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abstract

PURPOSE Third-generation epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) are effective
in acquired resistance (AR) to early-generation EGFR TKIs in EGFR-mutant lung cancer. However, efficacy is
marked by interindividual heterogeneity. We present the molecular profiles of pretreatment and post-treatment
samples from patients treated with third-generation EGFR TKIs and their impact on treatment outcomes.

METHODS Using the databases of two lung cancer networks and two lung cancer centers, we molecularly
characterized 124 patients with EGFR p.T790M-positive AR to early-generation EGFR TKIs. In 56 patients,
correlative analyses of third-generation EGFR TKI treatment outcomes and molecular characteristics were
feasible. In addition, matched post-treatment biopsy samples were collected for 29 patients with progression to
third-generation EGFR TKIs.

RESULTS Co-occurring genetic aberrations were found in 74.4% of EGFR p.T790-positive samples (n = 124).
Mutations in TP53 were the most frequent aberrations detected (44.5%; n = 53) and had no significant impact
on third-generation EGFR TKI treatment. Mesenchymal-epithelial transition factor (MET) amplifications were
found in 5% of samples (n = 6) and reduced efficacy of third-generation EGFR TKIs significantly (eg, median
progression-free survival, 1.0 months; 95% CI, 0.37 to 1.72 v 8.2 months; 95% CI, 1.69 to 14.77 months; P ≤
.001). Genetic changes in the 29 samples with AR to third-generation EGFR TKIs were found in EGFR (eg,
p.T790M loss, acquisition of p.C797S or p.G724S) or in other genes (eg, MET amplification, KRAS mutations).

CONCLUSION Additional genetic aberrations are frequent in EGFR-mutant lung cancer and may mediate innate
and AR to third-generation EGFR TKIs.MET amplification was strongly associated with primary treatment failure
and was a common mechanism of AR to third-generation EGFR TKIs. Thus, combining EGFR inhibitors with
TKIs targeting common mechanisms of resistance may delay AR.
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INTRODUCTION

Treatment with selective early-generation epidermal
growth factor receptor (EGFR) tyrosine kinase in-
hibitors (TKIs) has demonstrated high efficacy in pa-
tients with lung cancer harboring activating EGFR
mutations. However, because of a Darwinian-like se-
lection of drug desensitized tumor cells, resistance
inevitably develops.1-6

In 60% of patients, acquired resistance (AR) is
mediated through a mutation in the gate-keeper
threonine of EGFR exon 20—p.T790M.7,8 Third-
generation EGFR TKIs have been designed to
overcome p.T790M-driven resistance, and confirmed
response rates (RRs) range from 61% for osimertinib
to 45% for rociletinib (CO-1686) and 55% for naza-
rtinib (EGF816).9-15
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Apart frommonogenetically driven resistance, patients with
tumor heterogeneity have been reported, including co-
occurrence of p.T790M and amplifications of the
mesenchymal-epithelial transition factor (MET) proto-
oncogene (MET) or the human epidermal growth factor
receptor 2 gene (ERBB2), as well as mitogen-activated
protein kinase/extracellular regulated kinase pathway ac-
tivation.17-25 The combination of EGFR TKIs with other
inhibitors may restore EGFR dependency and response to
EGFR inhibition.17-19,21-28 Thus, the effects of co-occurring
factors of resistance detected before third-generation EGFR
TKI treatment and their impact on efficacy has been the
focus of research.19,24,25 However, most reports are based
on the analysis of cell-free DNA, and the numbers of
matched pretreatment and post-treatment tumor samples
are usually low. Apart from that, only a few studies have
been performed that systematically investigated the impact
of co-occurring aberrations on third-generation EGFR TKI

outcomes. We present a comprehensive analysis of co-
occurring genetic aberrations in pretreatment and post-
treatment tumor tissue and their contribution to innate
resistance (IR) and AR to three third-generation EGFR TKIs.

METHODS

Study Design, Patient Selection, and Tumor

Tissue Collection

To determine the frequency of co-occurring genetic ab-
errations in samples of EGFR p.T790M-mediated re-
sistance to early-generation EGFR TKIs, we systematically
searched the databases of the Network Genomic Medicine,
the NOWEL network, the Department of Thoracic Oncology
of the Netherlands Cancer Institute, and the Institute of
Oncology at the Vall d’Hebron University Hospital for pa-
tients with non–small-cell lung cancer (NSCLC) who ful-
filled the following selection criteria (cohort A; patients a1 to
a68/b1 to b56; Fig 1; Data Supplement): (1) presence of
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EGFR p.T790M and (2) progression while receiving
treatment with first- or second-generation EGFR TKIs.

To assess the effect of molecular aberrations on third-
generation EGFR TKI efficacy in pretreatment and post-
treatment samples, we selected patients from cohort A
according to the following criteria (cohort B; patients b1 to
b56; Fig 1; Data Supplement): (1) locally advanced/me-
tastasized NSCLC harboring activating EGFR mutations
and EGFR p.T790M, (2) third-generation EGFR TKI
treatment in the setting of AR, and (3) sufficient imaging
data for efficacy assessments according to Response
Evaluation Criteria in Solid Tumors (RECIST) 1.1. Patients
were treated in the AURA 1/3 trials (osimertinib;
NCT01802632/NCT02151981), Tiger-2/-3 trials (rocileti-
nib; NCT02147990/NCT02322281), CEGF816X2101 trial
(nazartinib; NCT 02108964), osimertinib compassionate
use program (CUP), or clinical routine. Patients treated in
trials or the CUP were selected according to the specific
eligibility criteria.

In a subset of patients from cohort B, a rebiopsy was per-
formed at disease progression for identification of mecha-
nisms of AR. These patients were grouped in cohort C (Fig 1).

In all patients, tumor tissue was collected in growing lesions
by aspiration biopsy, core needle biopsy, or excisional bi-
opsy (Data Supplement). All patients consented to the
procedures according to local and Good Clinical Practice
standards. Procedures were approved by the local ethics
committees or review boards.

We identified three patients with EGFR p.G724S mutations
(see Results). A more detailed description will be published
elsewhere.29

Efficacy Assessments

Patients treated within the osimertinib CUP or in clinical
routine received scans as clinically indicated and per local
practice. In patients treated within clinical trials, scans were
performed according to the protocols. Scans were evalu-
ated according to RECIST 1.1.30 Partial responses (PRs)
were confirmed at least 4 weeks after the first scan showing
a PR. IR was defined as progressive disease, (PD) as best
response.

Detection of EGFR p.T790M and Targeted Massively

Parallel Sequencing

Tumor samples were formalin fixed paraffin embedded.
Tumor tissue of patients was genomically characterized by
massively parallel sequencing (MPS), if feasible. Four
different MPS technologies and panels were used and are
described in the Data Supplement in detail. In patients
screened within Network Genomic Medicine (a1 to a68/b1
to b31/b37 to b43), MPS was performed with an Ion
AmpliSeq Custom DNA Panel (Thermo Fisher Scientific,
Waltham, MA) and a MiSeq benchtop sequencer (Illumina,
San Diego, CA) or with a GeneRead DNAseq Custom Panel
V2 (Qiagen, Santa Clarita, CA) consisting of 205 amplicons.31

In patients screened within the NOWEL network (a33 to
a36), sequencing was performed using the NEOPlus
hybrid-capture–based approach (NEO New Oncology,
Cologne, Germany). Samples of patients from the Neth-
erlands Cancer Institute (b44 to b56) were analyzed on
a MiSeq benchtop sequencer (Illumina) using the TruSeq
Amplicon Cancer Panel v1.0 (Illumina). For patients in
which MPS was not feasible, EGFR status was determined
by Sanger sequencing or digital droplet polymerase chain
reaction. The molecular analyses performed in each
sample are available in the Data Supplement.

Determination of Copy Number Variations and Small-Cell

Lung Cancer Transformation

MET copy number variation (CNV) analysis was performed
by fluorescence in situ hybridization using the ZytoLight
SPEC MET/CEN7 Dual Color Probe (ZytoVision, Bre-
merhaven, Germany).20 Samples were classified as MET-
amplified if fulfilling the criteria for high-level amplification
established by Schildhaus et al20 (ie, MET/CEN7 ratio
greater than or equal to 2.0 or an average MET gene copy
number [GCN] per cell of greater than or equal to 6.0).23 All
other tumors were classified as MET wild type (WT).

ERBB2 CNV status was determined using the ZytoLight
SPEC ERBB2/CEP17 Dual Color Probe (ZytoVision) or the
INFORM HER2 Dual ISH DNA Probe (Ventana, Tucson,
AZ).17 Amplification of ERBB2 was positive if the ERBB2/
CEP17 ratio was greater than or equal to 2.0 or the average
ERBB2GCN per cell was greater than or equal to 6.0. In the
post-treatment samples (cohort C) of b41 to b56, MET and
ERBB2 status was assessed by fluorescence in situ hy-
bridization or chromogen in situ hybridization only if CNVs
were detected by MPS.

Small-cell lung cancer transformation was assessed using
microscopy by experienced pathologists. Transformation was
defined by the occurrence of small-cell lung cancer histology.

Statistical Analyses

RR was defined as the percentage of complete remissions
and PR as best response. Progression-free survival (PFS)
indicated the time from treatment start until PD or death.
Overall survival (OS) was defined as the time from first
diagnosis until death. Time-to-event end points were an-
alyzed using the Kaplan-Meier estimator. Qualitative vari-
ables were summarized by count and percentage;
quantitative variables were summarized by mean, median,
and range. Differences in time-to-event distribution were
evaluated by the log-rank test, and statistical association
between any two categorical variables was assessed by
Fisher’s exact test; 95% CIs for proportions were calculated
using the Clopper-Pearson (binominal) formula. P values
less than or equal to .05 were considered statistically
significant. The frequencies of the genetic changes were
calculated on the basis of the number of patients screened
for each aberration. Calculations were performed in Excel
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TABLE 1. Summary of Efficacy Analyses by Genetic Alterations and Background of Patients in Cohort B (n = 56)

Genetic Alteration/Patient
Characteristic No. (%)

OS PFS RR

OS, months
(95% CI) P

PFS, months
(95% CI) P

RR, %
(95% CI) P

All patients 56 (100) 54.0 (46.0 to 61.9) 8.0 (6.9 to 9.1) 60.7 (46.8 to 73.5)

Baseline EGFR status

Del19 (1) 41 (73.2) 54.7 (8.6 to 100.8) 1 v 2: .91 8.2 (5.9 to 10.4) 1 v 2: .096 68.3 (51.9 to 81.9) 1 v 2: .117

L858R (2) 14 (25) 54.0 (45.6 to 62.4) 6.8 (3.7 to 9.9) 42.9 (17.7 to 71.1)

Other (3) 1 (1.8) 16 (-) 4.2 (-) 0.0 (0.0 to 97.5)

TP53 status

WT 27 (52.9) 55.3 (48.9 to 61.7) .307 8.1 (6.5 to 9.7) .354 70.4 (49.8 to 86.3) .261

Mutation 24 (47.1) 47.0 (27.2 to 66.8) 7.3 (1.3 to 13.3) 54.2 (32.8 to 74.5)

MET status

WT 43 (91.5) 55.3 (43.1 to 67.5) , .001 8.0 (6.9 to 9.1) , .001 62.8 (46.7 to 77.0) .027

Amplification 4 (8.5) 16.0 (8.8 to 23.5) 1.0 (0.3 to 1.7) 0.0 (0.0 to 60.2)

ERBB2 status

WT 40 (93.0) 56.6 (41.9 to 71.2) .825 8.0 (6.7 to 9.3) .933 62.5 (45.8 to 77.3) .552

Amplification 3 (7.0) 26.6 (9.6 to 43.6) 4.2 (0.4 to 8.0) 33.3 (0.8 to 90.6)

CTNNB1 status

WT 48 (94.1) 54.0 (47.5 to 60.5) 8.0 (5.8 to 10.2) .271 62.5 (47.4 to 76.1) .691

Mutation 3 (5.9) All patients censored 14.7 (2.9 to 26.5) 66.7 (9.4 to 99.2)

PTEN status

WT 49 (96.1) 54.7 (48.4 to 61.0) .475 8.0 (6.4 to 9.6) .64 63.3 (48.3 to 76.6) .611

Mutation 2 (3.9) 13.2 (-) 1.8 (-) 50.0 (1.3 to 98.7)

PIK3CA status

WT 49 (96.1) 54.7 (48.2 to 61.1) .906 8.0 (6.2 to 9.8) .327 61.2 (46.2 to 74.8) .389

Mutation 2 (3.9) 27.9 (-) 4.3 (-) 100 (15.8 to 100.0)

Sex

Female 37 (66.1) 55.3 (45.7 to 64.9) .356 8.0 (6.9 to 9.1) .953 59.5 (42.1 to 75.3) .511

Male 19 (33.9) 44.8 (31.7 to 57.9) 7.3 (1.6 to 13.0) 63.2 (38.4 to 83.7)

Stage at diagnosis

I 1 (1.8) 54.7 (-) .650 6.8 (-) .807 100 (2.5 to 100.0) .226

II 2 (3.6) 49.3 (-) 9.0 (-) 100 (15.8 to 100.0)

III 3 (5.4) 72.7 (-) 8.2 (8.0 to 8.4) 100 (29.2 to 100.0)

IV 50 (89.3) 51.0 (35.4 to 66.6) 7.3 (6.8 to 9.1) 56.0 (41.3 to 70.0)

Smoking status

Never 43 (78.2) 54.0 (46.3 to 61.7) .650 8.2 (6.3 to 10.1) .126 67.4 (51.5 to 80.9) .100

Ever 12 (21.8) 104.0 (0.0 to 212.9) 4.8 (3.7 to 8.0) 41.7 (15.2 to 72.3)

EGFR TKI

Osimertinib (1) 37 (66.1) 54.0 (38.1 to 69.9) All: .247 8.1 (6.2 to 14.7) All: .04 73.0 (55.9 to 86.2) All: .006

Rociletinib (2) 8 (14.3) 30.4 (-) 3.7 (0 to 7.9) 1 vs 3: .669 12.5 (0.3 to 52.7) 1 v 3: .283

Nazartinib (3) 11 (19.6) 62.3 (43.0 to 81.6) 9.2 (7.0 to 11.4) 54.5 (23.4 to 83.3)

No. of prior EGFR TKIs

1 40 (71.4) 49.3 (40.7 to 57.9) .049 8.0 (6.9 to 9.1) .959 57.5 (40.9 to 73.0) .55

≥ 2 16 (28.6) 76.4 (23.2 to 129.6) 4.8 (0.0 to 10.1) 68.8 (41.3 to 89.0)

Abbreviations: EGFR, epidermal growth factor receptor; ERBB2, human epidermal growth factor receptor 2 gene;MET, mesenchymal-epithelial transition
factor; OS, overall survival; PFS, progression-free survival; RR, response rate; TKI, tyrosine kinase inhibitor; WT, wild type.
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(Microsoft, Redmond, WA) and SPSS Statistics version 24
(SPSS, Chicago, IL).

RESULTS

Clinical and Molecular Characteristics of Patients With

p.T790M-Positive AR to Early-Generation EGFR TKI

Therapy (cohort A) and Impact on Outcome of

Third-Generation EGFR TKI Treatment (cohort B)

The molecular characteristics of cohort A (n = 124) and the
impact on OS are illustrated in the Data Supplement. A total of
56 patients (45%) from cohort A fulfilled the selection criteria

for cohort B and showed the clinical characteristics outlined
in the Data Supplement. Patients received third-generation
EGFR TKI treatment with osimertinib (n = 37; 66.1%),
nazartinib (n = 11; 19.6%), and rociletinib (n = 8; 14.3%).

The RR in the overall population was 61% (95% CI, 46.8%
to 73.5%), and median PFS was 8.0 months (95% CI, 6.9
to 9.1 months; Table 1). Efficacy of osimertinib and naz-
artinib treatment was not significantly different. One PRwas
confirmed while the patient was taking rociletinib, and RR
was 12.5% (95% CI, 0.3% to 52.7%). Median PFS with
rociletinib was 3.7 months (95% CI, 0.0 to 7.9 months).
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Initial tumor stage, gender, smoking status, and the
number of prior EGFR TKIs had no significant impact on
treatment outcomes (Table 1). A map of molecular aber-
rations found in patients from cohort B is displayed in
Figure 2 (Data Supplement). OS (47.0months; 95%CI, 27.2
to 66.8 v 55.3 months; 95% CI, 48.9 to 61.7 months; P =
.307), PFS (7.3 months; 95% CI, 1.3 to 13.3 v 8.1 months;
95%CI, 6.5 to 9.7months; P = .354), and RR (54.2%; 95%
CI, 32.8% to 74.5% v. 70.4%; 95% CI, 49.8% to 86.3%;
P = .261) were not significantly different in patients with
TP53 mutations compared with patients with TP53 WT
(Table 1). Only one of three (33.3%) ERBB2-amplified
patients responded to treatment (P = .552). PFS and OS
were 4.2 months (95% CI, 0.4 to 8.0 months) and 26.6
months (95% CI, 9.6 to 43.6 months) for ERBB2-amplified
patients compared with 8.0 months (95% CI, 6.7 to 9.3
months; P = .933) and 56.6 months (95% CI, 41.9 to 71.2
months; P = .825) in patients with ERBB2 WT (Table 1).
Similarly, in patients with mutations in PTEN and PIK3CA,
OS, PFS, and RR were nonsignificantly reduced (Table 1).

The RR in patients withMET amplifications (n = 4; 9%) was
0% (PD rate, 100%) compared with 62.8% in patients with
no MET amplification (P = .027; Table 1; Fig 3; Data
Supplement). Similarly, PFS (1.0 month; 95% CI, 0.3 to
1.7 v 8.0 months; 95% CI, 6.9 to 9.1 months; P , .001)
and OS (16.0 months; 95% CI, 8.8 to 23.5 v 55.3 months;
95% CI, 43.1 to 67.5 months; P , .001) were significantly
shorter in MET-amplified patients (Table 1; Fig 3).

Mechanisms of AR to Third-Generation EGFR TKI Therapy

(cohort C)

In total, 44 patients (79%) in cohort B had disease pro-
gression, and tumor samples were available from 29 pa-
tients (52%; cohort C; Figs 1 and 2). The results of the
molecular analyses were matched with pretreatment
samples and one earlier sample, if possible, to distinguish
between passenger and acquired aberrations. The calcu-
lation of the frequency of changes in a gene compared with
the pretreatment sample was performed in matched
samples only (Fig 2; Data Supplement). The overall
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percentage of samples in which we detected acquired
changes in the molecular pattern was 89% (n = 23). Loss of
EGFR p.T790M was by far the most common molecular
change (n = 13 of 29; 45%). Isolated loss of p.T790M
without any other genetic change was detected in four
samples (n = 4 of 26; 15%). However, we found small-cell
lung cancer transformation in one sample (4%), which
showed loss of p.T790M. Acquisition of high-level MET
amplification was detected in seven samples (n = 7 of 25;
29%), and the mean MET copy number increased sig-
nificantly between pretreatment and post-treatment bi-
opsies (GCN mean, 2.8 v 6.3; two-tailed, pairwise t test P =
.02; Data Supplement). The third most common genetic
changes in cohort C were acquisition of EGFR p.C797S (n = 3

of 29; 10%), of which two were in cis and one in trans
position, and loss of p.T790M with acquisition of p.G724S
(n = 3 of 28; 11%). Amplification of ERBB2was observed in
two samples (7%) and occurred together with MET am-
plification. Both patients were MET and ERBB2 WT in
pretreatment samples and had a long PFS of 15.1 and 19.7
months, respectively. Common KRAS mutations were de-
tected in two samples (7%)—KRAS p.G12S and p.G12C.
The KRAS p.G12C mutation involved the change of two
consecutive nucleotides c.33_34delinsCT on the same
allele, with an allelic fraction of 2.7%. Both patients are
illustrated in Figure 4. Acquired mutations in BRAF
(p.V600E), TP53 (p.E180*), and PTEN (p.S229*) were
detected in one sample each (4%).Mutations inPIK3CA and
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FIG 4. (A) Timeline showing the
course of treatment of a female
patient diagnosed with stage IV at
51 years of age. After treatment
with gefitinib (gefi), platinum-
doublet chemotherapy (chemo),
and afatinib, the patient received
osimertinib (osi; progression-free
survival, 7.3 months). A pro-
gressive paraesophageal lesion
was biopsied and revealed a KRAS
p.G12S mutation and loss of
p.T790M. The patient received lo-
cal radiotherapy and died approx-
imately 1.5 months later. (B)
Timeline showing the course of
treatment of a 76-year-old female
patient initially diagnosed at stage
II. Treatment with erlotinib was
initiated once an epidermal growth
factor receptor (EGFR) del19 was
detected at recurrence of the dis-
ease. At progression, a p.T790M
mutation was detected, and treat-
ment with nazartinib was started,
resulting in a good partial response.
At progression, another biopsy at
the spot indicated by the yellow
arrow was collected, revealing
a KRAS p.G12C mutation. (C)
Analysis of the KRAS p.G12C mu-
tation by Sanger sequencing.
Electropherogram of the reverse
sequencing reaction showing the
nucleotide change c.33_34delinsCT.
(D) Detection of the KRAS p.G12C
mutation by massively parallel se-
quencing. The nucleotide change
c.33_34delinsCT is visualized by
the integrative genomics viewer. FU,
follow-up; PD, progressive disease.

Resistance to Third-Generation EGFR TKIs in NSCLC

JCO Precision Oncology 7



Time (months)

100

75

50

25

60 12 18 24

Pr
og

re
ss

io
n-

Fr
ee

 S
ur

vi
va

l (
%

)

7 6 3 1 0

5 3 1 1 0

I

No. at risk

II

11 6 2 2 0III

6 3 2 1 0IV

B

IV
III
II
I

7 2 2 1 0

5 2 1 0 0

I

No. at risk

II

11 2 1 2 0III

6 3 3 1 0IV

Time (months)

100

75

50

25

60 12 18 24

Ov
er

al
l S

ur
vi

va
l A

fte
r P

D 
(%

) 

C

IV
III
II
I

A
Freq
(%)

Best response
EGFR TKI

Baseline
T790M
G724S
C797S

TP53
CTNNB1

PTEN
PIK3CA

KRAS
BRAF

MET
ERBB2

SCLC

-45
+4
+10

+4
0
+4
0
+8
+4

+29
+4

+4

PR Osimertinib Del19 WT

SD Rociletinib L858R Missense/nonsense

PD EGF816 Other Amplified

Not done Changes found No changes found

All (n = 29; 100%)

Cohort C (n = 29)

II*

EGFR

SNV/
INDEL

CNV

55
11
10

54
11
7
4
7
4

27
7

4

89

III

(n = 11; 38%)

IV

(n = 6; 21%)

I

(n = 7; 24%) Matched (%)

FIG 5. (A) Map of genetic aberrations detected by sequencing (single nucleotide variant [SNV] and insertion/deletions [INDELs]) and copy
number variation (CNV) analyses in biopsy specimens collected after treatment with a third-generation epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor (TKI; cohort C; n = 29). Patients were clustered in four groups: (I) changes outside of EGFR only, (II)
changes in EGFR and outside of EGFR, (III) changes in EGFR only, and (IV) no changes found. The change in the frequency of specific
aberrations during the course of treatment in matched samples is indicated in the lower block on the far right (Matched Δ). Half boxes
indicate incomplete molecular work-up. (B) Progression-free survival of patients by cluster. Median progression-free survival (95% CI): I,
9.6 months (6.7 to 12.6 months); II, 7.3 (3.7 to 11.0 months); III, 8.2 (6.5 to 9.9 months); and IV, 4.8 (0.0 to 9.6 months). Levels of

Michels et al

8 © 2019 by American Society of Clinical Oncology



CTNNB1 were already present in pretreatment samples in
patients where matched samples were available and were
considered as passenger mutations.

Genetic Clustering of ARMechanisms to Third-Generation

EGFR TKIs and Impact on Third-Generation EGFR TKI

Efficacy (cohort C)

Occurrence of multiple mechanisms of AR followed a dis-
tinctive pattern (Fig 5A). Changes in EGFR, such as loss of
p.T790M and acquisition of p.C797S, were mutually ex-
clusive. Except for one patient, CNV in MET and/or ERBB2
did not occur together with p.C797S or loss of p.T790M. In
the samples with newBRAF and TP53mutations, as well as
in one of the patients with KRAS-mutant disease, p.T790M
was lost. ERBB2 amplifications were all found in samples
that also harbored amplifications of MET.

We therefore clustered the patients in four groups: (I)
changes outside of EGFR only, (II) changes in EGFR and
outside of EGFR, (III) changes in EGFR only, and (IV) no
changes found (Fig 5A). Seven patients (24%) belonged to
cluster I, and 11 belonged to cluster III (38%). Five patients
(17%) had changes in and off the target at the same time
(cluster II). No changes were found in six patients (21%;
cluster IV). In patients treated with osimertinib, a larger
fraction belonged to cluster III than cluster I or II (n = 10; 47.
6% for III v n = 5; 23.8% for I and II). In patients treated with
rociletinib, this trend was inversed (changes in EGFR, n = 0;
0% v no changes found, n = 4; 100%). Of the four patients
treated with nazartinib, two (50%) displayed changes
outside of EGFR. In one patient (25%), changes in EGFR
were found. No changes were found in another patient
(25%). The statistical significance for a cross table stratified
by cluster and type of EGFR TKI was P = .002 (Fisher’s
exact test). Differences in PFS by cluster were not statis-
tically significant (Fig 5B). Similarly, OS after PD was also
not significantly different between the clusters (Fig 5C).
Overall response rate (ORR) was 71.4% (n = 5) for pa-
tients in cluster I, 100% (n = 5) in cluster II, 72.2% (n = 8)
in cluster III, and 16.7% (n = 1) in cluster IV (Fisher’s
exact test for comparison of all clusters, P = .022).

Nine patients (31%) received a treatment trying to match
the targets identified in the molecular analysis. Median
duration of treatment was 1.8 months (95% CI, 0.3 to 3.3
months) for targeted approaches versus 2.6 months (95%
CI, 0.0 to 5.2 months) for chemotherapy (n = 4; P = .891;
Data Supplement).

DISCUSSION

Tumor heterogeneity turns out to be one of the key
mechanisms underlying resistance to EGFR-targeted

therapies.17-19,21-28 In this study, we analyzed pretreatment
and post-treatment biopsy samples and clinical features
of patients with NSCLC treated with third-generation EGFR
inhibitors to assess determinants of IR and AR.

Our first analysis revealed a high genomic heterogeneity in
patients with p.T790M-positive resistance to early-
generation EGFR inhibitors. Some of these aberrations,
for example, amplifications ofMET, are known to cause AR
to any EGFR TKI.17-19 The role of others, such as TP53,
PTEN, PIK3CA, and CTNNB1, however, is still not well
characterized.

We therefore sought to determine the effect of these aber-
rations on third-generation EGFR TKI treatment outcomes.
Overall efficacy and OS were similar in patients treated with
osimertinib and nazartinib and in concordance with the data
reported so far. However, patients treated with rociletinib had
a worse outcome than reported previously, which may be
caused by the low patient number. Several groups have
reported on an association of TP53mutations and shorter OS
in patients with EGFR-mutant NSCLC. However, most of
these reports were not statistically significant, and similarly,
OS, RR, and PFS were only numerically reduced in patients
with TP53 mutations in our study.32-38 Patient numbers with
aberrations in PTEN, PIK3CA, and ERBB2were low, and the
differences in treatment efficacy were not statistically sig-
nificant. However, preclinical models and reports on small
patient series suggest a negative impact of these aberrations
on EGFR TKI therapy.7,17,19,39,40 In contrast, survival and
treatment efficacy were dramatically impaired in patients
with MET-amplified tumors, putting MET in the front line of
potential mechanisms of IR.

To define mechanisms of AR to third-generation EGFR
TKIs, we analyzed post-treatment biopsies of 29 patients
(cohort C) and found that loss of p.T790M was by far the
most frequent genetic change. However, only a small
fraction of patients had an isolated loss of p.T790M. It is
likely that other genetic changes that we did not detect with
our analysis may contribute to AR in these patients with
a loss of p.T790M and no other genetic change.23 The
acquisition of p.C797S was detected in three patients, and
several studies have confirmed the resistance-mediating
effect of this substitution to osimertinib treatment.23,41 In
addition, we found the secondary EGFRmutation p.G724S
in three samples. In contrast to p.C797S, p.G724S was also
in part detected in the samples collected at progression to
early-generation EGFR TKIs.29,42 However, after failure of
third-generation EGFR TKI treatment, p.G724S was always
co-occurring with loss of p.T790M, suggesting the
treatment-induced selection of this mutation. Acquisition of

FIG 5. (Continued). statistical significance for comparison of clusters were P. .1. (C) Overall survival by cluster from progressive disease
(PD) on third-generation EGFR inhibitor treatment until death. Median overall survival (95% CI): I, 5 months (2.1 to 8.0 months); II, 8 (2.3
to 13.7 months); III, 3.3 (2.3 to 4.4 months); and IV, 1.7 (0.0 to 15.6 months). Levels of statistical significance for comparison of clusters
were P. .1. ERBB2, human epidermal growth factor receptor 2 gene; freq, frequencies; MET, mesenchymal-epithelial transition factor;
PR, partial response; SCLC, small-cell lung cancer; SD, stable disease; WT, wild type. (*) n = 5; 17%.
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MET amplification was the second most frequent event
associated with AR to third-generation EGFR inhibition, and
similar frequencies have been described in the literature.19,23

The high prevalence of MET amplification in IR and AR
points out the crucial role of MET in EGFR inhibitor re-
sistance. Interestingly, amplifications of MET and ERBB2
occurred together in two patients. It is unclear whether this
reflects the existence of two independent tumor clones or
whether both aberrations are acquired in the same clone
and how they influence therapy outcome. We also found
acquired mutations in KRAS in two patients and a BRAF
p.V600E mutation in one patient. Activation of the MEK/
extracellular regulated kinase pathway through KRAS
mutations as an escape mechanism and efficacy of the
combined EGFR and MEK inhibition was reported pre-
viously.17,26,27 Thus, taken together, treatment of EGFR-
mutant NSCLC with TKIs targeting EGFR as well as MET
and MEK may delay the development of AR and prevent IR
in selected patients.

By clustering the genetic findings at AR into four groups—
mechanism of resistance off target (I), on target (III), or in
both (II), and no changes detected (IV)—we found a dis-
tinct molecular pattern depending on the EGFR TKI ap-
plied. Changes in EGFR were almost exclusively found in
patients treated with osimertinib. In contrast, no patient

treated with rociletinib displayed changes in EGFR, and
other studies have confirmed the absence of secondary
EGFR mutations in patients with progression while taking
rociletinib.19,43 It is conceivable that this effect may be
caused by a lower selection pressure of rociletinib on cells
with on-target aberrations. We also found a statistically
significant association between cluster and ORR, because
patients in cluster IV had a markedly reduced ORR to third-
generation EGFR treatment. However, differences in PFS or
OS after PD were not significant.

In summary, our study first shows that molecular hetero-
geneity of p.T790M-mutant lung cancer with AR to early-
generation EGFR TKIs influences efficacy of third-
generation inhibitors. Our observations also show the
need to integrate information on co-occurring alterations in
the design of clinical trials, aiming at a more precise
identification of patients who benefit from combined tar-
geted treatment. Because osimertinib has been approved
for first-line treatment of EGFR-mutant NSCLC in many
countries, our analysis may be of relevance to a decreasing
subgroup. But mechanisms of resistance to first-line osi-
mertinib have not been well characterized, and it is con-
ceivable that recurrent mechanisms of resistance to EGFR
inhibition such as MET amplification, MET activation, and
EGFR p.C797S may also play a major role in this setting.
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21. Planchard D, Loriot Y, André F, et al: EGFR-independent mechanisms of acquired resistance to AZD9291 in EGFR T790M-positive NSCLC patients. Ann Oncol
26:2073-2078, 2015

22. Scheffler M, Merkelbach-Bruse S, Bos M, et al: Spatial tumor heterogeneity in lung cancer with acquired epidermal growth factor receptor-tyrosine kinase
inhibitor resistance: Targeting high-level MET-amplification and EGFR T790M mutation occurring at different sites in the same patient. J Thorac Oncol
10:e40-e43, 2015

23. Lin CC, Shih JY, Yu CJ, et al: Outcomes in patients with non-small-cell lung cancer and acquired Thr790Met mutation treated with osimertinib: A genomic study.
Lancet Respir Med 6:107-116, 2017

24. Blakely CM, Watkins TBK, Wu W, et al: Evolution and clinical impact of co-occurring genetic alterations in advanced-stage EGFR-mutant lung cancers. Nat
Genet 49:1693-1704, 2017

25. Yang Z, Yang N, Ou Q, et al: Investigating novel resistance mechanisms to third-generation EGFR tyrosine kinase inhibitor osimertinib in non-small cell lung
cancer patients. Clin Cancer Res 24:3097-3107, 2018

26. Eberlein CA, Stetson D, Markovets AA, et al: Acquired resistance to mutant-selective EGFR inhibitor AZD9291 is associated with increased dependence on RAS
signaling in preclinical models. Cancer Res 75:2489-2500, 2015

27. Ercan D, Xu C, Yanagita M, et al: Reactivation of ERK signaling causes resistance to EGFR kinase inhibitors. Cancer Discov 2:934-947, 2012

28. Tricker EM, Xu C, Uddin S, et al: Combined EGFR/MEK inhibition prevents the emergence of resistance in EGFR-mutant lung cancer. Cancer Discov
5:960-971, 2015

29. Reference deleted.

30. Eisenhauer EA, Therasse P, Bogaerts J, et al: New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur J Cancer
45:228-247, 2009

31. König K, Peifer M, Fassunke J, et al: Implementation of amplicon parallel sequencing leads to improvement of diagnosis and therapy of lung cancer patients.
J Thorac Oncol 10:1049-1057, 2015

32. Clinical Lung Cancer Genome Project (CLCGP), et al: A genomics-based classification of human lung tumors. Sci Transl Med 5:209ra153, 2013

33. Molina-Vila MA, Bertran-Alamillo J, Gascó A, et al: Nondisruptive p53 mutations are associated with shorter survival in patients with advanced non-small cell
lung cancer. Clin Cancer Res 20:4647-4659, 2014

34. Aisner DL, Sholl LM, Berry L, et al: The impact of smoking and TP53 mutations in lung adenocarcinoma patients with targetable mutations-the Lung Cancer
Mutation Consortium (LCMC2). Clin Cancer Res 24:1038-1047, 2018
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