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Abstract

While significant advancements have been made in the available therapies for metastatic non-
small cell lung cancer (NSCLC), acquired resistance remains a major barrier to treatment. We
have not yet achieved the ability to cure advanced NSCLC with systemic therapy, despite our
growing understanding of many of the oncogenic drivers of this disease. Rather, the emergence
of drug-tolerant and drug-resistant cells remains the rule, even in the face of increasingly potent
targeted therapies. In this review, we provide a broad overview of the mechanisms of resistance to
targeted therapy that have been demonstrated across molecular subtypes of NSCLC, highlighting
the dynamic interplay between driver oncogene, bypass signaling pathways, shifting cellular
phenotypes, and surrounding tumor microenvironment.
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Introduction

The clinical landscape for advanced non-small cell lung cancer (NSCLC) has evolved
rapidly over the past twenty years. The discovery of activating genomic alterations in
EGFR, ALK, ROS1, MET, RET, NTRK, and BRAF and the approval of progressively
potent systemic targeted therapies has transformed treatment of these subsets of NSCLC
such that the first line(s) of systemic treatment can often involve only single-agent tyrosine
kinase inhibitors (TKIs) (Mok et al. 2009; Mitsudomi et al. 2010; Maemondo et al. 2010;
Jénne et al. 2012; Soria et al. 2018; Peters et al. 2017). In parallel, immune checkpoint
inhibitors have been developed, which have activity in tumors without targetable alterations,
in addition to the previous standard platinum doublet mainstay of therapy (Reck et al. 2016;
Gandhi et al. 2018; Socinski et al. 2018; Sandler et al. 2006).
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Unfortunately, despite these therapeutic advances that have led to significant improvements
in progression-free and overall survival, metastatic disease remains incurable. Even with
improved response rates in many molecular subsets of NSCLC, our ability to achieve
durable remissions remains limited by the inevitable development of resistance to systemic
therapy. As the number and range of available therapeutic approaches has expanded, so too
has the biological complexity of therapeutic resistance. Ongoing discovery efforts to further
define mechanisms of resistance at the level of the genome, epigenome/transcriptome, and
tumor microenvironment remain critical to improving the efficacy of our treatments. Herein,
we will focus on emerging data and themes of therapeutic resistance to targeted therapies in
NSCLC, focusing both on tumor cell-intrinsic and cell-extrinsic mechanisms.

On-target resistance

One of the earliest recognized and genomically simplest mechanisms of resistance to
targeted therapy in NSCLC has been ‘on-target’ alterations, or genetic changes in the
driver oncogene itself that confer sustained activation of original pro-tumorigenic signaling
pathways despite the presence of inhibitor (Figure 1). This is also often described as
oncogene-dependent therapeutic resistance. The two most common manifestations of on-
target acquired resistance in NSCLC are kinase domain mutations and overexpression of
the target oncogene within tumor cells. Examples of on-target resistance mechanisms are
seen in response to virtually every targeted therapy in NSCLC, beginning with the earliest
generation inhibitors.

Secondary kinase mutations in EGFR-mutant NSCLC

It has been well established that approximately half of patients with acquired resistance

to first-generation EGFR TKIs will develop a secondary mutation in exon 20 of the

EGFR kinase domain, leading to a substitution of methionine for threonine at position

790 (T790M) (Kobayashi et al. 2005; Pao et al. 2005). T790M develops /n cis with the
initial EGFR activating mutation and confers erlotinib and gefitinib resistance primarily by
inducing greater ATP affinity of the receptor (Yun et al. 2008). The prevalence of T790M
in erlotinib- and geftinib-resistant tumors prompted efforts to develop more selective,
irreversible EGFR TKIs with increased affinity for the T790M mutant receptor. Afatinib,
dacomitinib and osimertinib are second- and third-generation EGFR TKIs that all act by
binding covalently to the cysteine 797 residue in the EGFR kinase domain (Cross et al.
2014; Janne et al. 2015; Li et al. 2008; Engelman, Zejnullahu, Gale, et al. 2007). Of

these three irreversible inhibitors, osimertinib is the only one that was developed as a
mutant-selective, wild-type sparing EGFR inhibitor and is capable of inhibiting the growth
of T790M-positive tumors in patients. It is now approved for use in both the first-line
setting for treatment-naive stage IV EGFR-mutant NSCLC as well as in the setting of
T790M-mediated acquired resistance to prior EGFR TKI therapy.

However, despite their significantly more potent inhibition of EGFR signaling, on-target
resistance to third-generation EGFR TKIs has also begun to emerge in both the first-line
setting (typically in the absence of T790M) and in the second-line setting (in T790M-
positive disease). The most well-established EGFR-dependent mechanism of resistance to
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osimertinib is a C797S substitution mutation in the TKI binding residue, which interferes
with covalent bond formation between TKI and EGFR kinase domain. This was first
described as a mechanism of resistance in the context of second-line osimertinib treatment
for T790M-positive disease (Yu et al. 2015; Thress et al. 2015). It most often occurs as a
tertiary EGFR mutation (both T790M and C797S /n cis with initial EGFR driver mutation)
and thus confers resistance to both first-generation EGFR TKIs and irreversible second- and
third-generation EGFR TKIs (Table 1). Case reports have shown that C797S can also rarely
emerge /n transto T790M, in which case tumors remain sensitive to the combination of first-
and third-generation EGFR TKIs (Z. Wang et al. 2017). In the second-line setting, acquired
resistance due to C797S is seen in approximately 10-20% percent of patients (Ramalingam,
Yang, et al. 2018; Piotrowska et al. 2018; Papadimitrakopoulou, et al. 2018).

Similarly C797S has been shown to emerge in the absence of T790M, in approximately
7% of patients with acquired resistance to osimertinib in the first-line setting (Ramalingam,
Cheng, et al. 2018). Although the numbers of patients analyzed are small so far, emergence
of C797S appears to be slightly less frequent in the first-line setting than the second-line
setting. Preclinical data suggest that these tumor cells should remain sensitive to first-
generation EGFR TKIs despite resistance to osimertinib (Thress et al. 2015; Niederst, Hu,
et al. 2015). Therefore, patients who are treated in the first-line setting with osimertinib
and develop resistance via C797S mutation may benefit from subsequent therapy with
first-generation EGFR TKIs following osimertinib resistance. The efficacy of adding first-
generation EGFR TKiIs at the time of C797S-mediated osimertinib resistance in the first-line
setting, as well as up-front combinations of first- and third-generation EGFR TKIs, is
currently being tested prospectively in clinical trials.

Other rarer on-target EGFR mutations have been identified that mediate osimertinib
resistance and restore EGFR-mediated oncogenic signaling by impairing drug binding,
including EGFR L792H, G796R, L718Q, M766Q and G724S mutations (Oztan et al. 2017;
Brown et al. 2019; Zhang et al. 2018; Piotrowska et al. 2018; Yang et al. 2018; Table 1).
Interestingly, further preclinical investigation has revealed that in some cases, the degree of
osimertinib resistance conferred by these compound mutations depends upon the primary
EGFR driver mutation present in the cell. For example, Yang and colleagues demonstrate
in a Ba/F3 model that, L718Q and L792H mutations confer resistance to osimertinib when
present /n cis with L858R (L718Q more robust than L792H), but not with Ex19del (Yang
et al. 2018). Similarly, Brown and colleagues show that EGFR G724S mutations confer
resistance to osimertinib when present /n c/s with Ex19del driver mutations, but not with
L858R driver mutations (Brown et al. 2019). Collectively, these data demonstrate that the
combination of mutations, not merely the most recently acquired resistance mutation, may
need to be considered when making decisions about potential subsequent targeted therapy
options.

Secondary kinase mutations in NSCLC harboring ALK rearrangements

Similar patterns of on-target resistance are seen in ALK-positive NSCLC in the face of first-
and second-generation ALK TKIs. Approximately one third of ALK-positive tumors treated
with the first-generation ALK TKI crizotinib develop some form of on-target genomic
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alteration, including one of several identified ALK kinase domain mutations (Katayama et
al. 2012). Interestingly, despite similar emerging patterns with the development of secondary
kinase mutations as a form of on-target resistance in ALK- and EGFR-driven tumors, ALK-
positive tumors tend to develop a broader spectrum of secondary kinase mutations (Gainor et
al. 2016; Lin, Riely, and Shaw 2017). Mutations frequently differ according to the specific
inhibitor used, as opposed to the common T790M ‘gatekeeper’ mutation or C797S covalent
site mutation in EGFR described above. The most common ALK kinase domain mutation
acquired in the setting of second-generation ALK TKI treatment (now preferred first-line
therapy) is the G1202R solvent front mutation, but there are over ten different acquired
secondary ALK mutations that have been identified as mechanisms of resistance to first-

and second-generation ALK TKIs collectively (Gainor et al. 2016; Lin, Riely, and Shaw
2017). Finally, with the introduction into the clinic of highly potent third-generation ALK
TKI lorlatinib, we have seen more frequent emergence of compound ALK kinase domain
mutations. In other words, a significant proportion of tumors progressing on lorlatinib
preserve their secondary ALK kinase domain mutations, with approximately half acquiring
at least one additional ALK mutation at the time of acquired resistance (Dagogo-Jack et al.
2019; Yoda et al. 2018).

Secondary kinase mutations in NSCLC harboring ROS1 and MET rearrangements

Secondary kinase domain mutations in the oncogenic target have also been identified as
mechanisms of on-target resistance to therapy in the smaller molecular subsets of NSCLC
driven by ROS1 and MET exon 14 rearrangements. In the largest case series yet reported
looking at TKI resistance (crizotinib) in ROS1-driven NSCLC, over half of the 16 tumors
studied were found to have ROSI mutations at the time of acquired resistance (Gainor et
al. 2017). The most frequently observed ROSI mutation conferring crizotinib resistance

is G2032R, which is structurally analogous to the ALK G1202R mutation, causing steric
hindrance that interferes with crizotinib binding. Other ROS1 mutations identified at lower
frequencies were D2033N (analogous to ALK D1203N) and S1986F (Gainor et al. 2017).
Finally, secondary MET mutations have been identified in preclinical studies and case
reports of acquired resistance of tumors driven by MET exon 14 skipping to MET inhibitors
crizotinib and capmatinib (D1228 and Y1230 residues) (Engstrom et al. 2017; Heist et al.
2016; Schrock et al. 2017).

Amplification of target oncogene in EGFR-mutant and ALK-rearranged NSCLC

Another common, and often co-existing, mechanism of on-target acquired TKI resistance
in oncogene-driven NSCLC is amplification of the driver oncogene. This pattern is seen
commonly in EGFR-mutant tumors in response to first-, second- and third-generation EGFR
TKIs and most often manifests as amplification of the mutant allele already containing both
the initial sensitizing mutation as well as acquired T790M and/or alternative EGFR kinase
domain mutation (Ercan et al. 2010; Yang et al. 2018; Piotrowska et al. 2018). This serves
to further potentiate the EGFR-dependent, or on-target, resistance afforded to the tumor cell
with acquired kinase domain mutations serving to protect against the inhibition of TKIs.
Similarly in ALK-positive tumors, amplification of the ALK fusion oncogene has been
identified as a mechanism of resistance to ALK TKIs (Gainor et al. 2016; Katayama et al.
2012; Lin, Riely, and Shaw 2017).
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Bypass pathway activation

The initial effectiveness of targeted therapies in EGFR-mutant, ALK-positive, and other
molecular subsets of NSCLC is due in large part to the degree of oncogene dependence of
these tumor cells. This oncogene dependence often persists at the time of acquired resistance
to targeted therapy, in the form of secondary kinase mutations and amplification of driver
oncogene as outlined above. However, despite the prevalence of on-target resistance in
driver-positive NSCLCs, there is a subset of tumors that divert away from dependence

on driver oncogenic signaling at the time of acquired resistance and instead develop
activation of bypass signaling pathways. Activation of bypass signaling, either in the form
of alternative receptor tyrosine kinase (RTK) activation with common downstream signaling
pathways, or direct activation and sustained signaling of downstream signaling pathways
themselves, is commonly seen in tumors with acquired resistance to targeted therapy (Figure
1). The biological predisposition to activation of bypass pathways is not yet well understood
and likely has to do with the genomic makeup of the tumor as well as the potency of
TKI-mediated inhibition of driver oncogene.

Upregulation of bypass receptor tyrosine kinase (RTK) signaling

The most common of such bypass signaling pathways activated in EGFR-mutant NSCLC

is the MET receptor tyrosine kinase (also known as hepatocyte growth factor receptor;
encoded by the gene MET). MET, similar to EGFR, is expressed throughout epithelial
tissues and promotes signaling important for cell survival and proliferation, among other
functions. The MET gene has been shown to be amplified and mutated in the setting of
acquired resistance to both early and later-generation EGFR TKIs, and early phase clinical
trials have demonstrated benefit of adding the MET inhibitor capmatinib to the EGFR TKI
gefitinib for overcoming MET-mediated acquired resistance (Piotrowska et al. 2018; Ohashi
et al. 2013; Engelman, Zejnullahu, Mitsudomi, et al. 2007; Yang et al. 2018; Wu et al.
2018). Mechanistic preclinical studies in the setting of EGFR TKI resistance suggested that
MET amplification drives HER3/ERBB3-dependent downstream activation of P13-kinase
signaling (Bean et al. 2007; Engelman, Zejnullahu, Mitsudomi, et al. 2007). MET exon

14 skipping has been identified in one case report of acquired resistance to osimertinib,

and rare point mutations in MET have also been identified in clinical specimens with
acquired resistance to osimertinib; however, the significance of these mutations in conferring
sensitivity to MET inhibition in the setting of osimertinib resistance has not been established
(YYang et al. 2018; Piotrowska et al. 2018; Leonetti et al. 2019)

Interestingly, overexpression of MET as well as its ligand, hepatocyte growth factor (HGF),
is also seen in EGFR-mutant NSCLC and in some studies has been shown to correlate with
EGFR TKI resistance. However, inhibition of MET receptor signaling in the absence of
genetic alterations in MET, such as amplification or exon 14 deletion, has not demonstrated
impressive clinical benefit in NSCLC (reviewed in(Miranda, Farooqui, and Siegfried 2018)).
In addition to MET amplification, activation of bypass signaling pathways by upregulation
of other RTKs such as ERBBZ (HERZ) and /GFIR is also seen frequently in EGFR-mutant
NSCLC in the setting of resistance to early and later-generation EGFR TKIs (Takezawa et
al. 2012; Guix et al. 2008; Leonetti et al. 2019). Most recently, a patient with osimertinib
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resistance in the second-line setting (EGFR L858R + T790M) was found to have a HERZ2
exon 16 skipping mutation (HER2D16, previously reported in breast cancer), resulting

in HERZ2 splice variant HER2D16 (Hsu et al. 2020). This HERZ2 variant was originally
characterized in breast cancer but has not been previously reported in NSCLC. The authors
of this study demonstrate preclinical evidence supporting a unique functional role of the
HER2D16 splice variant in mediating osimertinib resistance in NSCLC (Hsu et al. 2020).

Amplification or upregulation of alternative RTKSs has also been seen in ALK-positive
tumors as a mechanism of resistance to second-generation ALK TKIs. MET amplification
has been seen as a mechanism of resistance to later generation ALK inhibitors such as
alectinib (Gouji et al. 2014). Notably, MET amplification is not seen in the setting of
resistance to first-generation ALK inhibitor crizotinib, as crizotinib also has activity against
MET. Preclinical data also suggest that upregulation of IGF-1R, FGFR1, EGFR expression
and increased ligand-mediated EGFR and HER?2 signaling are potential mediators of
resistance to ALK inhibition (Lovly et al. 2014; Miyawaki et al. 2017; Lin, Riely, and Shaw
2017; Katayama et al. 2012; Dardaei et al. 2018). Notably, this upregulation of alternative
RTK activity has been seen less commonly in ALK-positive clinical specimens as compared
to what has been shown in EGFR-mutant tumors.

One of the challenges in characterizing the full range of RTK-mediated bypass signaling
mechanisms of resistance to TKIs is our ability to routinely detect changes in protein
expression or signaling activity in clinical samples. While gene amplification can be
detected in an unbiased fashion by clinically available next-generation sequencing (NGS)
or fluorescence in situ hybridization (FISH) assays, we do not have equivalent assays
currently in clinical use to measure levels of mMRNA or protein expression of RTKs and their
designated ligands. Interestingly, preclinical work in recent years has shown that the SHP2
phosphatase may be a common downstream signaling node responsible for the activation of
RAS/ERK signaling downstream by multiple different bypass RTK pathways (Dardaei et al.
2018). In this model, the combination of SHP2 and ALK inhibition in the setting of ALK
TKI resistance without a clear genomic mechanism of resistance may prove to be a rational
treatment strategy.

Acquired activating fusions in oncogenic signaling pathways

Another mechanism of bypass pathway activation commonly seen in NSCLC is genomic
rearrangement resulting in constitutively active fusion proteins. These activating fusions
have been seen with highest frequency in alternative RTKs or in BRAF, all of which

are known to be important oncogenic drivers in NSCLC. CCDC6-RET, NCOA4-RET,
TPM3-NTRK1, FGFR3-TACC3, and multiple unique BRAFfusions have been identified
following acquired resistance to first- and second-generation EGFR TKIls (Klempner et al.
2015; Schrock et al. 2018). Acquired fusions are seen even more commonly in the setting
of osimertinib resistance; again identified are fusions involving RET, BRAF, NTRK1, and
FGFRS3, as well as novel GOPC-ROS1 and EML4-ALK fusions (Oxnard et al. 2018; Le et
al. 2018; Piotrowska et al. 2018; Zeng, Yang, and Zhang 2018).

Preclinical studies have demonstrated the potential efficacy of combined EGFR/RET
inhibition and EGFR/MEK inhibition in the setting of acquired RE7 and BRAF fusions,

Pharmacol Ther. Author manuscript; available in PMC 2021 December 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meador and Hata

Page 7

respectively (Piotrowska et al. 2018; Vojnic et al. 2018). There are also early clinical

data in the form of case reports in which patients with acquired resistance to osimertinib
harboring AGK-BRAF fusions demonstrated response to osimertinib plus trametinib, and
those harboring CCDC6-RET fusions achieved stable disease in response to combined
osimertinib plus cabozantinib (a multi-kinase inhibitor with RET activity) as well as

more impressive partial responses to combined osimertinib and BLU-667 (a selective RET
inhibitor; Dagogo-Jack et al. 2019; Piotrowska et al. 2018). Similarly, there is one published
case report of a patient with acquired GOPC-ROS1 fusion demonstrating a response to
osimertinib plus crizotinib at the time of acquired resistance to osimertinib (Zeng et al.
2018). Finally, there are now multiple case reports describing dual EGFR/ALK inhibition

in the setting of resistance to EGFR TKIs characterized by an acquired EML4-ALK fusion
(Chen et al. 2013; Offin et al. 2018; Tiseo et al. 2011). These data suggest that, similar to the
bypass pathway activation achieved by amplification or upregulation of alternative RTKs,
acquired fusions are a biologically meaningful mechanism of target-independent resistance
to targeted therapy in NSCLC, particularly in EGFR-mutant disease.

Acquired activating mutations in intracellular oncogenic kinases

Bypass signaling, or target-independent resistance, can also be achieved by downstream
activation of intracellular pro-proliferative and anti-apoptotic signaling kinases. Although
we often differentiate our terminology to describe ‘bypass’ signaling pathways as activation
of alternative RTKs -- versus ‘downstream’ activation of intracellular pathways distal to
receptor-initiated signaling -- these two mechanisms achieve the same biological endpoint.
The clinical relevance of these downstream mutations, as with bypass RTK signaling, lies in
the degree to which the tumor cell is dependent upon the particular signaling pathways that
the acquired mutations sustain and activate.

Two major downstream pathways of driver RTK signaling in NSCLC are the
phosphoinositide 3-kinase (P13K) and mitogen-activated protein kinase (MAPK) signaling
pathways. Mutations and/or amplifications in each of these pathways are seen commonly

in EGFR-mutant and ALK-positive lung cancers with acquired resistance to TKIs. In
ALK-positive NSCLC, acquired activating mutations in PIK3CA and MAPZK1 have been
identified in the setting of resistance to second-generation ALK TKIs. These mutations have
also been shown to confer sensitivity to dual ALK and PI3K/MAPK inhibition, respectively,
in preclinical models (Gainor et al. 2016; Lin, Riely, and Shaw 2017; Crystal et al. 2014).
Studies have identified acquired novel BRAF G15V and NRAS A155T mutations at the
time of resistance to second-generation ALK TKIs, but the functional significance of these
mutations, given that they have not been seen in other NSCLC settings and do not occur in
‘hotspot’ regions important for signaling in these proteins, is not well understood.

In primary EGFR-mutant tumors, mutations in BRAFand PIK3CA were identified in early
studies of acquired resistance to first- and second-generation EGFR TKIls (Ohashi et al.
2013; Sequist et al. 2011; Ohashi et al. 2012). As described in more detail below, recent
studies have revealed an even higher frequency of PI3K and MAPK pathway mutations in
the context of acquired resistance to third-generation EGFR TKIs. Importantly, the process
of discerning which acquired genomic alterations in downstream signaling pathways are
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functionally contributing to acquired resistance is complex, as such mutations (commonly
PIK3CA mutations) can frequently co-occur with driver mutations, and their impact on
response to therapy is not entirely clear (Eng et al. 2015). On the other hand, sequencing

of cell-free DNA (cfDNA) and whole-exome sequencing (WES) of longitudinally collected
tumor tissue biopsies in a cohort of EGFR-mutant NSCLCs revealed that the frequency of
PIK3CA mutations (among others) increases with each line of systemic therapy, supporting
their role in acquired resistance (Blakely et al. 2017). Collectively, these data further
highlight the need for rigorous preclinical studies proving the functional relevance of these
mutations in drug resistance.

Specifically regarding resistance to third-generation EGFR TKIs, preclinical studies
identified BRAF G469A and NRAS E63K as novel acquired mutations that can confer
resistance to osimertinib but maintain sensitivity to MEK inhibitors selumetinib and
trametinib /n vitroand in genetically-engineered mouse models (La Monica et al. 2019;
Eberlein et al. 2015). Next-generation sequencing analysis of clinical samples with
osimertinib resistance across multiple studies has also revealed acquired mutations in
MAP3K1, KRAS, NF1, PIK3CA, PIK3R1, and PTEN (Piotrowska et al. 2018; Ortiz-Cuaran
et al. 2016; Oxnard et al. 2018; Le et al. 2018; Papadimitrakopoulou et al. 2018; Shi

et al. 2018; Yang et al. 2018). While some of these have been validated in preclinical
mechanistic studies, the degree to which the full spectrum of these mutations (as well as
other downstream point mutations identified in these and other studies), play a role in
mediating osimertinib resistance has yet to be fully elucidated in mechanistic studies. Of
note, increased RAS/MAPK signaling is also seen as a mechanism of resistance to targeted
therapy in primary MET-exon 14 skipping as well as BRAF V600E-driven NSCLC (Rotow
et al. 2019; Abravanel et al. 2018).

Lineage transformation

Thus far, we have discussed how oncogene dependence confers exquisite sensitivity to
targeted therapies in many molecular subtypes of NSCLC; however, because TKIs cannot
eliminate every tumor cell in a heterogeneous mass, resistance occurs. As discussed in
previous sections, the mechanism of resistance can involve sustained activation of either
the primary oncogene itself or bypass signaling pathways that essentially mimic the
original oncogenic driver. A third, biologically distinct category of resistance is that of
lineage transformation (Figure 1). This lineage transformation is characterized by a loss
of dependence on the original oncogenic signaling pathways and a shift to alternative
cellular phenotypes, which exist on a spectrum from subtle transient phenotypic changes
to complete, stable transition to new histologic subtypes. The most conceptually well-
defined, though mechanistically poorly understood, example of lineage transformation is
the histologic transformation from NSCLC to small cell lung cancer (SCLC).

Small-cell lung cancer (SCLC) transformation

SCLC is a less common histologic subtype of lung cancer, characterized by a more
aggressive phenotype and fewer targetable oncogenes than NSCLC. Clinically, the majority
of SCLC tumors are highly responsive to first-line cytotoxic chemotherapy, though
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resistance virtually always develops in extensive stage disease (Farago and Keane 2018).
Histologically, SCLC is high-grade, with Ki67 staining typically >50%, and appears

under the microscope as dense sheets of small cells with scant cytoplasm and finely

granular chromatin. It is a tumor of neuroendocrine origin, with the majority of SCLCs
expressing neuroendocrine markers such as synaptophysin, chromogranin A, and NCAM1.
Genomically, SCLC is characterized by virtually universal loss of function of tumor
suppressors p53 and RB (George et al. 2015; Rudin et al. 2012; Peifer et al. 2012).

Recent preclinical and translational work has demonstrated a growing appreciation of further
molecular subtyping of de novo SCLC, the details of which have been thoroughly reviewed
elsewhere (Rudin et al. 2019).

In addition to the proportion of newly diagnosed lung cancers that demonstrate SCLC
histology at the time of diagnasis, the phenomenon of histologic transformation from lung
adenocarcinoma to SCLC has also been identified as a mechanism of resistance seen in
5-10% of EGFR-mutant NSCLC (Piotrowska et al. 2018; Ohashi et al. 2013; Sequist et al.
2011). The first case of SCLC-associated acquired resistance to EGFR TKI was described
in 2006 in a patient who developed acquired resistance to erlotinib (Zakowski et al. 2006).
Since this initial case report, multiple case series have shown this as a recurrent mechanism
of resistance to both first- and third-generation EGFR TKIs (Piotrowska et al. 2018; Ohashi
et al. 2013; Sequist et al. 2011). While this phenomenon appears to be most common

in the setting of EGFR-mutant NSCLC, it has also been reported in a series of cases of
ALK-positive NSCLC with acquired resistance to TKI (Lin, Riely, and Shaw 2017). The
similarities and differences in biology of de novo SCLC versus SCLC histology that evolve
as a mechanism of resistance to targeted therapy in NSCLC are an area of active study.

The work that has been done to date demonstrates that SCLC tumors emerging in the
context of EGFR TKI treatment do appear to universally share classic SCLC characteristics
including RB loss, decreased EGFR expression (despite retained EGFR driver mutation),
and increased expression of neuroendocrine markers (Niederst, Sequist, et al. 2015).

The molecular predispositions of EGFR-mutant NSCLCs that develop SCLC histologic
transformation as a mechanism of resistance to EGFR TKIs are not yet well understood.
While theoretically possible, the proposition that tumors acquiring SCLC-mediated
resistance to EGFR TKIs possessed a bona fide SCLC subclone at the time of treatment
initiation -- one that then grew out under selective inhibition of the EGFR-mutant NSCLC
subclone -- does not fit with the natural history of these cases. While we know that SCLC
is an aggressive disease capable of high volume growth and metastasis in a matter of weeks
to months, many EGFR-mutant NSCLC cases that later evolve to SCLC histology have
several years of clinical response to EGFR TKI prior to progression (Oser et al. 2015).

If the SCLC clone were present at the time of diagnosis, in the presence of only EGFR
TKI, we might expect the outgrowth of that SCLC clone and clinical acquired resistance

to occur much earlier in the disease course. Compelling studies employing next-generation
sequencing (NGS) analysis to evaluate clonal evolution of NSCLCs that transform into
SCLCs with selective pressure of EGFR TKI have shown that the presence of p53 and

RBL1 loss at the time of NSCLC diagnosis portends a 43x greater likelihood of development
of SCLC histology at the time of acquired resistance to TKI (Lee et al. 2017). Based on
these and other preclinical data, there is currently a phase | study recruiting patients with
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EGFR-mutant NSCLC who are found to have p53 and RBL1 loss at the time of diagnosis,
combining EGFR TKI with SCLC-targeted chemotherapy cisplatin plus etoposide in the
first-line setting.

One of the questions raised by the observed prevalence of NSCLC to SCLC histologic
transformation is that of tumor cell of origin. Preclinical studies creating genetically
engineered mouse models (GEMMSs) with cell-type specific promoters have shown that
SCLC tumors typically develop from neuroendocrine precursor cells, and adenocarcinoma
tumors typically develop from alveolar type Il cells. However, surprisingly, SCLC can

also develop from alveolar type Il cells under the right circumstances with appropriate
timing of p53 and RB1 loss (Meuwissen et al. 2003; Sutherland et al. 2011). This

suggests the possibility that SCLC and NSCLC share a potential cell of origin, and there
may exist plasticity between the two histologic subtypes depending on the genomic and
transcriptomic characteristics of the tumor as it develops and evolves. Similar work has been
done in prostate cancer, showing that differentially manipulating transcriptional programs
governed by p53, RB, AKT, MYC, and BCL2 can drive development of either small cell
neuroendocrine versus adenocarcinoma from a common prostate epithelial progenitor (Park
et al. 2018).

The degree to which this plasticity depends on the presence of specific types of inhibitors
in specific molecular subsets of NSCLC, or the surrounding components of the TME,
remains to be definitively shown, although we do rarely find de novo EGFR-mutant SCLC,
which suggests lineage transformation can occur in the absence of EGFR TKI (Thai et al.
2017). Interestingly, there have also been several case reports of histologic transformation
of EGFR-mutant lung adenocarcinoma to squamous cell carcinoma at the time of acquired
resistance (Kuiper et al. 2015; Agita et al. 2016; Levin et al. 2015; Piotrowska et al. 2018).
Very little is known about the biology of this type of histologic transformation, but the
principles of phenotypic plasticity discussed above are likely to apply, at least conceptually,
in these cases as well.

Epithelial-to-mesenchymal transition

Another form of lineage transformation that has been shown to mediate resistance to
targeted therapies in NSCLC is epithelial-to-mesenchymal transition (EMT). EMT is

a reversible state of phenotypic plasticity characterized by loss of classic features of
epithelial cells such as apicobasal polarity, intercellular adhesions and specific cytoskeletal
arrangements critical to epithelial cell structure (Tulchinsky et al. 2019). The EMT
phenotype is, in reality, a spectrum of phenotypes, and it is the result of a cell differentiation
program that is governed by a set of EMT transcription factors, including Snail, Slug, Twist,
and Zeb 1 (Lambert, Pattabiraman, and Weinberg 2017; De Craene and Berx 2013). As cells
become more mesenchymal in nature, they acquire the migratory and invasive capabilities
needed for development of metastases and other features of malignant epithelial tumors.
Phenotypic plasticity between epithelial and mesenchymal phenotypes is a critical feature
of embryogenesis and organ development, and this phenomenon of EMT in NSCLC and
other solid tumors is an example of tumor cell adoption and misappropriation of this central
biological pathway (Tulchinsky et al. 2019).

Pharmacol Ther. Author manuscript; available in PMC 2021 December 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meador and Hata

Page 11

In EGFR-mutant tumors, EMT-like phenotype is seen in significant subset of tumors

at the time of acquired resistance to EGFR TKIs (Sequist et al. 2011; Uramoto et al.

2010). Preclinical studies corroborate and further investigate this mechanism, demonstrating
correlation between expression of epithelial versus mesenchymal markers and relative
resistance to EGFR TKIs, and invoking specific signaling pathways such as AXL, IGF-1R,
and SRC/FAK signaling in EMT-characterized resistant tumors (Byers et al. 2013; Yauch

et al. 2005; Thomson et al. 2005; C. Wilson et al. 2014; Zhou et al. 2015). The exact
frequency of acquired EMT phenotype in the setting of EGFR TKI resistance is difficult

to discern, as the definition of EMT transformation encompasses a broad spectrum of
potential classifications. Typically, this transformation is defined by loss of expression of
epithelial markers such as e-cadherin and gain of expression of mesenchymal markers such
as vimentin (Thiery 2002). While there have been studies attempting to more precisely
characterize the EMT phenotype via gene expression profiling in both EGFR-mutant and
EGFR-wild type NSCLC, these types of molecular characterizations have not been validated
in the setting of EGFR TKI resistance and are not routinely performed in the clinic at the
time of re-biopsy for treatment decision-making (Byers et al. 2013).

While less well characterized, progression to the EMT phenotype has also been shown to

be a mechanism of resistance to targeted therapies in ALK-positive NSCLC in preclinical
studies. While some studies suggest that ALK-positive NSCLC inherently possesses a

more mesenchymal-like phenotype, others report emergence of the EMT phenotype as a
byproduct, but not driver of, ALK TKI resistance, and still others report EMT phenotypic
transformation as a central mechanism of resistance to ALK TKIs such as crizotinib (Gower
et al. 2016; Voena et al. 2016; Kim et al. 2013; Wei et al. 2018; Gao et al. 2016; Lin, Riely,
and Shaw 2017). Interestingly, one group showed in preclinical studies that resistance to
first- and second-generation ALK TKIs can in some cases be mediated by AXL-expressing
drug-tolerant cells that demonstrate an EMT-like phenotype (Nakamichi et al. 2018).

As discussed above, EMT is a widely studied cellular function employed in many
physiologic as well as pathologic states. However, the role of EMT in acquired resistance to
targeted therapies in NSCLC cannot be simplified to static categorization (via only a handful
of cellular markers) of the presence or absence of EMT phenotype on a tumor biopsy at

a given moment. Rather, EMT phenotypic transformation is thought to contribute to the
complexity of intra-tumoral heterogeneity and is likely to evolve within a cancer over time.
Interestingly, there are some biological underpinnings that are shared between the EMT/
cancer stem cell state and the SCLC transformed state. For example, cell signaling programs
involved in EMT-related phenotypic plasticity, such as SOX2-induced transcription as well
as Notch and Hedgehog signaling, are known to be important signaling pathways in SCLC
(\Vega et al. 2004; Gazdar, Bunn, and Minna 2017; Rudin et al. 2019). In addition, RB1
inactivation, which is required for development of SCLC, results in a loss of regulatory
mechanisms for the G1 checkpoint whose activation is a hallmark of EMT (Tulchinsky

et al. 2019). These associations suggest, but do not prove, that the phenotypic plasticity

seen in development of mesenchymal-like tumor cells could exist on a spectrum with
neuroendocrine SCLC histologic transformation.
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Drug-tolerant persister cells

In addition to histologic changes identified on re-biopsy at the time of clinical, radiographic
acquired resistance to EGFR TKis, transient phenotypic change as a protective mechanism
for cells upon TKI exposure has also been identified in correlative /n vitro experiments.
Specifically, a subpopulation of initially quiescent drug-tolerant persister cells (DTPs) have
been shown to have intrinsic ability to survive initial TKI exposure by reversibly acquiring
a stem-cell like phenotype that confers decreased sensitivity to therapy (Sharma et al. 2010).
It has been hypothesized that the presence of these DTPs in a reversible phenotypic state
explains the phenomenon of successful re-treatment after drug holiday, and DTPs are also
suggested to be one mechanism for eventual outgrowth of macroscopic acquired resistance
in the setting of persistent TKI exposure (Sharma et al. 2010).

Studies of DTPs in EGFR-mutant NSCLC have shown that these cells develop an EMT-like
phenotype under selective TKI pressure, and over time can evolve and develop irreversible
genetic resistance to TKIs in the form of secondary EGFR kinase mutation T790M

(Hata et al. 2016). Interestingly, this particular subset of T790M+ first-generation EGFR
TKI-resistant clones that have transformed via an EMT-like phenotype demonstrate less
susceptibility /in vitroto third-generation EGFR TKIs and express a gene profile consistent
with evolution from cancer stem cell-like DTPs. While this observation has yet to be
validated clinically, the presence of two populations of T790M+ resistant clones further
demonstrates the dynamic, heterogeneous milieu of TKI-resistant cells present in a given
macroscopic tumor and the importance of phenotypic plasticity in the evolution of that
tumor. Recent work by our group and others has shown that FGFR signaling plays a role

in development of the EGFR TKI-resistant EMT phenotype of DTPs, and that dual EGFR/
FGFR inhibition may be a rational clinical approach to preventing or overcome EGFR TKI
resistance by re-sensitizing the mesenchymal state of cells to EGFR TKI inhibition (Raoof et
al. 2019).

Role of the tumor microenvironment

Up to this point, our discussion has focused primarily on tumor cell-intrinsic mechanisms
of resistance to targeted therapy in NSCLC, highlighting data from experiments typically
conducted in pure tumor cell populations. However, it has long since been appreciated that
the extracellular matrix (ECM), surrounding vasculature, and cancer-associated fibroblasts
that make up the tumor microenvironment (TME) play a critical supportive role in the
growth of solid tumors (Raghu and Michael 2006; Kalluri 2003; Belli et al. 2018; Quail and
Joyce 2013). With technological advancements in single-cell RNA-sequencing techniques,
recent studies such as that from Lambrechts and colleagues have further characterized the
profound complexity and diversity of the stromal cells in the TME (Lambrechts et al. 2018).
Emerging data suggest that the development of acquired resistance to targeted therapies

in NSCLC, driven in part by the cell-intrinsic mechanisms, is also inextricably linked to
interactions with the surrounding TME. In other words, in addition to tumor cell-intrinsic
genomic alterations and phenotypic plasticity described previous sections, the TME is likely
playing a role in initiating signaling pathways that enable this transformation.
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One of the most prominent elements of the TME, cancer-associated fibroblasts (CAFs) have
been described as a subset of activated fibroblasts closely associated with cancer cells that
act by synthesis and turnover of ECM, modulation of wound healing and the inflammatory
response, and regulation of epithelial cell differentiation and homeostasis via secretion of
growth factors and chemokines. In addition to resident fibroblasts that are activated and
converted to CAFs, recent literature suggests that other subsets of CAFs originate as bone
marrow-derived mesenchymal stem cells or even epithelial tumor cells that have undergone
EMT (Davies and Albeck 2018). While a full review of their role in tumor initiation,
progression, and invasion is outside the scope of this review, we highlight data supporting
their specific role in TKI resistance in NSCLC.

Specifically, signaling by molecules important in the extracellular matrix (ECM) secreted by
CAFs, such as collagens and their integrin receptors, has been shown to mediate resistance
to EGFR TKiIs in preclinical studies. Wang and colleagues recently proposed, based on /n
vitro experiments in EGFR-mutant TKI-sensitive NSCLC cell lines, that the presence of
ECM enhances both gefitinib and osimertinib resistance in a dose-dependent and reversible
manner, and this effect is mediated in part by signaling through the collagen receptor
Integrin-p1 (Y. Wang et al. 2019). In this study, the authors also demonstrated that inhibition
of collagen synthesis potentially has a synergistic effect on osimertinib-mediated inhibition
of T790M+ NSCLC cell lines (Y. Wang et al. 2019). Previous work by another group
demonstrated that CAF-mediated HGF secretion can confer resistance of EGFR-mutant
NSCLC cell lines to gefinitib (W. Wang et al. 2009). In a more recent study, Yi and
colleagues showed in preclinical experiments that CAF-mediated secretion of HGF and
IGF-1 induced MET/IGF-1R signaling, which resulted in EMT-mediated gefitinib resistance
(Yi et al. 2018). In this work, the authors identified annexin A2 (ANXAZ2), which they found
to be expressed at higher levels in CAFs, to be a critical mediator of this process.

While we describe the studies from EGFR-mutant NSCLC here, resistance via influence

of the TME on phenotypic plasticity and bypass signaling pathways is relevant across
molecular subtypes of NSCLC and in solid tumor oncology more broadly. A recent
compelling example of this phenomenon in head and neck cancer was a study in which
investigators used single-cell RNA sequencing to identify a mesenchymal sub-population

of tumor cells and localized this sub-population (via histological analysis) uniquely to the
leading edge of the tumor in close proximity to CAFs, allowing for proposed paracrine
signaling (Puram et al. 2017). These types of studies suggest that we still have much to learn
about the role of CAFs in facilitating other previously described mechanisms of therapy
resistance in solid tumors, and they highlight the blurred lines between ‘intrinsic’ versus
‘extrinsic’ tumor cell adaptation to therapy (Figure 2). Other examples of the ways in which
these concepts are likely to be applicable across the spectrum of solid tumors include studies
demonstrating CAF-associated EMT transformation and CAF-mediated paracrine signaling
via secretion of growth factors such as HGF, EGF, and PDGF to drive therapeutic resistance
across biliary tract cancers, breast cancers, melanomas, and others (Yamada et al. 2013; Yu
et al. 2013; Davies and Albeck 2018; Junttila and de Sauvage 2013; Straussman et al. 2012;
T. R. Wilson et al. 2012).
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Another important element of the TME is the immune microenvironment, which we know
from the success of immune checkpoint inhibitors in some subsets of NSCLC plays a
significant role in growth and survival of some tumors. Currently, our understanding of the
role that the immune microenvironment plays in response to TKIs in NSCLC with known
driver oncogenes is incomplete. We have seen clinically that EGFR- and ALK-mutant lung
cancers are overall less responsive to PD-1/PD-L1 inhibition than other molecular subsets
of NSCLC (Gainor et al. 2016). The reasons for this have yet to be fully elucidated,

but current hypotheses center around lower PD-L1 expression and CD8+ TIL infiltration,
as well as lower overall mutational burden (often considered a surrogate for neoantigen
presentation and tumor immunogenicity). While this suggests an overall less active immune
microenvironment in EGFR and ALK-mutant NSCLCs, future studies are needed to more
fully explore the full role of the immune microenvironment in these tumors.

Conclusion

Targeted systemic therapies for advanced NSCLC have made impressive strides in recent
years in improving response rates, progression-free and overall survival. However, surgical
intervention or radiation therapy for early stage disease remain the mainstay of curative
treatment in lung cancer, as we are unfortunately not yet able to successfully eradicate
advanced tumors with systemic therapies. While increasingly effective therapies have been
developed, we are limited in our efforts toward cure by acquired resistance to therapy. In
this review, we explored the continuum of both tumor cell intrinsic as well as extrinsic (e.g.
TME) mechanisms of resistance to targeted therapies.

With our increasingly sophisticated diagnostic capabilities, we will continue to refine our
understanding of the biological propensity of a given cell, as defined by its underlying
genomics, epigenomics, and surrounding TME, to be sensitive to, or develop resistance to

a given therapy by a certain pathway or mechanism. The ultimate goal of understanding
these mechanisms is to prevent the emergence of resistance. This will require a deep
understanding of not only genetic events causing impaired inhibition of target oncogenic
oncogenes, but also knowledge of how drug tolerant persister cells and cancer stem cell-like
phenotypes evolve, and what drives transformation of tumor phenotype and surrounding
microenvironment to support therapeutic resistance.
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AXL AXL receptor tyrosine kinase

BRAF B-Raf proto-oncogene serine/threonine kinase
EGFR Epidermal growth factor receptor

IGF-1 Insulin-like growth factor-1

MAPK Mitogen-activated protein kinase

MET MET proto-oncogene receptor tyrosine kinase
NRTK Neurotrophic tyrosine receptor kinase

RB1 RB transcriptional corepressor 1

ROS1 ROS proto-oncogene 1 receptor tyrosine kinase
SCLC Small cell lung cancer

TKI Tyrosine kinase inhibitor
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Figurel.
There are three major categories of tumor cell-intrinsic mechanisms of acquired

resistance to targeted therapies: on-target resistance, bypass pathway activation, and
lineage transformation. On-target resistance and bypass pathway activation maintain
reliance on core downstream signaling pathways of the driver oncogene and develop via
genetic alterations such as secondary kinase mutations and gene amplification. Lineage
transformation is a form of phenotypic plasticity that involves cellular reprogramming and
decreased activity of signaling pathways critical to the driver oncogene.
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Figure 2.

Schema outlining the role of the tumor microenvironment (TME) in mediating acquired
resistance to targeted therapies. Proposed mechanisms include paracrine signaling (resulting
in activation of bypass RTK signaling) and CAF-mediated collagen production, alteration of
the extracellular matrix, and induction of lineage transformation.
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Table 1.

Secondary EGFR kinase mutations acquired in the setting of resistance to third-generation EGFR TKI
osimertinib

Acquired R kinase mutatio o 0 18/2M_ge R ons 039_ge R
st-line osime Ol L718Q Resistant Resistant
G719X Sensitive Resistant
L792X Sensitive Resistant
C797S Sensitive Resistant
econd-line T790M + L718Q Resistant Resistant
osimertinib
T790M + G724S Resistant Resistant
M766Q Resistant Resistant
T790M + L792H Resistant Resistant
T790M + G796S Resistant Resistant
T790M + C797S (in cis) Resistant Resistant
T790M + C797S (in trans) Sensitive * Sensitive

*
In combination with a Srd—generation inhibitor.

*Kk
In combination with a lst-generation inhibitor.
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