll-like receptor
(TLR) —induced interleukin 12 (IL-12) and IL-23 cytokine production, pro-inflammatory
cytokines?®®. Some of the pro-inflammatory functions of IL-23 are related to the
induction of terminal differentiation and proliferation of IL-17-producing CD4+ T helper

(TH17) cells?®® and TH17 cells are involved in the pathogenesis of inflammatory
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autoimmune diseases, including rheumatoid arthritis, multiple sclerosis, psoriasis, and
inflammatory bowel disease?®’. Due to this fact, apilimod was initially trialled as an
immunomodulatory agent in inflammatory diseases, such as rheumatoid arthritis and

268,269

crohn’s disease. Although initial promise was shown , ultimately no efficacy was

demonstrated?’927%,

It has been shown that IL-23 provides a connection between the pro-inflammatory
processes that promote tumour growth and the failure of adaptive immune mediators
to penetrate tumours?’?273, As such, targeting IL-23 mediated Th17 responses may have
important implications in the treatment of pro-inflammatory conditions, including

cancer?’4. Thus, apilimod is now being explored as an anti-cancer agent.

PIKfyve is an endosomal lipid kinase targeted to the cytoplasmic leaflet of endosomes
via protein-lipid interactions between its FYVE domain and PI3P within the endosomal
membrane?’>. PIKfyve phosphorylates PI3P to generate PI(3,5)P2 at endosomes:

259262 p|Kfyve has been

PI(3,5)P2) then controls endolysosomal membrane traffic
shown to lead to the selective inhibition of immune cell production of IL-12/1L-23%%%, |L-
23 production, which apilimod inhibits, is thought to be positively regulated by PI3K?7®
and IL-23 can mediate STAT3 and PI3K signaling pathways?”’ . More specifically, I1L-23
promotes inflammatory responses such as in the defence against bacterial infection, up-
regulation of angiogenic factors and MMPs and drives an IL-17 producing T cell
population (Th 17) in part through the activation of the STAT3 pathway?’%?78, The exact

mechanism by which apilimod induces robust cell death in MET-driven cells remains to

be fully elucidated.

We present the first evidence of the robust single-agent cell killing activity of apilimod in
MET-driven lung cancer, in addition to gastric and kidney cancer models (Figure 51, 52)
To the best of our knowledge there are no existing data that have determined whether

any NSCLC driver mutational status alters or affects the IL-23/IL-23R axis.
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In lung cancer, there are published data that IL-23 is pro-proliferative, and epigenetically
regulated and modulated by chemotherapy in NSCLC?”’. Baird et al found that IL-23A
expression was significantly elevated in NSCLC patient tumour samples?’’, data that
were recently replicated?”®. These data however, are from before the advent of the
precision medicine era, and details are lacking regarding the presence of oncogenic
drivers. The group also noted that Gemcitabine, a chemotherapy drug previously used
in the first-line treatment of NSCLC also induced IL-23A expression, and that
recombinant IL-23 increased cellular proliferation in two NSCLC cell line models?’”. They
also provided the only pre-clinical evidence of apilimod activity in NSCLC cells?”?,
showing the antiproliferative activity of apilimod. These data, however, only show

apilimod-induced reduced proliferation in a single adenocarcinoma NSCLC model, A549

and, in contrast to our findings, no induction of cell death was reported?””.

We provide clear evidence of a novel new target in MET-driven lung cancer, and using
apilimod demonstrate clear single-agent activity in MET-driven lung cancer, both NSCLC
and SCLC. To our knowledge, we provide the first evidence linking PIKfyve and MET-
driven lung cancer, and these data have provided the rationale for the possible
incorporation of apilimod as a new treatment arm into the MET-study arm of the phase

Il genomic-driven National Lung Matrix Trial8.

6.3.2 Investigating the mechanism of Apilimod killing.

Determining the mechanism by which apilimod is inducing robust cell death in MET-
driven cancer cells is an ongoing focus in our laboratory. PIKfyve is an endosomal lipid
kinase, the primary target of apilimod, that regulates endosomal trafficking?>®=2%2. This
endosomal regulation is likely having an impact on the function of MET, and current

experimental work is exploring this.

Gayle et al demonstrated that that apilimod-mediated cytotoxicity is driven by PIKfyve
inhibition in B-cell non-Hodgkin lymphoma?%3. Furthermore, they identified lysosome

dysfunction as a major contributing factor to apilimod’s cytotoxicity, and consequently
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found that Apilimod-induced cell death in B-NHL correlated with autophagy
dysfunction?®3. We are currently exploring if apilimod is modulating autophagy in MET-

driven cancer.

Macro-autophagy (autophagy hereafter) is the process by which cells form double-
membraned vesicles that sequester organelles and proteins and target them for
degradation in the lysosome?®. It is a complex multistep process, and currently it is
believed that there are at least seven steps, with conserved autophagy genes (ATG
genes) regulating the first five steps, and genes common to other endosomal/lysosomal
pathways promoting steps 6 and 728°. When ATG genes have been deleted, tumour
inhibition, as opposed to promotion, has been observed. For example, in RAS-driven
cancers in which autophagy genes, such as Atg5 or Atg7, were conditionally deleted in
tumour cells?8%2823nd in a polyoma middle T-driven model of breast cancer with
conditional knockout of the Fip200 autophagy gene in mammary tissue, a significant

delay in tumour initiation and progression of established tumour was noted??3.

The role of autophagy in lung cancer has not been well established. Autophagy recycles
intracellular components which sustain mitochondrial metabolism which may promote
the growth, stress tolerance and malignancy of lung cancers?®4. Consequently, this
suggests that inhibiting autophagy may have anti-tumour effect, and unsurprisingly,
autophagy inhibition is currently being explored as an anti-cancer treatment strategy in

many cancer subtypes.

Previous data has provided evidence suggesting that apilimod blocks autophagy?®3. To
this end, we have generated essential autophagy gene autophagy-related-7 (ATG-7)
CRISPR knockout GTL16 cells, and plan to see if this deletion has any effect on apilimod-
induced cell killing. Phosphoproteomic profiling experiments are also underway, to
determine exactly how apilimod effects the phosphoproteome. In addition to this,
immunofluorescence studies will examine MET amplified cells and further characterise

the location of MET when cells are treated with apilimod. Perhaps, the action of
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apilimod regulating its effect on endosomal trafficking and influencing MET will be

visualised using immunofluorescence imaging.

Regardless, we provide evidence of a novel target in MET-driven lung cancer. Current
efforts are focused on understanding how apilimod exerts its robust killing in MET-

driven cancer models.

6.3.3 Apilimod overcomes HGF-induced resistance to MET TKIs in lung cancer.

Following the impressive single-agent activity of apilimod demonstrated in MET-driven
cancer models, the logical next step was to assess if apilimod treatment could be
another effective treatment strategy used in overcoming HGF-mediated resistance to
MET-TKIs. Excitingly, we present another strategy effective in overcoming HGF-
mediated resistance to MET TKIs in MET-amplified lung cancer. We demonstrate in
MET-amplified NSCLC (EBC1) and MET-amplified SCLC (SBC5), in the presence of HGF-
excess single agent apilimod overcomes HGF-mediated resistance and causes robust cell
death in these cells (Figure 53). All previous described strategies of overcoming HGF-
induced resistance to MET TKiIs, using clinically feasible drug doses, have included
combination strategies. We therefore present the first single agent compound which

appears successful in MET-driven models.

We have presented data that illustrates detectable HGF levels are a common finding in

71 Areason single agent

lung tumours (Figure 20), consistent with published reports
MET TKIs have failed in the clinic could possibly be attributed to HGF overexpression in
tumours. Therefore, the development of a single-agent strategy to overcome this HGF-

induced resistance is welcome.

Our previous data strongly suggests that time of drug exposure is a critical factor in
determining the biological response to targeted agents, therefore assessing whether
apilimod demonstrates the ability to kill HGF-overexpressing MET-amplified cells using

shorter drug exposure times is warranted. There are no published PK data assessing
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target inhibition in lung tumour tissue using apilimod, and these data could certainly be
important. Incorporation of apilimod into a genomic-driven NSCLC trial should involve
PK data collection to confirm that apilimod is being used at an appropriate dose to

induce target inhibition.

Further experimental work including the use of immunofluorescence studies, could also
assess how the presence of HGF influences apilimod changes the localisation of MET.
Phosphoproteomic profiling experiments will also potentially aid the pursuit of a PD

biomarker for apilimod activity, which, of course, may not necessarily be linked to MET.

Nevertheless, we provide another novel strategy to overcome HGF-induced resistance in
the setting of MET-amplification in lung cancer, worthy of evaluation in a molecularly

selected clinical trial.
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7 Conclusions

7.1 General Discussion

The era of precision medicine in lung cancer, heralded by the discovery that small
molecule EGFR tyrosine kinase inhibitors are effective in the treatment of EGFR-mutant
NSCLC 27218 has led to radical changes in the management of lung cancer patients.
Indeed, the recently reported unprecedented 29% overall decline in mortality from
cancer in the US is thought to be largely driven by advances in lung cancer treatment
strategies?®>. Nevertheless, survival rates in lung cancer remain dismal: the five-year
relative survival rate for lung cancer is 15% for men and 21% for women?8>,

Furthermore, not all patients will respond to current molecularly targeted treatments, or
immunotherapies, and drug resistance, and resulting disease progression remains
inevitable, in most if not all patients. A pressing need for novel cancer treatments,

therefore, persists.

7.1.1 Excess HGF produces de novo resistance to MET TKls

In this thesis, we explored potential reasons for the failure of MET TKls in the clinic to
date, and confirmed excess HGF as an over-looked innate mechanism of resistance to
MET TKls in MET-driven lung cancer. We demonstrated in our in-vitro models of MET-
addiction sensitivity to type | and type Il MET TKIs (Figure 10-12), and subsequently
proved HGF-expression induces resistance to MET TKls in these models (Figure 14, 15).
These data are consistent with published reports demonstrating that overexpression of
MET’s ligand HGF, causes resistance to MET inhibitors in MET-addicted NSCLC cell

34,139

lines . In addition, data demonstrating that this resistance mechanism is comparable

to known robust resistance mechanism (KRAS mutation) is provided.

HGF, the sole ligand of MET, can be produced by the tumour microenvironment, by cells

such as fibroblasts, or by the lung tumour itself3233, In this thesis, we confirmed that
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HGF is produced by lung cancer associated fibroblasts (Figure 17), a significantly higher
levels than parental MET amplified cancer cells. Furthermore, together with our
collaborators, we also demonstrated that HGF is detectable in a significant proportion of
NSCLC tumour samples, consistent with published research’%18>,

These data underscore the importance of HGF: given its frequent presence in the
microenvironment and in lung tumours, and the ability of HGF to produce de novo
resistance to MET TKls, we argue for its inclusion in the design of MET-driven clinical

trials. The presence of excess HGF should no longer be overlooked.

Currently, HGF levels are not routinely assessed in the clinic. We confirm excess HGF as a
de novo mechanism of resistance and thus, suggest it as a potential cause for the failure
of MET TKls. Moving forward, in MET-targeted clinical trials, HGF excess levels should

ideally be measured prospectively before treatment commencement involving MET TKls.

Future work should aim to clarify a consistent standardised method of assessing HGF
excess in patients, including agreement on an acceptable cut-off value of ‘HGF-High’.
Consideration should also be given to the retrospective investigation of completed
clinical trials involving MET TKls. Perhaps IHC evaluation of these patients’ lung tumours
could be performed to confirm HGF levels and assess if this could have impacted their
response to treatment, thereby acting as possible retrospective validation of the

significance of HGF excess.

As part of the NLMT, advanced NSCLC patients with MET-amplification, METex14
skipping and ROS1 gene fusions have been stratified to treatment with crizotinib?2°.
While data for crizotinib showed greater than 90 percent predicted probability of
success in ROS1 gene fusions and MET exon 14 skipping mutation, the signal was less
clear for MET-amplified NSCLC as less than 1 percent objective response rate was
noted??°. We propose excess HGF levels as a potential unexplored cause of resistance in

these patients.
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Future MET-driven trials may continue to disregard excess HGF at their peril.

7.1.2 Strategies to overcome HGF-mediated resistance

To date, the strategies proposed to overcome HGF-induced resistance to MET TKls have
included using a small molecule inhibitor of pro-HGF activation?®® or using HGF-antibody
ficlatuzumab3*, however these options are not clinically feasible solutions. Recently,
studies have suggested AKT/PI3K re-activation as a possible mediator of HGF-induced
drug resistance3234139,198

Our data reinforce these findings. Using multiple approaches, including western blot
analysis and phosphoproteomic profiling, we have demonstrated that HGF excess in
MET amplified NSCLC causes increased AKT signalling. Moreover, our data implicating
AKT2 specifically as the major AKT isoform associated with HGF-mediated MET TKI-
resistance, to the best of our knowledge, are entirely novel. Altogether, these data
strongly suggest that the activation of pro-survival AKT signalling pathways in MET
amplified NSCLC tumour cells in the presence of excess HGF plays a major role in de

novo MET TKI resistance.

Given the likely ubiquity of HGF in lung tumours, and in the tumour microenvironment,
there is an absolute need to provide rationale strategies to overcome HGF-induced
resistance to MET TKls. We have, therefore, presented a number of strategies to

overcome HGF-induced resistance to MET TKiIs.

These include pairing a type | or type || MET TKI with a

MET-targeted antibody

e HGF antibody

e Allosteric AKT inhibitor, ARQ092
e m-TORC1/2 inhibitor, AZD2014

or
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using single agent

e PIKfyve inhibitor, apilimod.

One challenge moving forward using these rationale drug combinations will be assessing
how drug exposure times impact biological response. In this work, data which
emphasise the critical importance of drug exposure times in determining biological
response have been presented (Figure 33), even when using a potent and highly
selective MET TKI, such as capmatinib (Figure 49). Therefore, it is possible that the
development of more potent and selective MET inhibitors, such as capmatinib and

tepotinib, could still be met with difficulty, in the MET amplified NSCLC population.

7.1.3 Clinical trial design for un-MET needs

Ultimately, an ongoing issue with MET-based clinical trials to date has been inefficient
clinical trial design: trials to date have been designed to treat a pool of unselected
patients, patients incorrectly labelled as ‘MET-positive’, with poorly selected
compounds. A potential important mechanism of de novo resistance to MET inhibitors,

HGF excess, thus far has been overlooked.

It is of critical importance that in MET amplified NSCLC patients, further clinical trial
design is focused on including those with true MET-positive disease, i.e. NSCLC patients
with high levels of MET amplification (MET/CEP7 ratio =5 by FISH) with no overlap of
other oncogenic drivers. Appropriate molecular selection is key, and selecting patients
on the basis of tumour MET overexpression alone is unlikely to represent a viable
strategy for accrual. In addition to this, HGF levels should be evaluated prior to
treatment. Currently, there is no universally decided method to determine a ‘MET-

positive’ lung cancer patient.

Moving forward, we should learn from the previous efforts in biomarker-based therapy,
to better identify the lung cancer patients who will benefit from treatment. We propose

clinical trial design which involves selecting the appropriate NSCLC patients with high
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level MET amplification, and treating them with the appropriate drugs, which could
include combination strategies which | have outlined, or single-agent apilimod.
Pulmonary sarcomatoid carcinomas are a subgroup of lung cancer patients with higher
reported incidence rate of MET amplification®3. Future MET-driven trial design should

involve enrichment for this subgroup of patients.

The work of this research project has therapeutic implications. My ambition is that the
unMET needs of MET-positive lung cancer patients can be adequately addressed by

incorporating some of the changes suggested from these data.

7.2 Potential future work

As with any sizeable research project, a wealth of knowledge has been presented, and a
number of questions remain to be answered. Currently, there are ongoing research

efforts in the laboratory, aiming to address these.

7.2.1 Addressing AKT2 activity in the presence of HGF-excess

For instance, we have demonstrated data suggesting AKT, and specifically AKT2, is
activated by HGF overexpression. It is unclear, however, why isoform AKT2, above other
isoforms, is so active in the presence of excess HGF in MET-amplified NSCLC cells. We

aim to determine whether AKT2 activation is sufficient to confer MET TKI resistance.

To address this, we are currently generating MET TKl-sensitive cell lines ectopically
expressing constitutively active alleles of AKT1 or AKT2, and also generating cell line
models where individual AKT isoforms are selectively depleted using CRISPR/Cas9 gene
editing. The aim is to test whether this restricts the ability of HGF overexpression to
confer MET TKI resistance. AKT2 mutants will also be expressed to assess whether AKT2

can still confer resistance to MET TKls in this model.
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Investigating whether AKT2 is sufficient for resistance as a function of cell type (e.g.
GTL16 (gastric) vs EBC1 (lung) vs H1993 (lung)) may also be crucial. For example, one
important consideration is whether, in gastric MET amplified GTL16 cells, HGF drives
resistance through an AKT-independent mechanism, because HGF signals differently in
gastric cancer cells and thus, cannot drive the expression or activation of AKT2. Future

work should aim to address this.

7.2.2 Invivo work

The in-vivo experimental work relating to my project is also currently ongoing. We have
demonstrated in in-vitro models that over-expression of HGF confers resistance to MET-
inhibitors in MET-driven lung cancer, and our aim is to see if this is replicated in in-vivo
models. To this end, we are assessing if HGF produced by CAFs induces response to MET

TKI crizotinib in-vivo.

Briefly, cells will be subcutaneously inoculated into the flank of NSG nude mice. 1x10°
cells will be used per injection. For comparison of susceptibility to cancer cell

engraftment, there will be 4 different tumour groups:

1. EBC1 (a MET amplified NSCLC cell line)

2. EBC1-HGF (where HGF was ectopically overexpressed in parental EBC1 cells)

3. EBC1+CAFs (hTERT-immortalised human lung cancer-associated fibroblasts)

4. EBC1+CAF-HGF (same CAFs where HGF was ectopically overexpressed)

Each tumour group will be allowed to establish tumours, and will then be randomised to
two treatment arms, vehicle or crizotinib. Crizotinib (50mg/kg) or vehicle will be
administered once daily by oral gavage, once tumours are established and animals will

be treatment for 28 days.
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Generating in-vivo data which replicates our in-vitro models, and evaluates the effect of
HGF supplemented by the tumour microenvironment influencing MET TKIs may be
crucial. All tumours will be collected and fixed in formalin, which could provide further

genomic tissue worthy of evaluation.

During the process of thesis writing, the initial data of this in-vivo work suggests that the
addition of CAFs to EBC1 cells was indeed sufficient to confer resistance to MET TKI

crizotinib. The next stage will involve repeating this experiment using KO-HGF in CAFs.

7.2.3 Apilimod mechanism of killing

The identification of PIKfyve as a novel target in MET-driven cancer, coupled with the
impressive single-agent activity of apilimod in MET-driven NSCLC cells (including models
with HGF excess) was a revelation in the final months of experimental work. Current
efforts are being directed at uncovering the mechanism by which apilimod exerts its

robust cell death, including

- Phosphoproteomics profiling
- Immunofluorescence studies
- Generating CRISPR-generated ATG-7 knock out cells

- Generating apilimod-resistant cell models.

Importantly, our data has provided the rationale for the possible incorporation of
apilimod as a new treatment for the phase 1l genomic-driven NLMT?*>2 for MET-driven
NSCLC, which will shortly begin to recruit patients with MET-driven lung cancer in the
Royal Marsden Hospital. Finding clinically relevant treatment strategies and optimising
clinical trial design has been a key objective of this project. Thus, the recruitment and
results of the new MET-positive arm of this genomic-driven umbrella study, the NLMT,

are eagerly awaited.
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7.3 Concluding statement

In our model: MET can be activated through several mechanisms, which include co-
amplification/overexpression of MET and HGF. HGF overexpression can cause upfront
resistance to MET TKIs possibly through changes in receptor conformation, or via
upregulation of AKT signalling, or both. HGF can be produced by lung tumours and by
the tumour microenvironment, thus, strategies are required to overcome resistance.
We provide a number of strategies to overcome this de novo HGF-induced resistance,
using combination treatment with MET TKls (either different MET-targeting agents,

allosteric AKT inhibitors, mTORC inhibitors) or single-agent PIKfyve inhibition.
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8 Materials and Methods

8.1 Materials

8.1.1 Cell Lines

EBC-1, GTL-16, H1993, Hs746T, SBC5, H441, HEK 293T were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA) and were cultured and maintained in
DMEM (Sigma) or RPMI (Sigma) media supplemented with 10% fetal bovine serum and
antibiotics (normocin and primocin; InvivoGen). H596 were kindly provided by Dr Anne
Bowcock. Beas2B cells were acquired from the ATCC and cultured in BEGM media
(Lonza, Walkersville, MD). HBEC3-KT cells were obtained from ATCC and cultured in
Epithelial Cell Basal Medium (ATCC PCS-300-030) supplemented with Bronchial Epithelial
Cell Growth Kit (ATCC PCS-300-040). Cancer associated fibroblast cells (#CAFO7A) were
acquired from Neuromics (Edina, Minnesota) and grown in Neuromics vitro plus Il low
serum complete media. Trypsin-EDTA (0.25%) (Sigma) was used to remove cells from

plates. Cells were grown in standard conditions of 5% C0O2, 90% humidity and 37°C.

8.1.2 Antibodies

Antibodies against Vinculin (13901),MET (8198), pMET Y1234/5 (3077), pMET Y1003
(3135), AKT1 (2938), AKT2 (3063), AKT T308 (13038), AKT S473 (4060), pAKT1 S473
(9018), pAKT2 S474 (8599), panAKT (4685), GAPDH (5174) were purchased from Cell

Signalling. A full list is provided in Appendices.

8.1.3 Plasmids

Human pBABE-puro HGF was purchased from Addgene. pLHCX-MET was kindly provided
by Dr. Ingo Mellinghoff (MSKCC). TRIPZ doxycycline-inducible lentiviral HGF shRNAs
were purchased from Dharmacon (clones: V3_THS373086, V3_THS373088,

V2THS 179580, V2THS_179584). pbabe-hTERT were purchased from Addgene (11128).
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TRIPZ tetracycline-inducible lentiviral shRNAs targeting human AKT1 and AKT2 were
purchased from Thermo Scientific (Lafayette, CO) (AKT2 clones: V2THS 237948,
V3THS_325553, and V3THS_325558).

8.2 Methods

8.2.1 General techniques and storage conditions.

Distilled water was used to prepare all stock solutions and reactions. All reagents were
purchased from Sigma and all solutions and reactions were made up in water unless
otherwise stated. All small volume centrifugation steps were carried out at room
temperature using a desktop centrifuge (Eppendorf) and at 4°C in a refrigerated
centrifuge (Eppendorf). A refrigerated centrifuge was used for the falcon tubes. DNA
containing solutions were stored at -20°C in the short term and at -80°C in the long term.
All antibodies were stored in the short term at -20°C (unless otherwise stated by the

manufacturer’s guidelines), if necessary in the dark.

8.2.2 Preparation of drug treatments and storage conditions

All drugs were prepared under sterile conditions under a cell culture-hood. Unless
otherwise stated, drugs were dissolved in DMSO and diluted according to the
manufacturer’s instructions and used at the indicated concentrations. JNJ-38877605,
crizotinib, cabozantinib, capmatinib, MK2206, SGX-523 were purchased from Selleck
Chemicals. Onartuzumab was kindly provided by Genetech and dissolved in PBS.
ADC11368 and ADC8830 were kindly provided by Almac. ARQ092 (or miransertib) was
purchased form ArQule. Apilimod was purchased from MedChemExpress. Please see

the main text for the final drug concentrations.

8.2.3 Assessment of cell death induction

Cell viability was determined with a Vi-CELL cell viability analyzer (Beckman Coulter,

Brea, CA, USA) according to the manufacturer’s instructions. Cells were seeded on 6cm
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dishes and allowed to attach overnight. Cells were then treated with the indicated drugs
at the indicated doses for 72hours, unless otherwise indicated. Each treatment group
was seeded in triplicate. Following treatment, both attached and unattached cells were
harvested and counted. The instrument uses trypan blue to assess cell death. Cell death
was expressed as the fraction of trypan-blue-positive cells over the total number of cells.

GraphPad was used for statistical analysis.

8.2.4 Western blot and Immunoprecipitation

Cells were harvested on ice directly on tissue culture plates. For western blotting,
protein was extracted from cells using 1% triton lysis buffer (9803, Cell Signaling
Technologies), supplemented with protease and phosphatase inhibitors (Millipore).
When lysates were used for co-lmmunoprecipitation to detect MET-AKT interaction, 50
mM HEPES (pH 7.4), 150 mM NaCl, 1mM EDTA, 1 mM EGTA, 1% Nonidet P-40, 1%
glycerol lysis buffer supplemented with protease and phosphatase inhibitors (Millipore)
was used. Lysates were sonicated, cleared by centrifugation and normalized to equal
amounts of total protein using the DC protein assay (Biorad). Lysates for
immunoprecipitation underwent a 30-minute pre-clearing step with 20 L proteinA
Agarose beads (50% slurry, Cell Signaling Technology) at 4°C, followed by MET pulldown
using the Immunoprecipitation Kit Dynabeads protein A, according to manufacturer’s
instructions (Thermo Scientific). Dynabeads were crosslinked to MET antibody (Cell
Signaling Technology) using BS3, as per manufacturer’s instructions (Thermo Scientific).
Lysates were sonicated, cleared by centrifugation and normalized to equal amounts of
total protein using the DC protein assay (Biorad). Equal amounts of protein lysates were
run on NuPAGE Novex 4-20% Tris-Acetate gels (Biorad) using SDS Tris-Acetate Running
buffer (Fisher Scientific), and transferred to nitrocellulose membrane (GE Healthcare)
using 1x transfer buffer (25 mM Tris-HCI (pH 7.6), 192 mM glycine, 20% methanol, 0.03%
sodium dodecyl sulfate). Membranes were blocked for 1h in 5% milk at room
temperature and subsequently incubated overnight at 4°C with primary antibodies (Cell

Signalling if not otherwise indicated): MET (1:1000), pMET Y1234/1235, Y1003 (1:1000),
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AKT (1:1000), pAkt (1:1000), Erk(1:1000), pErk (1:1000), Vinculin (1:1000), GAB (1:1000),
pPGAB (1:1000). The following day, membranes were incubated with a horseradish
peroxidase (HRP) conjugated anti-rabbit secondary (1:5000, Jackson ImmunoResearch)

for 1 hour and developed using Clarity Max ECL (Biorad).

8.2.5 Retroviral or lentiviral vectors and stable transduction

Stable transduction of lung cancer cells with retroviral or lentiviral vectors has been
previously described. Briefly, cDONAs were co-transfected with packaging plasmids into
293T cells. Viral particles were collected 36 and 56 hours post-transfection and target
cells were infected for 12 hours with each virus collection. Stable expressors were
derived through antibiotic selection, and overexpression monitored by Western blot.
Similar technique was used for the following constructs: KRAS mutant G12C/V, KRAS
mutant G12V, hTERT, AKT2 shRNA, HGFshRNA

8.2.6 Quantitative detection of HGF and IL-6 by ELISA

The secretion of HGF by cell lysates was assessed using the Human HGF ELISA (cat. no.
ab100534; Abcam) kit. IL-6 release was measured using the Quantikine Human IL-6
Immunoassay (Catalog Number D6050, R&D Systems, Minneapolis), used on
concentrated cell medium. The assay was performed according to the manufacturer’s
instructions as previously published. Values were expressed as pg/mL of IL-6 from the

original supernatant (non-concentrated).

Briefly, cells were seeded 3 days prior to procedure. The ELISA assay employs a
guantitative sandwich enzyme immunoassay technique, where a monoclonal antibody
specific for human IL-6 or HGF has been pre-coated onto a microplate. Standards and
samples are pipetted into the wells and any IL-6 or HGF, respectively, present is bound
by the immobilized antibody. After washing away any unbound substances, an enzyme-
linked polyclonal antibody specific for human IL-6 or HGF is added to the wells.

Following a wash to remove any unbound antibody-enzyme reagent, a substrate
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solution is added to the wells and colour develops in proportion to the amount of IL-6 or
HGF bound in the initial step. The colour development is stopped and the intensity of

the colour is measured at 450 nm wavelength.

8.2.7 Immunohistochemistry (performed by collaborators)

This work was performed by our collaborators in Central Pathology Lab, St. James's
Hospital, Trinity College Dublin, Ireland. In short, 3-um thick sections cut from paraffin-
embedded specimens were prepared on glass slides for the phosphorylation of HGF IHC
staining. All of the specimens were stained with hematoxylin and eosin for the
histopathologic diagnosis. The sections were placed in 0.01 mol/L citrate buffer (pH 6.0)
and autoclaved at 121°C for 10 minutes. They were treated with 3% H202 for 5 minutes
to block the endogenous peroxidase activity. Anti-Human HGF-alpha (H487) Rabbit IgG
was purchased from TECAN. Anti-HGF Antibody (10463-T24) was purchased from Sino
Biological. EBC1-HGF, the MET amplified cell line with HGF ectopically expressed, was
used as a positive control (EBC1-HGF was confirmed to have cytoplasmic HGF staining).

EBC1 parental served as a negative control.

The primary HGF antibodies used were a monoclonal Ab against HGF, diluted 1:100 in
phosphate buffered-saline, and incubated for 18 hours at 4°C. Thereafter, IHC staining
was performed by the labeled polymer method (Histofine Simple Stain MAX-PO kit,
Nichirei, Tokyo, Japan) according to the manufacturer's instructions. The stained
specimens were then categorized into 8 degrees according to the IHC Allred score!’4
Initially, 6 degrees of the proportional score for the positive staining cells were assigned
according to the frequency of positive tumour cells (0, none; 1, <1/100; 2, 1/100 to 1/10;
3,1/10to 1/3; 4, 1/3 to 2/3; and 5, >2/3). Thereafter, 4 degrees for the intensity score
were assigned according to the intensity of the staining (0, none; 1, weak; 2,
intermediate; and 3, strong). The proportional score and the intensity score were then
added to each other to obtain a total score, which ranged from 0 to 8. According to the
total IHC Allred score, the HGF-score of the tumour was categorized as a negative

expression when the score was 0 to 1 and a positive expression when the score was 3 to
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8. The slides were independently examined by two pathologists, who were blinded to

the clinicopathological data.

8.2.8 Immunofluorescence staining.

For the IF procedure, 1075 EBC1 cells (parental or HGF overexpressing) were plated onto
coverslips. After 24h, cells underwent fixation with 4% paraformaldehyde in PBS for 10
min at room temperature. Subsequently, paraformaldehyde was quenched using 50nM
NHA4Cl in PBS for 10min, followed with three consecutive PBS washes. Next, cells were
permeabilised using 0.1% Triton X-100 in PBS for 15 min at room temperature. After
three washes with PBS, non-specific antibody binding sites were blocked by incubating
cells in blocking solution (1% BSA, 0.1% Tween 20 in PBS) for 30 minutes at room
temperature. Next, cells were incubated with 30uL of pre-diluted antibodies in blocking
solution (Human MET Antibody (AF276), R&D systems; pMet (3077) and AKT (9272), Cell
signaling) overnight at 4°C. Afterwards, cells were washed with PBS three times. Dye-
coupled secondary antibodies in blocking solution were incubated 1h at room
temperature in a dark chamber (AlexaFluor568 anti-goat to detect MET, AlexaFluor488
anti-rabbit for pMet and AlexaFluor555 anti-rabbit to detect AKT). After three washes
with PBS, nuclei were stained with DAPI for 5 min in PBS. Finally, after three washes in
PBS and one in water, cells were mounted in Mowiol. Cells were examined under a 63x

magnification lens and pictures were acquired using a Zeiss LSM700 Confocal.

8.2.9 Flow cytometry

Cells were seeded two days prior to experimental work, 1x108 cells per assay. Cells were
pelleted by centrifugation and supernatant removed. PBS solution was used to wash
cells. Cells were resuspended cells in 100 pl of diluted primary antibody, prepared in
Antibody Dilution Buffer at a recommended dilution. Cells were then incubated for 30
minutes to 1 hr on ice, protected from light. Cells were washed by centrifugation in PBS,
supernatant discarded, repeated. Cells were resuspended in 100 pul of diluted

fluorochrome-conjugated secondary antibody (prepared in Antibody Dilution Buffer at
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the recommended dilution), and incubated for 30minutes on ice. Cells were washed by
centrifugation in PBS, supernatant discarded, and wash repeated x2. Cells were
resuspended in PBS and analysed on flow cytometer. MET primary antibody used: Met
(11C4) Mouse mAb (Flow Specific), Cell signalling catalogue number #5631; Anti-Mouse
IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 488 Conjugate) Cell signalling catalogue
number #4408.

8.2.10 Cell Surface Protein Biotinylation Assay and Western Blot Analysis

Cells (EBC1, EBC1-HGF, GTL16, GTL16-HGF) were plated two days prior to procedure.
Cells were maintained in Dulbecco’s Modified Eagle’s Medium supplemented with 10%
fetal bovine serum, puromycin and normomycin. On day of procedure, cells were
washed twice with PBS, 10mM stock of Sulfo-NHS-SS-Biotin (Thermofisher, 21331) was
prepared. Cells were incubated in 2.5 mg/ml biotin reagent, Sulfo-NHS-SS-Biotin, for
30mins (or a time-point as specified) with gentle rocking. After incubation, cells were
washed with 100 mM glycine in PBS three times and PBS once, with each washing lasting
10 min. All incubations were performed onice. Cells were lysed with 200 pl of lysis
buffer, incubated on ice, then placed in a rotating wheel at slow speed 1 hr in the cold
room. Lysates were spun at 16,000 x g for 15 min at 4 °C, supernatants transferred. 15%
of each supernatant in another tube and store at -80 °C (these were the INPUT/ whole
cell lysate samples), and the rest of the supernatant is the PULL-DOWN/eluate samples).
Lysates are subjected to a neutravidin pull down, incubated with 40 ul of NeutrAvidin
beads overnight in the rotating wheel at slow speed in the cold room. The pull-down
samples were washed and eluted using Laemmli buffer. DC assay was performed to

quantify protein and western blotting performed on samples as described above.

8.2.11 Phosphoproteomic Profiling Experiment

8.2.11.1 Cell lysis and sample preparation for mass spectrometry
For each treatment condition, five independent biological replicates were performed.

Cells were washed twice with cold phosphate-buffered saline supplemented with 1 mM
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Na3V04 and 1 mM NaF, and lysed in 1 ml of urea buffer [8 M urea in 20 mM Hepes (pH
8.0), supplemented with 1 mM Na3V04, 1 mM NaF, 1 mM Na4P207 and 1 mM B-
glycerophosphate]. Cell lysates were further homogenized by sonication (30 cycles of
30s on and 30s off in a Diagenode Bioruptor® Plus) and insoluble material was removed
by centrifugation. Protein was quantified by the BCl assay. For each replicate, 325ug of
protein was reduced, alkylated and digested with TLCK-trypsin (Thermo-Fisher Scientific)
as previously described'®®. The resultant peptide solutions were desalted with C18-Oasis
cartridges (Waters, Manchester, UK) as indicated by the manufacturer with slight
modifications as previously described?®®. Enrichment of phosphorylated peptides was

performed with TiO2 as previously described9:28,

8.2.11.2 Phosphopeptide detection, identification and quantification
Phosphopeptides were resuspended in 12uL of reconstitution buffer (20 fmol/uL
enolase in 3% ACN, 0.1% TFA) and 5.0 pL were loaded onto an LC-MS/MS system
consisting of a Dionex UltiMate 3000 RSLC directly coupled to an Orbitrap Q-Exactive
Plus mass spectrometer (Thermo Fisher Scientific) through an EasySpray system. LC-
MS/MS was performed as previously described*®®. Mascot Daemon 2.5.0 was used to
automate peptide identification from MS data as indicated before'®®. Label-free peptide
guantification was performed using Pescal, an in-house developed software, that
constructed of XICs for all identified peptides across all samples (+7 ppm mass and +2
min retention time windows) and calculated the peak areas of the generated XICs1,2.
Normalized peak areas of phosphopeptides were used to calculate fold change and

statistical significance between conditions.

8.2.11.3 Kinase substrate enrichment analysis (KSEA).

Kinase activity was estimated from phosphoproteomics data using a kinase substrate
enrichment analysis (KSEA) approach]°¢286:287  Briefly, phosphorylated peptides were
grouped into substrate groups associated to particular kinases as annotated in the
PhosphoSite database. Z-scores for each kinase were calculated as (mS-mP) *m1/2/d,

where mS is the log2 of the mean abundances for each kinase group, mP is the log2 of
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the mean abundances of the whole data set, m is the size of each substrate group and d
is the SD of the mean abundances of the entire data set. Excel software was used to

transform Z-scores into P-values.
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9 Appendix

9.1 Supplementary Figures
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Supplementary Figure 1. AKT2 is a potential mediator of resistance in HGF-expressed MET-
addicted lung cancer. Volcano plot of phosphoproteomic data, comparing vehicles in EBC1

Parental and EBC1-HGF, with regards to tyrosine-phosphorylated peptides. The colour
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intensities correspond to the values of the scores of each signalling pathway indicating
upregulated sites (red, upregulated; blue, downregulated). AKT2-specific tyrosine

phosphosites are upregulated.
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Supplementary Figure 2. AKT2 is a potential mediator of resistance in HGF-expressed MET-
addicted lung cancer. Clustered heatmap of KSEA analysis showing AKT2 phosphosites
with increased signal, comparing vehicles in EBC1 Parental and EBC1-HGF, with regards to
threonine-phosphorylated peptides. AKT2-specific threonine phosphosites are

upregulated.
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Supplementary Figure 3. AKT2 is a potential mediator of resistance in HGF-expressed MET-
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peptides. The colour intensities correspond to the values of the scores of each signalling

pathway indicating upregulated sites (red, upregulated; blue, downregulated).

specific serine phosphosites are upregulated.
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9.2 Supplementary Tables

Antibody Species Description/  Purpose/ Company Cat number
name isotype comment
MET Rabbit IgG Western, IP CST 8198
PMET Y1003 Rabbit IgG Western CST 3135
PMET Y1234/5 Rabbit IgG Western CST 3077
PMET Y1349 Rabbit IgG Western CST 3121
PAN AKT Rabbit IgG Western, IP, CST 4685
IF
pPAKT S473 Rabbit IgG Western CST 4060
pAKT T308 Rabbit IgG Western CST 13038
pAKT2 S474 Rabbit IgG Western CST 8599
pAKT1 5473 Rabbit IgG Western CST 9018
AKT1 Rabbit IgG Western CST 2938
AKT2 Rabbit IgG Western CST 3063
GAPDH Rabbit IgG Western CST 5174
Vinculin Rabbit IgG Western CST 13901
MET Mouse IgG1 Flow CST 5631
Secondary to Mouse IgG1 Flow, Alexa  CST 4408
Mouse IgG Fluor 488
Conjugate
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Isotype Goat IgG1 Flow, Anti-  CST 59997

control mouse IgG
(PE
Conjugate)
MET Goat Polyclonal IF R&D Systems AF276
Goat IgG
Anti-HGF Rabbit IgG IHC Tecan H487
Anti-HGF Rabbit IgG IHC SinoBiological 10463-T24

Supplementary Table 1. Summary of antibody reagents used. Abbreviations: CST, Cell

Signaling Technology.
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