1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Mol Cancer Ther. 2015 February ; 14(2): 542-552. doi:10.1158/1535-7163.MCT-14-0723.

Optimizing the sequence of anti-EGFR targeted therapy in
EGFR-mutant lung cancer

Catherine B. Meadorl, Hailing Jin?, Elisa de Stanchina’, Caroline A. Nebhanl, Valentina
Pirazzoli%11 Lu Wang8, Pengcheng Lu3, Huy Vuong?, Katherine E. Hutchinsonl, Peilin
Jia% Xi Chen3, Rosana Eisenberg®, Marc Ladanyi®, Katerina Politi®19.11 Zhongming
Zhaol:24 Christine M. Lovly16, Darren A. E. Cross12, and William Pao?1:5.6.13

1Department of Cancer Biology, Vanderbilt University School of Medicine, Nashville, Tennessee,
37232, USA

2Department of Vanderbilt-Ingram Cancer Center, Vanderbilt University School of Medicine,
Nashville, Tennessee, 37232, USA

3Department of Biostatistics, Vanderbilt University School of Medicine, Nashville, Tennessee,
37232, USA

4Department of Biomedical Informatics, Vanderbilt University School of Medicine, Nashville,
Tennessee, 37232, USA

SDepartment of Pathology, Microbiology, and Immunology, Vanderbilt University School of
Medicine, Nashville, Tennessee, 37232, USA

5Department of Medicine, Vanderbilt University School of Medicine, Nashville, Tennessee, 37232,
USA

“Antitumor Assessment Core, Memorial Sloan-Kettering Cancer Center, New York, New York,
10065, USA

8Department of Pathology, Memorial Sloan-Kettering Cancer Center, New York, New York,
10065, USA

°Department of Pathology, Yale University School of Medicine, New Haven, Connecticut, 06510,
USA

19Department of Medicine, Yale University School of Medicine, New Haven, Connecticut, 06510,
USA

Department of Yale Cancer Center, Yale University School of Medicine, New Haven,
Connecticut, 06510, USA

12AstraZzeneca Oncology Innovative Medicines, Alderley Park, Macclesfield Cheshire, SK10 4TG,
United Kingdom

1370 whom correspondence should be addressed: 2220 Pierce Ave 777 PRB Nashville, Tennessee 37232 Phone: 615-343-9454
Fax: 615-343-7602 william.pao@vanderbilt.edu.

Conflicts of interest: WP: Consulting: MolecularMD, AstraZeneca, Bristol-Myers Squibb, Symphony Evolution Clovis Oncology,
Exelixis, Clarient; Research funding: Enzon, Xcovery, AstraZeneca, Symphogen, Clovis Oncology, Bristol-Myers Squibb; Other: A
patent relating to EGFR T790M mutation testing was licensed on behalf of WP, KP and others by MSKCC to MolecularMD. CML
has served as a consultant for Pfizer and has been an invited speaker for Abbott and Qiagen. DC is an employee of AstraZeneca.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Meador et al. Page 2

Abstract

Metastatic EGFR-mutant lung cancers are sensitive to the first- and second- generation EGFR
tyrosine kinase inhibitors (TKIs), gefitinib, erlotinib, and afatinib, but resistance develops.
Acquired resistance (AR) to gefitinib or erlotinib occurs most commonly (>50%) via the
emergence of a second-site EGFR mutation, T790M. Two strategies to overcome T790M-
mediated resistance are dual inhibition of EGFR with afatinib plus the anti-EGFR antibody,
cetuximab (A+C), or mutant-specific EGFR inhibition with AZD9291. A+C and AZD9291 are
now also being tested as first-line therapies, but whether these therapies will extend progression-
free survival or induce more aggressive forms of resistance in this setting remains unknown. We
modeled resistance to multiple generations of anti-EGFR therapies preclinically in order to
understand the effects of sequential treatment with anti-EGFR agents on drug resistance and
determine the optimal order of treatment. Using a panel of erlotinib/afatinib-resistant cells
including a novel patient-derived cell line (VP-2), we found that AZD9291 was more potent than
A+C at inhibiting cell growth and EGFR signaling in this setting. 4 of 4 xenograft-derived A+C-
resistant cell lines displayed in vitro and in vivo sensitivity to AZD9291, but 4 of 4 AZD9291-
resistant cell lines demonstrated cross-resistance to A+C. Addition of cetuximab to AZD9291 did
not confer additive benefit in any preclinical disease setting. This work, emphasizing a
mechanistic understanding of the effects of therapies on tumor evolution, provides a framework
for future clinical trials testing different treatment sequences. This paradigm is applicable to other
tumor types in which multiple generations of inhibitors are now available.
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Introduction

Activating mutations in the tyrosine kinase domain of the EGF receptor (EGFR) are found
in 10-35% of lung adenocarcinomas, the predominant subtype of non-small cell lung cancer
(NSCLC) (1-3). Such mutations, which occur most commonly either as small in-frame
deletions in exon 19 (19del) or point mutations in exon 21 (L858R), confer sensitivity to the
first- and second-generation EGFR tyrosine kinase inhibitors (TKIs) gefitinib, erlotinib, and
afatinib (1-9).

While multiple lines of anti-EGFR therapies have been developed to treat EGFR-mutant
tumors, acquired resistance (AR) to these regimens remains a major clinical obstacle.
Metastatic EGFR-mutant lung cancers treated with erlotinib or gefitinib in the first-line
setting develop into resistant tumors within 9-16 months (10). In over 50% of cases,
acquired resistance to erlotinib or gefitinib involves emergence of a second-site EGFR
mutation substituting threonine for methionine at position 790 in exon 20 (T790M) (11, 12).
Other rarer mechanisms include amplification of the genes encoding the MET and ERBB2
kinases, mutations in BRAF or PIK3CA (10, 13-15), reduced expression of the RAS GTPase
neurofibromin (encoded by the gene NF1) (16), and activation of the AXL kinase (17).
Histologic changes such as epithelial-tomesenchymal transition (EMT) and development of
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small-cell lung cancer (SCLC) features have also been detected in a small subset of tumors
from patients with AR to first-generation TKIs (17-19).

We previously showed that dual inhibition of EGFR with the second-generation TKI
afatinib and the anti-EGFR antibody cetuximab (A+C) induces tumor regression of T790M+
transgenic mouse lung tumors, overcoming a model of primary AR to erlotinib and gefitinib.
The addition of cetuximab to afatinib results in simultaneous depletion of phospho- and total
EGFR (20). In a subsequent phase Ib clinical trial of A+C, a 29% response rate was
observed in patients with AR to gefitinib or erlotinib, regardless of T790M status (21). Thus,
a substantial fraction of EGFR-mutant tumors remain dependent on the EGFR signaling axis
for survival even after AR to first-generation TKIs. Unfortunately, resistance to A+C has
already been observed in patients. For example, activation of mMTORCL1 signaling may
confer resistance to A+C in some tumors (22); however, a complete understanding of the
spectrum of resistance mechanisms to A+C is currently lacking.

Third-generation mutant-specific EGFR TKIs, such as AZD9291, CO-1686, and HM61713,
have also shown activity in patients with T790M+ AR to gefitinib or erlotinib (23-25).
These agents are designed to specifically inhibit mutant EGFR (i.e., 19del-, L858R-, and/or
T790M+), sparing the wild-type receptor (26). As these new compounds become widely
available for clinical use, patients will be treated with multiple lines of EGFR-targeted
therapies with increasing frequency. For example, a patient with EGFR-mutant lung cancer
may receive erlotinib or afatinib as first line therapy, with the assumption that when
progressive disease develops, the resistant tumor will still be sensitive to other EGFR-
targeted therapies such as A+C or AZD9291. If mutant-specific TKIs become available in
the first line setting, whether tumor cells with acquired resistance to such inhibitors will be
more aggressive or even responsive to subsequent anti-EGFR treatment remains unknown.
In summary, the effect of sequential treatment with various anti-EGFR agents on tumor
evolution and drug resistance in EGFR-mutant lung cancer remains to be determined. Data
demonstrating the optimal sequence of these therapies is needed in order to inform clinical
decision-making. Here, we model resistance to anti-EGFR treatments in EGFR mutant lung
cancer cell lines in order to further elucidate mechanisms of sensitivity and resistance of
tumors to each of the available anti-EGFR therapies. Importantly, previous work from our
lab and others has demonstrated that cell line modeling is highly predictive of resistance
mechanisms seen in patients, validating use of this preclinical approach (27, 28).

Materials and methods

Cell lines

All cell lines utilized in these studies were authenticated via routine genotyping for known
EGFR kinase mutations. Cell lines were kept in continuous culture for no more than 8 weeks
and were routinely tested for mycoplasma contamination to ensure accuracy of experimental
data. Cells were cultured in RPMI + L-glutamine (Corning) and supplemented with 10%
heat-inactivated fetal bovine serum (Atlanta Biologicals) and 1% penicillin/streptomycin
(Corning) and grown in a humidified incubator with 5% CO, at 37C. EGFR-mutant cell
lines PC-9, HCC827, and H1975 have been maintained in the Pao laboratory since 2004.
Isogenic resistant cell lines were derived in the lab as described previously and in this
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manuscript (27). Briefly, parental cells were cultured with increasing concentrations of TKI
starting at the 1C3q. All resistant cells were maintained in drug, and TKI was refreshed every
72 hours.

Derivation of VP-2 cell line

V/P-2 cells were derived from a 70 year-old male never smoker patient who first received 2
cycles of carboplatin/paclitaxel/bevacizumab chemotherapy before starting on erlotinib. He
experienced a partial response on erlotinib, with acquired resistance occurring after 18
months. He then received one month of afatinib, with no response, at which time he
developed a large pleural effusion which was tapped. Pleural fluid was obtained with
informed consent on an IRB-approved protocol (THO-0547). After pelleting the cells and
washing 3x in sterile PBS, red blood cells were lysed in ACK buffer (Lonza INC, Allendale,
NJ). After lysis, the remaining cell pellet was washed 3x in sterile PBS. The remaining
mixture of cells was then distributed into 10cm dishes. Cells were cultured in RPMI
supplemented with 10% heat inactivated fetal bovine serum and penicillin-streptomycin as
described above. The medium was changed every 1-3 days for approximately 3 months. To
verify that the established cell line (named VP-2) harbored EGFR mutations, we performed
direct sequencing.

Immunoblotting

Resistant cells were removed from drug selection 72 hours before immunoblotting
experiments. Cells were washed on ice with cold PBS and lysed in
radioimmunoprecipitation (RIPA) buffer (250mM Tris-HCI pH 7.5, 75mM NaCl, 1%
NP-40/IGEPAL, 0.1% sodium dodecyl sulfate) supplemented with complete protease
inhibitor cocktail (Roche), 40mM sodium fluoride, 1mM sodium orthovanadate, and 1uM
okadaic acid. Lysates were subjected to SDS-PAGE (4-12% gels) followed by
immunoblotting with the indicated antibodies and detection by Western Lightning ECL
reagent (Perkin-Elmer). The following antibodies were obtained from Cell Signaling
Technologies: phospho-ERK (T202/Y204; 1:1000; # 9101), ERK (1:1000, #9102), phospho-
AKT (S473; 1:500; #9271), AKT (1:1000; #9272), phospho-S6 (S240/244; 1:1000; #2215),
S6 (1:1000; #2217), BIM (1:1000; #2819), HRP-conjugated anti-mouse (1:3000; #7076),
and HRP-conjugated anti-rabbit (1:3000; #7074). Phospho-EGFR antibody was obtained
from Abcam (Y1068; 1:1000; #EP774Y), EGFR from BD Transduction Laboratories
(1:500; #610017), and actin from Sigma-Aldrich (1:3000; #A2066). Phospho-RTK arrays
were purchased from R&D Systems (#ARY001B), and assays were run on cells maintained
in 10% FBS using the manufacturer’s protocol.

Xenograft studies

Nude mice (nu/nu; Harlan Laboraties) used for in vivo studies were cared for in accordance
with guidelines approved by the Memorial Sloan-Kettering Cancer Center (MSKCC)
Institutional Animal Care and Use Committee and Research Animal Resource Center (New
York, NY). Eight-week-old female mice were injected s.c. with 10 million PC-9/BRcl,
PC-9/BRc1/V7, PC-9/BRc1/A+CR6, and PC-9/BRc1/A+CR7 cells. When tumors reached
approximately 150mms3, animals were randomized to receive vehicle, the combination of
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afatinib [25 mg/kg p.o. qd] and cetuximab [50mg/kg i.p. twice per week], or AZD9291
[5mg/kg or 10mg/kg p.o qd], as indicated. Mice were observed daily for signs of morbidity/
mortality. Tumors were measured twice weekly using calipers, and volume was calculated
using the formula: length x width? x 0.52. Body weight was also assessed twice weekly.
Tumor samples were collected within 8 hours of the last treatment. Portions of each
extracted tumor were preserved in 4% paraformaldehyde, flash-frozen in liquid nitrogen, or
minced and placed fresh into culture medium for derivation of cell lines.

Soft agar assays

Histology

Colony formation of PC-9, PC-9/AZR, PC-9/ERc1, and PC-9/ERc1/AZR cells was assessed
using the CytoSelect 96-Well In Vitro Tumor Sensitivity Assay (Soft Agar Colony
Formation) kit purchased from Cell BioLabs, Inc. (# CBA-150), according to the
manufacturer’s protocol. Briefly 50uL of base agar matrix was dispensed into each well of a
96-well tissue culture plate. 5,000 cells in 75uL of cell suspension agar matrix were
dispensed into each well, and 50uL of culture medium was added to each well, containing
various drugs as indicated. Fresh medium with drugs was added every 72 hours. After 10
days of incubation, the matrix was solubilized, and MTT reagent was added to each well.
The absorbance was measured on a SpectraMax fluorometer at 570nM.

Xenograft tumors were fixed in 4% paraformaldehyde (PFA) overnight at room temperature,
placed in 70% ethanol and sent to Histoserv, Inc. for paraffin embedding and sectioning.
5um sections were used for hematoxylin and eosin (H&E) staining.

Growth inhibition assays

Short-term (72h) cellular growth inhibition was measured with CellTiter Blue Reagent
(Promega, #G8081) according to the manufacturer’s instructions using cells plated in
hextuplicate at a density of 3,000 cells per well. Fluorescence was measured on a
SpectraMax fluorometer, and growth inhibition was calculated as percentage of vehicle-
treated wells. For longer-term cellular growth inhibition assays, 3,000 cells/well were plated
in 24-well plates and treated with indicated drug combinations. Media and inhibitors were
refreshed every 72 hours, and cells were grown for 10 days or until confluence in untreated
wells. Cells were fixed and stained in 20% methanol with .025% crystal violet and washed
with water. Dried plates were imaged and staining intensity quantified on the LI-COR
Odyssey.

FISH Analysis

Cells were grown in RPMI 1640 with 10% FBS to ~70% confluence, then harvested and
fixed in crayon fixative (methanol:acetic acid = 3:1) for FISH analysis. FISH analysis was
performed using the EGFR/CEP7 dual-color probe set from Abbott Molecular and following
the protocol from Vysis/Abbott Molecular with a few modifications. In brief, the probe
targeting EGFR gene was labeled with SpectrumOrange (red), and chromosome 7
centromere probe (CEP7) was labeled with SpectrumGreen (green); nuclei were
counterstained with DAPI (blue). FISH signal scoring and capture were performed by
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Fluorescence microscope (Zeiss) coupled with ISIS FISH Imaging System (Metasystems).
Two hundred interphase cells showing optimum hybridization signals were scored.

EGFR cDNA sequencing

Total RNA was extracted from TKI-sensitive and resistant cell lines using the RNeasy mini
kit (Qiagen, Germantown, MD). EGFR cDNA was generated via SuperScript |1l one-step
RT-PCR system with platinum Tag DNA polymerase (Invitrogen, Carlsbad, CA). Gene-
specific primers (GSPs), EGFR-cDNA-F (5’-CCCCTGACTCCGTCCAGTAT -3') and
EGFR-cDNA-R (5-TGGCTAGTCGGTGTAAACGT-3’) were used in the system to
amplify the entire EGFR cDNA. To sequence through the whole fragment, several other
primers were also designed for dideoxynucleotide sequencing, EGFR-cDNA-w1-F (5'-
GCAGTGACTTTCTCAGCAACA -3'), EGFR-cDNA-w2-F (5/-
GAAATCATACGCGGCAGGAC -3), EGFR-cDNA-w3-F (5'-
TGGAGCCTCTTACACCCAGT -3'), and EGFR-cDNA-w4-F (5/-
ATAGTCGCCCAAAGTTCCGT -3).

Amplicon-based targeted next-generation sequencing

Using lllumina’s online Design Studio, we generated amplicon probes for use with the
Illumina MiSeq platform against all exons of selected genes allowing an extension of 25
bases into the introns on either side of each exon. Amplicon probes were designed not to
avoid common single-nucleotide polymorphic (SNP) regions, because some somatic SNPs
are often included in genomic SNP databases (for example, EGFR ¢.2369C>T, p.T790M in
lung cancers resistant to first-line EGFR therapy is deposited in the dbSNP database, SNP
ID: rs121434569) but are still important for biological function.

Next-generation sequencing analysis

Raw paired-end sequencing reads in FASTQ files were evaluated for quality using the
FastQC tool v1.10.1 (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and aligned to
the human reference genome (UCSC hg19) using BWA-MEM algorithm v0.7.8 (29) with
default parameters. Duplicated reads were removed using Picard MarkDuplicates tool v1.88
(http://picard.sourceforge.net). Next, to improve SNP and indel detection, the aligned reads
were improved using the local realignment and base quality score recalibration procedure
following the GATK (v2.5-2) Best Practices recommendations (30, 31). The analysis-ready
reads from a pair of drug-resistant versus sensitive cell lines were then used to call mutations
unique to resistant cell lines using MuTect v1.1.4 (32) with default parameters. All SNVs
passed the default filters of MuTect and SNVs flagged for clustered read position filter were
included in our final list of MuTect calls. A variant was preserved if <2 reads supported the
variant allele in the normal sample, its average base quality was > 30, it was not a strand
bias artifact, and its log-odd score calculated by MuTect was > 6.3. We removed known
SNPs included in dbSNP build 137 (33). Variant annotation was performed using
ANNOVAR tool (v2013-5-9) (34).
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Statistical analysis

Results

Quantification of crystal violet assays, soft agar assays, and xenograft data are presented as
means + SD. The Wilcoxon rank sum test was used for (pairwise) group comparisons. All p
values are nominal, without adjusting for the study-wise type | error rate. All analyses are
conducted using R software version 3.0. unless indicated specifically.

AZD9291 versus A+C in T790M+ cell lines

Clinical data demonstrate efficacy of both AZD9291 and A+C in the T790M+ second-line
setting (i.e., AR to erlotinib/gefitinib/afatinib), but the relative potency of these therapies is
unknown. Here, we utilized a panel of T790M+ cell lines (Table 1, Fig S1) to compare
directly the growth-inhibitory and signaling effects of A+C versus AZD9291 in T790M+
disease. In prior studies, we had derived multiple erlotinib- and afatinib-resistant EGFR
mutant cell lines by well-established in vitro dose-escalation protocols (27). Here, we also
present data from a novel T790M+ cell line (VP-2) derived directly ex vivo from the pleural
fluid of a patient with EGFR-mutant (19del) lung adenocarcinoma and AR to erlotinib (Fig.
S2A, Materials and methods). VVP-2 cells demonstrated amplification of the EGFR locus by
fluorescence in-situ hybridization (FISH), were resistant to growth inhibition by erlotinib
and afatinib, and retained sensitivity to AZD9291 (Fig. S2B-D). Consistent with sensitivity
to AZD9291, VP-2 cells did not display amplification of MET by array comparative
genomic hybridization (aCGH).

We treated at clinically relevant doses (i.e., at concentrations at or below the Cpax as
determined by phase | clinical trial data) T790M+ cell lines VP-2, PC-9/ERc1, PC-9/BRc1,
HCC827/R1 (all 19del; T790M), and H1975 (L858R; T790M) with either A+C [50nM;
5ug/mL] or AZD9291 [50nM]. Both A+C and AZD9291 inhibited proliferation of T790M+
cells in long-term (10-day) growth inhibition assays, but AZD9291 induced more growth
inhibition than A+C (Fig. 1A, Fig. S2E). Consistent with these findings, analysis of cell
lysates showed that both therapies decreased phospho-EGFR and downstream pathways
involving phospho-ERK and phospho-AKT at both 6h and 24h, confirming and extending
previously published data (Fig. 1B, Fig. S2F) (14, 20, 26). Both A+C and AZD9291 also
induced expression of the pro-apoptotic BCL-2 family member BIM, which is required for
apoptosis induced by EGFR TKIls in EGFR-mutant cells (Fig. 1B) (35). Collectively, these
data confirm the activity of both A+C and AZD9291 in our models of T790M+ acquired
resistance to EGFR TKIs and further suggest that AZD9291 may be a more potent inhibitor
in this setting.

It remains unknown whether AZD9291 + cetuximab will have any clinical utility as a
combination therapy for EGFR-mutant lung cancer. In order to discern the effects of
combining AZD9291 with cetuximab versus treating with AZD9291 alone, we evaluated the
signaling and growth inhibitory effects of this combination in the assays described above.
While AZD9291 + cetuximab did cause a greater decrease in total EGFR expression, this
did not lead to any additive growth-inhibitory or differential downstream signaling effects in
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our T790M+ cell line models of erlotinib/afatinib resistance, even using various doses of
either drug (Fig. 1A-B, Fig. S2G).

Derivation of A+C-resistant cell lines

We next sought to test whether AZD9291 could overcome resistance to A+C. Therefore, we
derived new A+C-resistant cell lines by subjecting xenografts of PC-9/BRc1 cells (19del;
T790M) to long-term treatment with A+C until tumors began to grow in the presence of
drug (Fig. 2A-B). Re-derived cell lines from the A+C-treated xenografts showed increased
EGFR protein expression (Fig. S3A) and persistent levels of EGFR amplification by
fluorescence in situ hybridization (FISH) relative to vehicle-treated controls (Fig. S3B).
Phospho-RTK arrays of baseline signaling in two representative A+C-resistant cell lines
revealed sustained phospho-EGFR but no increased activation of additional RTKSs that
would suggest ‘bypass’ signaling as a mechanism of resistance (Fig. S3C). Notably, we also
did not see increased phospho-S6 in our A+C-resistant cell lines (Fig. S3A), suggesting that
the mechanism of resistance in this model is not due to increased mTOR pathway activity,
as previously characterized in separate experiments (22). H&E staining of A+C-resistant
tumors did not show features of SCLC morphology, a known mechanism of resistance to
first- and second-generation EGFR TKiIs (Fig. S3D). A combination of amplicon-based
targeted next-generation sequencing (NGS; NCBI SRA Accession ID: SRP049301) and
cDNA-based dideoxynucleotide sequencing did not detect any additional mutations in
KRAS PIK3CA, BRAF, or EGFR, ERBB2, ERBB3, or ERBB4. Thus, A+C-resistant lines
demonstrated increased EGFR protein without evidence of alternative known resistance
mechanisms, suggesting that they might still be dependent on the EGFR signaling axis for
survival.

AZD9291 overcomes A+C resistance

Having derived A+C-resistant cell lines, we tested their sensitivity to clinically relevant
concentrations of AZD9291 in standard growth inhibition assays. We chose PC-9/BRc1/A
+CR6 and PC-9/BRc1/A+CRY cells for further characterization, because they developed the
most resistance to A+C invivo (Fig. 2B). In soft agar assays, both PC-9/BRc1/A+CR6 and
PC-9/BRc1/A+CR7 cells were resistant to growth inhibition by A+C relative to PC-9/
BRc1/V7 vehicle control, but colony formation of all cell lines was significantly inhibited in
the presence of AZD9291 (Fig. 2C). Consistent with the growth inhibition data,
immunoblotting of cell lysates demonstrated less inhibition of phospho-EGFR, phospho-
extracellular signal-regulated kinase (phospho-ERK), and phospho-protein kinase B
(phospho-PKB/AKT) in A+C-resistant cells than A+C-sensitive PC-9/BRc1/V7 cells upon
treatment with A+C; however, AZD9291 diminished EGFR and downstream signaling in
both control and A+C-resistant cell lines (Fig. 2D). Thus, AZD9291 appears to overcome
resistance to A+C in these cell lines in vitro. As in erlotinib/afatinib resistant cell lines,
addition of cetuximab to AZD9291 induced a slightly greater decrease in total EGFR by
immunoblotting but no significant change in growth inhibition as compared to AZD9291
alone in A+C-resistant cell lines (Fig. 2C-D).

To confirm our findings in vivo, we re-implanted our original xenograft-derived cell lines
subcutaneously into nude mice and measured changes in tumor volume following treatment
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with AZD9291. Consistent with the in vitro results, parental PC-9/BRc1 and PC-9/BRc1/V7
cells displayed tumor regression following 1 week of treatment with both A+C and
AZD9291, but only AZD9291 induced shrinkage of A+C-resistant PC-9/BRc1/A+CR6 and
PC-9/BRc1/A+CR7 xenografts (Fig. 2E). Taken together with our in vitro growth inhibition
and signaling data, these findings strongly suggest that these preclinical models of A+C
resistance maintain reliance on EGFR signaling for survival and that AZD9291 may have
clinical efficacy in some settings of A+C resistance.

A+C does not overcome AZD9291 resistance

In order to test whether A+C could overcome resistance to AZD9291, we generated four
AZD9291-resistant cell lines using well-established TKI dose-escalation protocols (13, 27,
36, 37) (Table 1, Fig. S1). PC-9/AZR cells were derived from TKI-sensitive PC-9 parental
cells, mimicking first-line resistance to AZD9291. Three other AZD9291-resistant cell lines
(PC-9/ERc1/AZR, HCC827/R1/AZR, H1975/AZR) were derived from T790M+ erlotinib-
resistant ‘parental’ cell lines, modeling the clinical setting of second-line resistance
resistance to AZD9291. After long-term culture in TKI, AZD9291-resistant PC-9, PC-9/
ERc1, HCC827/R1, and H1975 cells acquired the ability to grow in drug concentrations
>100 fold (LuM) the initial IC5p (median inhibitory concentration) of the parental cells
(Figure 3A and S4A). Resistance was maintained following culture for 16 passages in the
absence of AZD9291 (Fig. S4C), suggesting that the phenotype was not reversible as we
have observed with erlotinib and afatinib (27). All AZD9291-resistant cells were also cross-
resistant to first- and second- generation EGFR TKIs erlotinib and afatinib (Figure 3A and
S4A). A combination of amplicon-based targeted NGS (NCBI SRA Accession ID:
SRP049329) and cDNA-based dideoxynucleotide sequencing did not detect any acquired
mutations in KRAS PIK3CA, BRAF, or EGFR, ERBB2, ERBB3, or ERBB4 in the setting of
AZD9291 resistance; specifically, we did not observe any mutations at Cys797 in EGFR, the
site at which AZD9291 makes a covalent bond with EGFR.

In long-term colony formation and growth inhibition assays, all AZD9291-resistant cell
lines were resistant to growth inhibition by both AZD9291 and A+C as compared to parental
(i.e., AZD9291-sensitive) controls (Fig. 3B and Fig. S4B). Furthermore, immunaoblotting of
cell lysates from AZD9291-resistant cells treated with AZD9291 for 6 hours showed
inhibition of phospho-EGFR but sustained phosphorylation of ERK and AKT (Fig. 3C). The
dissociation between phospho-EGFR and phospho-ERK/AKT inhibition in this setting
further suggests an EGFR-independent mechanism of resistance to AZD9291. More
extensive characterization of these cell lines is ongoing; however, in collaboration with the
AstraZeneca project team, we have found that AZD9291-resistant cells often display
activation of the MAPK pathway (Eberlein et al, manuscript under review). Consistent with
these data, addition of a MEK inhibitor (AZD6244) partially re-sensitized our AZD9291-
resistant cells to inhibition of colony formation by AZD9291 (Fig S4D). Addition of
cetuximab to AZD9291 diminished total EGFR protein levels in AZD9291-resistant cells
but did not increase growth inhibition relative to AZD9291 alone (Fig. 3B-C). Collectively,
these studies suggest that resistance to AZD9291 may be mediated by EGFR-independent
mechanisms that confer cross-resistance to subsequent anti-EGFR therapies.
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Discussion

Patients with metastatic EGFR mutant lung cancer experience dramatic and prolonged
benefit from treatment with EGFR TKIs such as gefitinib and erlotinib. Unfortunately,
resistance occurs in most cases, with more than half of patients acquiring a second-site
T790M mutation. Recently, studies with newer generations of anti-EGFR treatments such as
A+C and AZD9291 confirm that some tumors maintain dependence on EGFR signaling
even in the setting of disease progression. The optimal sequence of anti-EGFR therapy is
now unknown, but preclinical modeling of AR to targeted therapies has proven to be an
effective strategy for predicting clinical outcomes. Here, we used existing and new cell line
models of resistance to first-, second- and third- generation anti-EGFR therapies in vitro and
invivo in order to determine rationally a treatment sequence that may confer maximal
duration of clinical benefit before development of acquired resistance to all available anti-
EGFR therapies.

First-line EGFR targeted therapy

Second-line

Erlotinib, gefitinib, and afatinib are approved for treatment of EGFR-mutant lung tumors in
the first-line setting. In addition, preclinical data suggest that AZD9291 could be highly
effective in the first-line setting (20, 26, 38), and a trial testing AZD9291 in TKI-naive
patients is underway. However, the question of whether use of AZD9291 in the first-line
setting will extend PFS for patients compared to erlotinib, gefitinib, or afatinib alone
remains to be determined clinically. Furthermore, it is unclear at this point whether tumors
that develop resistance to mutant-specific TKIs in the first-line setting will demonstrate a
more aggressive phenotype than erlotinib/gefitinib/afatinib-resistant tumors, or whether they
will respond to subsequent anti-EGFR therapies.

EGFR targeted therapy

Early clinical trial data demonstrate that both A+C and AZD9291 can effectively overcome
AR to first- and second-generation EGFR TKIs (21, 23), which we recapitulate in our
preclinical models. We further show that while addition of cetuximab to AZD9291 does
induce a slightly greater decrease in levels of total EGFR compared to AZD9291 alone, the
combination does not provide added growth-inhibitory effect in vitro. This suggests that, at
the doses tested, AZD9291 is sufficiently potent as monotherapy to inhibit EGFR T790M
signaling below the threshold needed for inhibition of cell growth. However, it is still
possible that the combination, through dual targeting of the receptor, could possibly have
some increased efficacy in patients and may warrant further investigation clinically in the
future.

Third-line EGFR targeted therapy

We show that secondary resistance to A+C may be mediated in some cases by EGFR-
dependent mechanisms that can be overcome by AZD9291. Addition of cetuximab to
AZD9291 did not appear to confer any added benefit in the setting of A+C resistance.
Currently, we do not know how frequently such EGFR dependence will occur. In separate
work, we have shown that other models of A+C resistance (derived under different
conditions and protocols than the models presented here) are characterized by activation of
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mTORCL1 signaling (22). These data are consistent with the notion that disease progression
is due to heterogeneous mechanisms in patients. Ongoing analysis of patients’ tumors with
acquired resistance to A+C will shed further light on the proportion of A+C-resistant tumors
that retain sensitivity to subsequent anti-EGFR therapies.

In preclinical models of acquired resistance to AZD9291, cells appear to have bypassed
EGFR signaling alone for survival. In the presence of drug, they display sustained activation
of downstream signaling, despite decreased phospho-EGFR. Consistent with these findings,
in contrast to A+C resistance, our models of resistance to AZD9291 displayed cross-
resistance to all other anti-EGFR therapies in both the first- and second-line setting. Thus,
one potential scenario for cases of T790M+ resistance involves A+C followed by AZD9291
but not vice versa. Confirmation of these findings will require clinical trials testing different
treatment sequences.

Previous work by others has implicated increased activation of the mitogen-activated protein
kinase 1 (MAPKZ1)/ERK signaling pathway as a mechanism of acquired resistance to
WZ4002, a similar mutant-specific EGFR TKI that never reached clinical development (39).
These authors showed that WZ4002 in combination with a MAP-ERK kinase (MEK)
inhibitor was sufficient to overcome WZ4002 resistance. Similarly, our ongoing studies of
AZD9291 resistance mechanisms implicate MAPK pathway dysregulation (Eberlein et al,
manuscript under review), with potential re-sensitization through combined EGFR and MEK
inhibition. Clinical testing of such findings will further inform sequential treatment regimens
with these therapies.

This study addresses critical and timely questions for patients with EGFR-mutant lung
cancer but may also be applicable to oncogene-driven tumor types in general. In vitro
preclinical studies in chronic myelogenous leukemia (CML) have shown that the order and
concentration of treatment with dasatinib or nilotinib following imatinib resistance has an
effect both on the specific resistance mutations that emerge in the target fusion kinase BCR-
ABL and on the sensitivity to subsequent targeted therapies (40). Similarly, recent studies
indicate that metastatic prostate cancer with acquired resistance to first-generation anti-
androgens maintain reliance on androgen receptor signaling for survival (41) and are
sensitive to subsequent therapy with second-generation anti-androgens such as
enzalutamide. However, enzalutamide resistance can be mediated by ‘bypass’ induction of
the glucocorticoid receptor, suggesting that enzalutamide-resistant tumors have escaped
dependence on the androgen receptor for survival and that subsequent anti-androgen
therapies may be ineffective for such patients (42). Together with our findings in EGFR
mutant lung cancer, the studies in CML and prostate cancer highlight the fact that as
multiple lines of targeted therapies are utilized with increasing frequency in the clinic, a
thorough understanding of the molecular determinants of sensitivity and resistance of tumors
to sequential treatment will be critical in order to maximize benefit to patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Afatinib plus cetuximab (A+C) versus AZD9291 in T790M+ cell lines
A, Quantification of crystal violet staining of VP-2, PC-9/ERc1, and PC-9/BRc1 cells

treated in triplicate with DMSO, afatinib (A) [50nM], cetuximab (C) [Sug/mL], afatinib +
cetuximab (A+C), AZD9291 (9291) [50nM], or AZD9291 + cetuximab (9291+C) for 10
days. Data are expressed as mean + standard deviation of triplicate measurements; *p<0.10
for AZD9291 vs. A+C. B, Immunoblotting of cell lysates from VVP-2, PC-9/ERc1, and PC-9/
BRc1 treated for 24 hours with DMSO, afatinib (A) [50nM], cetuximab (C) [5ug/mL], A+C,
AZD9291 (9291) [50nM], or AZD9291 + cetuximab (9291+C) show the effect of each
treatment on phospho-EGFR, phospho-ERK, phospho-AKT and BIM EL induction.
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Figure 2. Afatinib plus cetuximab (A+C)-resistant cell lines are sensitive to growth inhibition by
AZD9291

A, To derive A+C-resistant lines, mice bearing PC-9/BRc1 xenografts were treated long-
term with either vehicle, afatinib (A) [25 mg/kg p.o], or A+C [25mg/kg p.o.; 50mg/kg i.p.].
Data are expressed as mean + standard deviation of tumor volumes calculated twice weekly
for 10 mice/group. Treatment was withdrawn for days 56-94 to allow tumor re-growth
before re-initiation of treatment on day 95. B, Xenograft data of A+C-treated mice from A
are plotted as individual tumor curves. Tumors that grew in the presence of drug were
deemed resistant (#3, 4, 6, 7 and 8); cell lines were derived from all tumors from which
sufficient tissue could be obtained at the point of experiment termination (#3, 5, 6, 7, 8, and
9). C, Quantification of soft agar assays of xenograft-derived A+C-resistant cell lines PC-9/
BRc1/A+CR6 and PC-9/BRc1/A+CR7 vs. A+C-sensitive vehicle control cell line PC-9/
BRc1/V7 treated for 10 days with either DMSO, A+C [50nM; 5ug/mL], AZD9291 (9291)
[50nM], or AZD9291 + cetuximab (9291+C). Data are expressed as mean + standard
deviation of hextuplicate data; *p<0.05 for AZD9291 vs. A+C; **p<0.05 for A+C in PC-9/
BRc1/A+CR6 and PC-9/BRc1/A+CR7 vs. PC-9/BRc1/V7. D, Immunoblotting of lysates
from PC-9/BRc1/V7, PC-9/BRc1/A+CR6, and PC-9/BRc1/A+CRY7 cells treated for 6 hours
with DMSO, afatinib (A) [50nM], cetuximab (C) [Sug/mL], A+C, AZD9291 (9291)
[50nM], or AZD9291 + cetuximab (9291+C) demonstrate that A+C-resistant cells
PC-9/BRc/A+CR6 and PC-9/BRc1/A+CRY7 cells are relatively resistant to inhibition of
phospho-EGFR, phospho-ERK, and phospho-AKT compared to PC-9/BRc1/V7 cells upon
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treatment with A+C, but AZD9291 inhibits phospho-EGFR and downstream signaling in
both A+C-sensitive and A+C-resistant cell lines. E, Xenograft-derived A+C-resistant PC-9/
BRc1/A+CR6 and PC-9/BRc1/A+CRY7 cells, xenograft-derived A+C-sensitive PC-9/
BRc1/V7 cells, and parental PC-9/BRc1 cells were re-implanted as xenografts in
immunodeficient mice and treated for one week with either A+C [25mg/kg p.o.; 50mg/kg
i.p.], AZD9291 [10mg/kg p.o.], or respective vehicle controls. Tumor volumes were
calculated from twice-weekly caliper measurements, and data are plotted as percentage
tumor growth or shrinkage relative to baseline. Data are expressed as mean + standard
deviation of measurements from five mice. *p<0.05 for AZD9291 vs. A+C.
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Figure 3. AZD9291-resistant cell lines are resistant to growth inhibition by A+C
A, Cell growth-inhibition assays demonstrate the resistance of PC-9/AZR and PC-9/

ERCc1/AZR cells to AZD9291, relative to isogenic parental controls PC-9 and PC-9/ERcl,
respectively. AZD9291 resistance also confers robust cross-resistance to first- and second-
generation EGFR TKiIs erlotinib and afatinib. Data are expressed as a percentage of DMSO
control and plotted as mean + standard deviation of hextuplicate data. B, Quantification of
soft agar assays of PC-9, PC-9/AZR, PC-9/ERc1, and PC-9/ERc1/AZR cells treated for 10
days with either DMSO, afatinib (A), cetuximab (C), A+C [50nM; 5ug/mL], AZD9291
(9291) [50nM], or AZD9291 + cetuximab (9291+C). Data are expressed as mean * standard
deviation of hextuplicate data; ns= non-significant at p=0.05 for AZD9291 vs. A+C. C,
Immunoblotting of lysates from PC-9/AZR and PC-9/ERc1/AZR cells treated for 6 hours
with DMSO, afatinib (A) [50nM], cetuximab (C) [Sug/mL], A+C, AZD9291 (9291)
[50nM], or AZD9291 + cetuximab (9291+C) demonstrate that AZD9291 can still inhibit
phospho-EGFR but not downstream phospho-ERK or phospho-AKT in AZD9291-resistant
cells.
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Table 1
Drug-sensitive and -resistant cell lines used in this study.

TKI-naive: PC-9 and HCC827 cells are parental EGFR-mutant cell lines sensitive to all EGFR TKIs. First-
line (primary) AR: VP-2 is a novel cell line derived from a pleural effusion of a patient harboring a lung
adenocarcinoma with T790M+ acquired resistance to erlotinib and afatinib (see materials and methods for
details). PC-9/ERc1 and PC-9/BRc1 are T790M+ clonal cell lines derived from PC-9 cells with in vitro
acquired resistance to erlotinib and afatinib (BIBW2992), respectively. HCC827/R1 is a T790M+, erlotinib-
resistant cell line derived from HCC827 cells. Parental H1975 cells harbor both the EGFR TKI-sensitizing
L858R mutation and the T790M resistance mutation and are erlotinib-resistant in vitro. PC-9/BRc1/V4, -5,
and -7 cells were derived from vehicle-treated PC-9/BRc1 xenografts and serve as controls for cells with
second-line A+C resistance. PC-9/AZR cells are derived from PC-9 cells with in vitro acquired resistance to
AZD9291. Second-line (secondary) AR: PC-9/ERc1/AZR, HCC827/R1/AZR, and H1975/AZR cells were
derived from PC-9/ERc1, HCC827/R1, and H1975 cells, respectively, with in vitro acquired resistance to
AZD9291. PC-9/BRc1/A+CR3, -5, -6, -7, -8, and -9 cells were derived from six different PC-9/BRc1
xenografts treated with long-term A+C. 19del, EGFR exon19 deletion; L, EGFR L858R point mutation; T,
T790M; AR, acquired resistance.

Cell lines used in this study

TKI resistance status Name and EGFR genotype
TKI-naive
Parental EGFR-mutant PC-9 (19del)

HCC827 (19del)

First-line (primary) AR

Erlotinib/afatinib-resistant | VP-2 (19del + T)

PC-9/ERc1 (19del + T)

PC-9/BRcl (19del + T)

HCC827/R1 (19del + T)

PC-9/BRc1/V4 (19del + T)
PC-9/BRCL/V5 (19del + T)
PC-9/BRcL/V7 (19del + T)

H1975 (L+T)

AZD9291-resistant PC-9/AZR (19del)

Second-line (secondary) AR

AZD9291-resistant PC-9/ERCI/AZR (19del + T)

HCC827/R1/AZR” (19del)

H1975/AZR (L+T)

A+C-resistant PC-9/BRc1/A+CR3

PC-9/BRc1/A+CR5™*

PC-9/BRc1/A+CR6

PC-9/BRc1/A+CR7

PC-9/BRc1/A+CR8
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Cell lines used in this study

PC-9/BRc1/A+CR9**

*
HCCB827/R1/AZR cells were derived from polyclonal HCC827/R1 (19del+T790M) cells but lost T790M with acquired resistance to AZD9291

**
PC-9/BRc1/A+CRS5 and -9 xenografts were not used as models of A+C resistance because they were derived from xenografts that were either

collected while mice were off drug (PC-9/BRc1/A+CR9) or that re-responded and were not resistant to A+C in vivo at the time of collection (PC-9/
BRC1/A+CR5).
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