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Background: Resistance to third-generation epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors
(TKIs) presents a major clinical challenge in advanced non-small cell lung cancer (NSCLC). Here, we report resis-
tance mechanisms to abivertinib, a novel third-generation EGFR TKI, from a phase I dose-escalation/expansion
study (NCT02330367).
Methods: Patients with EGFR T790M-positive advanced NSCLC and progression on prior EGFR TKIs received
abivertinib in dose escalation (50–350 mg twice daily [BID]) or expansion (300 mg BID) cohorts. Patients en-
rolled at Guangdong Lung Cancer Institute who underwent next-generation sequencing (NGS)-based genomic
profiling upon abivertinib progression (prior to October 30, 2018) were enrolled in this exploratory analysis.
Findings: Thirty of 73 patients enrolled were eligible for resistance analysis. Upon abivertinib progression, 27 pa-
tients provided plasma samples (six patients also provided paired samples from the progression sites) and three
patients only provided tissue samples from the progression sites for NGS. A heterogeneous landscape of resis-
tance to abivertinibwas observed: 15% (4/27) experienced EGFRT790M loss and 13% (4/30) developing EGFR ter-
tiary mutations including C797S. EGFR amplification was observed in 11 patients (37%), and considered a
putative resistance mechanism in seven (23%) patients. Other EGFR-independent resistance mechanisms in-
volved CDKN2A, MET, PIK3CA, HER2, TP53, Rb1 and small-cell lung cancer transformation.
Interpretation: Our findings reveal a heterogenous pattern of resistance mechanisms to abivertinib which is dis-
tinct from that previously reportedwith osimertinib. EGFR amplificationwas themost common resistancemech-
anism in this cohort.
Fund: The National Key R&D Program of China (Grant No. 2016YFC1303800), Key Lab System Project of Guang-
dong Science and Technology Department – Guangdong Provincial Key Lab of Translational Medicine in Lung
Cancer (Grant No. 2012A061400006/2017B030314120).

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Third-generation epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitors (TKIs) specifically targeting EGFR T790M and EGFR-
activating mutations have demonstrated impressive activity in patients
with EGFR T790M-positive non-small cell lung cancer (NSCLC)
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following acquired resistance to prior EGFR TKIs [1,2]. Unfortunately, re-
sistance to third-generation EGFR TKIs also inevitably occurs. Resistance
mechanisms to osimertinib and rociletinib have been shown to be het-
erogenous and involve multiple genes such as EGFR,MET, PIK3CA, HER2,
KRAS, RB1, BRAF and histologic transformation [3–10]. In addition, the
predominant resistance mechanisms to osimertinib and rociletinib ap-
pear to differ. EGFR C797S mutation, a frequent resistance mechanism
to osimertinib [4–7], occurs infrequently (~3%–5%) in patients who
progress on rociletinib [9,10]. However, despite available information
on resistance mechanisms, clinical strategies to overcome resistance to
these third-generation EGFR TKIs inhibitors remains largely unknown.
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Research in context

Evidence before this study

Before preparing this manuscript, we searched PubMed for stud-
ies investigating resistance mechanisms to the third-generation
EGFR TKIs. The following search terms were used: “osimertinib”
OR “AZD9291” OR “rociletinib” OR “CO-1686” OR “EGF-816”
OR “AC0010” OR “avitinib” OR “abivertinib” OR “olumitinib” OR
“HM61713” OR “ASP8273” AND “*small cell lung cancer” OR
“NSCLC” (published in English language between January 1,
2013 and November 15, 2018). We identified reports of resis-
tance mechanisms to osimertinib and rociletinib involving 346 pa-
tients and 55 patients, respectively. Together, these reports
suggested a heterogenous resistance landscape for both agents
involving multiple genes such as EGFR, MET, PIK3CA, BRAF,
HER2, ROS1, RET, KRAS and histologic transformation. A limited
number of studies were also identified which reported resistance
mechanisms for abivertinib (one case series involving 16 pa-
tients), HM61713 (one case study involving one patient) and
ASP8273 (two case studies involving two patients), and did not
provide conclusive findings.

Added value of this study

This exploratory analysis involved 30 patients with EGFR T790M-
positive advanced NSCLC and disease progression on abivertinib,
a third-generation EGFR TKI, in a phase I dose-escalation/
expansion study. To our knowledge, this study provides the larg-
est cohort of resistance data for abivertinib, with comprehensive
genomic profiling performed by a Clinical Laboratory Improvement
Amendments (CLIA)-certified next-generation sequencing centre.
We observed a heterogenous resistance landscape for abivertinib
involving multiple genes such as EGFR, MET, TP53, RB1, HER2,
PIK3CA and CDKN2A, as well as histologic transformation.
EGFR tertiary mutations including C797S were also observed
upon abivertinib resistance, which have not been reported previ-
ously. We also provide the first report of differences between
abivertinib and osimertinib in terms of predominant resistance
mechanisms and EGFR T790M status post-treatment.

Implications of all the available evidence

Our study indicates that the resistance pattern to abivertinib
appears to be unique. This observation underscores the need to
further evaluate resistance mechanisms associated with each
third-generation EGFR TKI and suggests a potential of rational se-
quence with different third-generation EGFR TKIs based on the
distinct resistance profiles. Importantly, our findings indicate the
need for EGFR amplification to be evaluated upon abivertinib resis-
tance. Future studies are needed to investigate potential strate-
gies to overcome resistance to abivertinib by combination
treatments targeting specific resistance mechanisms.
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To date, limited case reports have indicated the feasibility of treating pa-
tients with resistance to osimertinib mediated by EGFR C797S [11,12],
MET amplification [13,14], ROS1 fusion [15], RET fusion [16].

Abivertinib is a pyrrolopyrimidine-based, irreversible, EGFR TKI,
structurally distinct from pyrimidine-based osimertinib and rociletinib
[17]. Abivertinib selectively inhibits EGFR-activating and T790M muta-
tions and has demonstrated promising efficacy and good tolerability in
phase I/II studies, conducted in EGFR T790M-positive patients who
progressed on prior first- or second-generation EGFR TKIs [2,18]. In a
phase I dose escalation/expansion study, recommended phase II dose
(RP2D) of abivertinib was determined at 300 mg BID based on a me-
dian progression-free survival of 6·9 months and objective response
rate of 40% in EGFR T790M-positive patients progressed from prior
EGFR TKIs (data not published). While the heterogeneity and specific-
ity of the resistance landscapes reported for osimertinib and
rociletinib underscores the need to elucidate resistance mechanisms
of other third-generation EGFR TKIs, resistance to abivertinib is poorly
elucidated. Initial findings from a small cohort of patients indicated
potential resistance mechanisms for abivertinib may include BRAF
V600E mutation (1/16 patients), ROS1 fusion (1/16), MET amplifica-
tion (1/16) and HER2 amplification (2/16), with no EGFR C797S muta-
tion detected [2].

To investigate resistance mechanisms to this novel third-generation
EGFR TKI, we performed next-generation sequencing (NGS)-based ge-
nomic profiling of patients who enrolled at the Guangdong Lung Cancer
Institute in a phase I dose escalation/expansion study of abivertinib and
experienced progression.
2. Materials and methods

2.1. Patient enrolment and sample collection

Patients with EGFR T790M-positive NSCLC (based on central labora-
tory testing of tumour biopsies following disease progression on first- or
second-generation EGFR TKIs) received oral abivertinib, administered
in 28-day cycles in escalating dose cohorts (50, 100, 150, 200, 250,
300 and 350 mg BID) or 300 mg BID in an expansion cohort in a phase
I trial (NCT02330367). The compound structure of abivertinib has
been reported by Xu et al. [17] Patients enrolled at Guangdong Lung
Cancer Institute who provided plasma and/or samples from the pro-
gression sites upon disease progression (PD) with abivertinib were in-
cluded in this exploratory analysis of potential mechanisms of
resistance to abivertinib. For patients who provided plasma samples,
their paired peripheral white blood cells were also collected. As a pre-
planned exploratory analysis, longitudinal plasma samples were also
obtained from a subgroup of patients at each radiographic evaluation
timepoint (baseline, month 1 and every 2 months thereafter until PD
or until end of abivertinib treatment for patients who continued
abivertinib beyond PD). This studywas approved by the ethics commit-
tee at Guangdong Provincial People's Hospital, and all patients provided
written, informed consent. The study adhered to the principles of Decla-
ration of Helsinki and the Good Clinical Practice guidelines.
2.2. Genomic analysis

NGS was performed by a Clinical Laboratory Improvement Amend-
ments (CLIA)-certified testing centre (Burning Rock Biotech, Guang-
zhou, China). Samples provided by all patients upon abivertinib PD
and available pre-treatment samples were analysed using panels of
295 or 168 cancer-related genes (Burning Rock Biotech, Guangzhou,
China). For patients who provided longitudinal plasma samples, we
tested samples obtained at both RECIST and clinical PD. For plasma
genotyping, NGS of peripheral white blood cells was also performed to
avoid false positive plasma genotyping due to clonal haematopoiesis.
Sequencing data were mapped using Burrows-Wheeler aligner 0.7.10
(average sequencing depth of 10,000×). Local alignment optimization,
variant calling and annotation (minimum loci depth of 100) were per-
formed using GATK 3·2, MuTect (Broad Institute, Cambridge, MA,
USA) and VarScan (Genome Institute, Washington University, USA)
software. A full description of genomic analysis procedures is provided
in the Appendix.



Table 1
Clinical characteristics of patients.

Patients included in the resistance
analysis (n = 30)

Gender, n (%)
Men 11 (37)
Women 19 (63)

Age (years) 54 (34–71)
Histological type, n (%)

Adenocarcinoma 28 (93)
Squamous-cell carcinoma 2 (7)

Prior lines of treatment, median (range) 2 (1–5)
Prior history of CNS metastases, n (%)

Yes 11 (37)
No 19 (63)

EGFR-activating mutation, n (%)
Exon 19 deletion 21 (70)
Exon 21L858R mutation 8 (27)
Undetecteda 1 (3)

EGFR T790M status, n (%)
Positive 30 (100)
Negative 0

Abivertinib dose, n (%)
100 mg–350 mg, BID (effective dose) 29 (97)
50 mg, BID 1 (3)

NGS sample type upon abivertinib PD, n (%)
Plasma only 21 (70)
Plasma and tissue 4 (13)
Plasma and CSF 2 (7)
Tissue only 3 (10)

CNS, central nervous system.
a Tissue biopsy obtained upon progression with gefitinib showed EGFR T790M muta-

tion, only (no EGFR-activating mutation).
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2.3. FISH analysis of EGFR gene copy number

For patients with EGFR amplification identified by NGS, EGFR gene
copy number were further analysed by fluorescence in situ hybridiza-
tion (FISH) in available tumour tissue as previously described using
Vysis LSI EGFR/CEP7 FISH Probe (Abbott) [19]. EGFR gene amplification
was defined as gene-to-chromosome ratio ≥2 or presence of gene clus-
ter or ≥15 gene copies in ≥10%of the cells, according to the Colorado sys-
tem [19,20]. Two observers independently scored a minimum of 50
tumour cells. All FISH analyses were performed in a blinded fashion
without access to patients' clinical information or treatment outcome.

2.4. Statistical analysis

Duration of abivertinib treatment (time from thefirst to the last dose
of abivertinib) was calculated using Kaplan-Meier analysis. Log-rank
test was used to compare subgroups. Statistical analysis was performed
using R software.

3. Results

3.1. Clinical and pathological characteristics of patients enrolled

Seventy-three patients were enrolled in the phase I dose-escalation
and expansion study of abivertinib at Guangdong Lung Cancer Institute.
Of the 57 patients who developed PD by October 30, 2018, samples
were obtained at progression and underwent NGS in 32 individuals.
Two patients with CSF NGS only were excluded and 30 were included
in this analysis (Fig. 1). At the time of abivertinib progression, twenty-
seven (90%) patients underwent plasma NGS including 21 (70%) with
single plasma NGS, four (13%) with paired plasma/tissue NGS and two
(7%) with paired plasma/CSF NGS (Table 1). Three (10%) patients had
NGS of tissue biopsies from the progression sites only. Further details
of the patients' characteristics and sample types provided are in Supple-
mentary Table S1.

The clinicopathological features of the 30 patients are summarized
in Table 1. Patients had received a median (range) of 2 (1–5) lines of
treatment prior to abivertinib and 37% had a prior history of central ner-
vous systemmetastases. All patients were positive for EGFR T790Mmu-
tation in tumour tissues obtained prior to abivertinib treatment.
Twenty-one patients were EGFR 19 deletion-positive, eight were EGFR
21 L858R mutation-positive and in one patient only EGFR T790M
42 samplesa obtained at PD from 30 patients to 
analyse abivertinib resistance landscape 

23 patients provided serial plasma samplesb to 
characterise pre-existing and acquired resistance 

mechanisms

73 EGFR T790M+ patients enrolled in phase I dose-
finding and expansion study of abivertinib at 

Guangdong Lung Cancer Institute

32 had PD samples underwent NGS

57 developed PD by October 30, 2018

Fig. 1. Study profile. aAll 30 patients provided samples upon abivertinib progression. Of these pa
patients had samples from the progression site and paired plasma. Therefore, a total of 42 sa
abivertinib treatment) and at each radiologic evaluation until PD and beyond PD (if treatm
progressive disease; SAE, serious adverse events.
mutation (without EGFR-activating mutation) was detected prior to
abivertinib.

Abivertinib was started at 50 mg BID in one patient, 100 mg BID in
five, 150 mg BID in five, 200 mg BID in five, 250 mg BID in seven,
300 mg BID in six, 350 mg BID in one, respectively (Supplementary
Table S1). According to the previous report on this phase I study, the ef-
fective doses of abivertinib ranged from 100 to 350 mg BID [18].
Twenty-nine (97%) patients in the current cohort received doses of
abivertinib within the effective range and one (3%) patient received a
lower dose of abivertinib. Best responses to abivertinib of partial
16 excluded:
• 8 withdrew from study (5 SAE, 2 symptom 

deterioration, 1 withdrew consent)
• 2 died due to PD prior to cycle 1 CT evaluation
• 6 study treatment ongoing

25 excluded:
• 15 had no available sample at PD
• 10 had insufficient sample at PD for NGS analysis

2 excluded due to CSF sample only 

tients, six had plasma samples obtained at both RECIST PD and clinical PD, and another six
mples were obtained. bSerial plasma samples were collected at study baseline (prior to
ent was continued). CT, computed tomography; NGS, next-generation sequencing; PD,



Table 2
Characteristics of patients with detected EGFR amplification.

Patient Sample
type

EGFR
activating
mutation

T790M
status

Pre-existing/acquired
EGFR amp

Other potential
concomitant
resistance
mechanisms

2 P 21L858R + Acquired −
9 P Del19 + Pre-existing AXL amp#
16 P Del19 + Pre-existing MET amp, EGFR

C797S
18 P Del19 + Acquired CDKN2A/2B del
20 P 21L858R + Pre-existing PIK3CA E545K &

SCLC
23 Ta & P Del19 + Pre-existing −
24 CSFa & P Del19 + Unknown CDKN2A del
26 T Del19 + Unknown EGFR L718V
28 Ta & P Del19 − Unknown MET amp
29 T Del19 + Acquired −
30 T & P Del19 + Acquired EGFR C797S#

21L858R, EGFR 21L858R mutation; CSF, cerebrospinal fluid; amp, amplification; Del19,
EGFR 19 deletion; P, plasma; T, tissue; AXL amp#, EGFR copy number gain was observed
upon RECIST disease progression, while AXL amp was detected upon clinical disease pro-
gressionwith further copy number gain of EGFR; EGFR C797S #, EGFR C797Smutationwas
detected only in plasma, while EGFR amp was detected in both tissue and plasma upon
abivertinib progression in P30.

a EGFR amp was identified in P23, P24, P28 by tissue or CSF, but not in plasma.
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response (PR), stable disease (SD) and PDwere achieved in 13 (43%), 14
(47%) and three (10%) patients, respectively. Median (range) duration
of abivertinib treatment was 4·9 (0·9–27·1) months. Thirteen patients
(43%) continued to receive abivertinib for N1 month beyond PD for a
median (range) of 3·5 (1·4–10·5) months.

3.2. EGFR T790M status upon abivertinib progression

Previous studies have suggested that only patients with EGFR acti-
vating mutations detectable upon osimertinib PD were eligible for
EGFR T790M status analysis [6,21]. By this criterion, 27 of the 30 patients
who had detectable EGFR-activating mutations upon abivertinib pro-
gression were eligible for EGFR T790M status analysis. While the re-
maining three were excluded for T790M status analysis due to no
EGFR activating mutations detected upon abivertinib progression.
EGFR T790M was preserved in 23 (85%) patients and lost in four (15%)
patients. Of the four patients with paired plasma and tissue samples
upon abivertinib progression, there was discrepancy in EGFR T790M
status between tissue and plasma in two individuals. In one patient,
EGFR T790Mwas found in tissue only, while it was found only in plasma
in the other patient (Fig. 2).

3.3. Heterogeneous resistance mechanisms to abivertinib

We observed a heterogeneous resistance landscape for abivertinib.
In these 30patients, recurrent alterations (alterations occurred in ≥2 pa-
tients) were observed in 22 genes, including EGFR, MET, CDKN2A,
PIK3CA, HER2, Rb1, and TP53, as shown in the heatmap (Fig. 2). Allelic
fraction and copy number information are available in Supplementary
Table S2.
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Fig. 2.Mutation spectrum upon disease progression with abivertinib. Each column represents
genomic alterations (≥2 patients) are shown. CN_amp, copy number amplification; CN_d
mutation; Multiple, paired plasma and tissue/cerebrospinal fluid obtained upon abivertinib p
with matched samples before abivertinib initiation and upon disease progression. “\” ind
progression, either plasma-negative but tissue-positive or vice versa. Carcinoma (histology
obtained upon progression (1 cerebrospinal fluid and 1 hydrothorax) but could not distinguish
was identified in 1 patient lung biopsy obtained upon abivertinib progression.
3.4. EGFR-dependent resistance mechanisms

We observed for the first time of abivertinib resistancemediated by
EGFR tertiarymutations in four (13%) patients upon abivertinib progres-
sion. EGFR C797S mutations were detected in three (10%) patients; all
EGFR T790M
EGFR del19
EGFR L858R
EGFR amp
EGFR C797S
EGFR L718V
MET
TP53
LRP1B
CDKN2A
MYC
NFKBIA
NKX2–1
IGF1R
PIK3CA
IKZF1
GRIN2A
ERBB2
NOTCH2
DOT1L
RB1
HGF
ARID1A
NF2
CTNNB1
SMAD4
PMS2

Synonymous
Missense
CN_del
CN_amp
Indel
Nonsense
Frameshift
Splice site

Alterations

Histology

Pre/Post-matched

Sample type

Adenocarcinoma
Small cell lung cancer
Carcinoma (histology not determined)
Without tumour evidence
Not performed

Plasma
Tissue
Multiple

Y
N

0 5 10 15 20

P
29

P
30

Alterations
by gene (n)

one patient. All detected alterations in EGFR are captured; for other genes, only recurrent
el, copy number deletion; EGFR DEL19, EGFR 19 deletion; EGFR L858R, EGFR 21L858R
rogression; Not performed, without pathological evaluation; Pre-/Post-matched, patients
icates inconsistent T790M status between paired plasma and tissue upon abivertinib
not determined), pathological evaluation identified tumour cells in 2 patient samples
specific histologic subtype due to limited sample. Without tumour evidence, no tumour
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occurred inciswithEGFRT790Mmutation.EGFRL718Vmutationwasde-
tected in one EGFR T790M-positive (3%) patient at disease progression.

In addition to EGFR tertiary mutations, EGFR amplification was ob-
served in 11 (37%) patients upon abivertinib progression (Table 2). Of
these patients, eight had matched pre- and post-treatment samples
for NGS analysis. EGFR amplification emerged post-abivertinib treat-
ment in four patients. While three patients harboured EGFR amplifica-
tion prior to treatment, EGFR copy number was elevated at PD.
Therefore, EGFR amplification was considered a putative resistance
mechanism for abivertinib in seven (23%) patients. The last patient
with matched pre- and post-treatment samples harboured EGFR ampli-
fication prior to the treatment without copy number gain post-
abivertinib treatment and showed evidence of small-cell lung cancer
transformation upon abivertinib progression. Consequently, EGFR am-
plification was not considered as putative resistance mechanism for
this patient. EGFR amplification was detected in three further patients
upon abivertinib progression.However, asmatched pre-treatment sam-
ples were not available, we were unable to determine whether EGFR
amplification served as a resistance mechanism in these individuals
(Fig. 3, Table 2).

Interestingly, concurrent resistance mechanisms were observed
in patients with EGFR amplification, including EGFR C797S mutation
(n = 2), MET amplification (n = 2), in one case this also co-occurred
with EGFR C797S mutation), EGFR L718V mutation (n = 1), CDKN2A
del (n=2), and AXL amplification (n=1) (Table 2). Data from patients
with matched pre- and post-treatment samples indicated EGFR amplifi-
cation may have functioned as a co-driver in three patients who devel-
oped other well-characterized resistance mechanisms. In one patient,
EGFR amplification was acquired post-abivertinib treatment and de-
tected both in plasma and tissue biopsy from the progression site,
while EGFR C797S mutation was only identified in plasma. In another
patient with EGFR amplification (copy number, CN = 5·87) and MET
amplification (CN= 2·73) in pre-treatment plasma, EGFR C797Smuta-
tionwas only detected at allelic fraction (AF) of 0·52% in post-treatment
PIK3

EGFR L718

Unknown (27%)

Fig. 3. Landscapeof potential resistancemechanisms to abivertinib. Amp, amplification; del, cop
in one patient was detected at a low allelic fraction (0·52%), co-occurredwithMET amplificatio
while NGS of both the plasma and tissue detected EGFR amplification upon abivertinib progres
observeduponRECISTdisease progression,whileAXL ampwas detectedupon clinical disease pr
MLH1 amp (n = 1), CD79A A32G mutation (n = 1) and HGF G396D mutation (n = 1). Unkno
plasma, while EGFR activating mutation was detected with an AF of
61·8% together with the copy number gain in EGFR (CN = 7·14) and
MET (CN = 4·34), suggesting that distinct clones may co-drive resis-
tance to abivertinib. In the third patient, EGFR amplification (CN =
2·65) was present prior to abivertinib treatment. This patient devel-
oped PD (enlarged brain metastasis) upon first radiological evaluation;
EGFR copy number gain (CN = 3·24) was observed. She continued
abivertinib after brain radiotherapy for a further 3·6 months and NGS
analysis of plasma at clinical PD showed further copy number gain in
EGFR (CN = 5·96) and a newly emerged AXL amplification (CN =
2·67). Paired FISH analysis of her pre-abivertinib and post-abivertinib
samples also demonstrated EGFR amplification (Supplementary Fig. S1).

3.5. EGFR-independent resistance mechanisms

Wealso observedmultiple bypass and downstreamalterations upon
abivertinib progression.MET amplification was detected in three (10%)
patients (one co-occurred with EGFR amplification, one co-occurred
with EGFR amplification and EGFRC797Smutation). Other copy number
variations mediating resistance in this category included HER2 amplifi-
cation and AXL amplification, each in one (3%) patient. Mutations in
downstream pathway were also detected, including PIK3CA hotspot
E545K and E542K mutation in two (7%) patients.

In addition to activation of bypass and downstream pathways, inac-
tivation of tumour suppressor genes was also detected, primarily in-
volving loss of heterozygosity (LOH) or copy number loss of tumour
suppressor genes such as CDKN2A, Rb1, TP53 and APC (Fig. 3, Supple-
mentary Table S2).

3.6. Histologic transformation

Among 15 patients with identified histology by routine pathological
evaluation of samples obtained upon abivertinib PD, 14 (93%) patients
retained adenocarcinoma and small-cell lung cancer transformation
EGFR amp+CDKN2A del (7%)

EGFR C797S* +EGFR amp (3%)

CA E545K + SCLC (3%)

V + EGFR amp (3%)

EGFR amp+ AXL amp# (3%)

PIK3CA E542K+ PTEN Q298* (3%)

MET amp + EGFR amp + EGFR C797S* 
(3%)

MET amp+ EGFR amp (3%)

ynumber deletion; SCLC, small cell lung cancer; SNV, single nucleotide variant EGFRC797S*
n and EGFR amplification. EGFR C797S in another patient was detected only in plasma NGS,
sion (not presented in pre-treatment tissue NGS). AXL amp#, EGFR copy number gain was
ogressionwith further copynumber gain of EGFR. Others include concurrentAPC S811* and
wn refers to patients in whom putative resistance mechanisms were not identified.
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Fig. 4. (a) Pre-existing and acquired resistancemechanisms for abivertinib and clinical outcomes. NGSanalysis of patientswithmatchedpre- and post-abivertinib plasma samples (n=23;
paired tissue samples were also available in two patients upon abivertinib progression). amp, amplification; del, deletion; LOH, loss of heterozygosity; mut, mutation; non-detected, no
putative resistance mechanism was identified; SCLC, small cell lung cancer. ‘Inconsistent T790M status for plasma and tissue’ refers to plasma-negative but tissue-positive (n = 1) or
vice versa (n=1). ‘T790M status undetermined’ refers to the following 2 circumstances: no EGFR-activating mutation detectable upon progression (n=2) or EGFR T790Mmutation un-
detectable in pre-treatment ctDNA (n= 1, this patient was categorized as EGFR T790M loss when only considering the post-treatment sample). EGFR amp# refers to EGFR amplification
detected in pre- and post- abivertinib tissue biopsy rather than in plasma in this patient. Pre-existing resistance mechanisms in ctDNA are shown in red. (b) Patients with pre-existing
resistance mechanisms in ctDNA remained on abivertinib for an inferior duration versus other patients. Pre-existing resistance mechanisms refers to individuals with putative resistance
mechanisms identified prior to abivertinib initiation in circulating tumour DNA. Statistical analysis was performed by using Kaplan-Meier analysis. Log-rank test was used to compare
subgroups.
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was observed in one (7%) patientwhomaintained EGFR 21L858Rmuta-
tion and T790Mmutation upon disease progression (Fig. 2).
3.7. Resistance mechanisms for abivertinib among patients who received
RP2D dose

Putative resistance mechanisms for abivertinib were identified in
five of the six patients who received abivertinib at the RP2D dose
(300 mg BID). These included EGFR amplification (detected in n = 3
and considered as a putative resistance mechanism in two individuals
withmatched pre- and post-treatment samples) and EGFR C797Smuta-
tion (n=2, including one patient with concurrent EGFR amplification).
Other putative resistance mechanisms identified in these individuals
were MET amplification (n = 1, with concurrent EGFR amplification
without a matched pre-treatment sample) and concurrent small-cell
lung cancer transformation and PIK3CA E545K mutation (n = 1).
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3.8. Pre-existing and acquired resistance mechanisms for abivertinib

We next sought to distinguish resistance mechanisms which were
present prior to abivertinib treatment (pre-existing) from those ac-
quired post-abivertinib treatment by comparing matched pre- and
post-abivertinib samples. Twenty-five patients had pre- and post-
abivertinib samples, including 23 with plasma NGS and three with tis-
sue NGS. One patient had paired plasma and tissue NGS at both
timepoints. Resistance mechanisms were first analysed in the 23 pa-
tients with paired plasma samples. Abivertinib resistance was attrib-
uted to pre-existing and acquired resistance mechanisms in six and 12
patients, respectively, while two patients harboured both pre-existing
and acquired resistance mechanisms (Fig. 4a). Pre-existing resistance
mechanisms detected in circulating tumour DNA (ctDNA) before
abivertinib treatment included EGFR amplification, HER2 amplification,
MET amplification, APC S811* mutation, MLH1 amplification, RB1 loss
and TP53 LOH. Patients with pre-existing resistance mechanisms in
ctDNA demonstrated an inferior duration of abivertinib treatment com-
paredwith thosewithout pre-existing resistancemechanisms (median:
3·5 months [95% CI 0·74–6·26] vs. 5·0 months [3·66–6·35], log rank
p = 0·003; Fig. 4b). Subsequent analysis of the three patients with
matched pre- and post-abivertinib tissue NGS revealed abivertinib re-
sistance was attributable to acquired EGFR amplification and pre-
existing EGFR amplification in two and one patient (in this patient
paired pre-and post-treatment plasma, EGFR amplification was not de-
tected), respectively.

4. Discussion

In this study, we found heterogenous resistance mechanisms to
abivertinib involving multiple genes such as EGFR, CDKN2A, MET,
PIK3CA, HER2, TP53, Rb1 as well as histologic transformation. This resis-
tance landscape observed for abivertinib is distinct to that previously re-
ported for osimertinib. For example, EGFR T790M loss (15%) with
abivertinib resistancewas less frequent than reported in osimertinib re-
sistance cohorts (42%–68%) [5–7,21,22]. In addition, EGFR tertiarymuta-
tions, reported in 21%–45% of patients developing resistance to
osimertinib [4,7,22], occurred only in 13% of patients developing resis-
tance to abivertinib. This observation was supported by a previous
study involving 16 patients progressing upon abivertinib in which no
EGFR tertiary mutation was identified (0/16) [2].MET amplification, an-
other predominant resistance mechanism for osimertinib, was also
only captured in 10% of patients in the present study and in 6% (1/16)
of patients progressing upon abivertinib in the previous report [2].
Structural differences between pyrimidine-based osimertinib and
pyrrolopyrimidine-based abivertinib might account for the develop-
ment of different resistance profiles [17,23].

In this study, EGFR amplification was the most common resistance
mechanism for abivertinib. Analysis of matched pre- and post-
treatment samples demonstrated that EGFR amplification was acquired
or increased in copy number upon abivertinib progression in 23% of pa-
tients, indicating the role of EGFR amplification in mediating resistance
to abivertinib. Both acquired and increased EGFR amplification have
been reported as potential mechanisms of resistance in 5% (5/107) of
who progressed on osimertinib in the AURA 17 study [21].

In some patients, EGFR amplification co-occurred with known resis-
tance mechanisms for third-generation EGFR TKIs including EGFR ter-
tiary mutations and MET amplification, suggesting different clones
may co-drive resistance to abivertinib. The role of EGFR amplification
as a resistance driver co-existing with other resistance mechanisms
was previously reported in patients who developed EGFR T790M-
mediated resistance to first-generation EGFR TKIs [24]. Similar to the
patient in our study who developed co-occurring EGFR C797S mutation
at very low allelic fraction with EGFR amplification, EGFR amplification
was the dominant resistance for osimertinib in a patientwho developed
commitment EGFR C797S mutation at very low allelic fraction upon
osimertinib progression [25]. These observations suggested distinct
clones, with one carrying amplified EGFR and another carrying EGFR
C797S mutation, may co-drive resistance to third-generation EGFR
TKIs. The co-occurrence of EGFR amplification with other EGFR tertiary
mutations such as EGFR C797G, EGFR C796S and MET amplification
have also been documented in patients who progressed on osimertinib
[26–28]. However, the potential co-driving role of EGFR amplification
with other well-characterized drivers is not well established. Future
studies are needed to assess the role of EGFR amplification in patients
with other concomitant drivers of resistance to third-generation EGFR
TKIs in preclinical and clinical settings. We envisage that combination
treatment targeting both EGFR amplification and concomitant co-
drivers of resistance might be beneficial for some patients with disease
progression on third-generation EGFR TKIs, including those with co-
drivers such as EGFR L718V, which have demonstrated sensitivity to
afatinib in vitro [29].

Genomic profiling of matched samples pre- and post-abivertinib
treatment provides insights into the biology of abivertinib resistance
by distinguishing putative resistance mechanisms existing prior to
treatment from those acquired post-treatment. In our study, pre-
existing resistance mechanisms co-occurred with EGFR T790M muta-
tion in ctDNA from 26% of patients and were associated with an inferior
duration of abivertinib treatment. Our data suggested that comprehen-
sive genomic profiling byNGS can facilitate the early detection of poten-
tial resistance mechanisms. Future studies are needed to understand
how NGS-based genomic profiling may guide treatment decisions, in-
cluding the optimal timepoint for early intervention of combinational
targeted therapy strategies.

While subsequent treatments options following resistance to
third-generation EGFR TKIs may be exhausted, emerging clinical trials
are investigating combination treatment approaches targeting EGFR
and bypass pathways in patients who developed resistance to
osimertinib. For example, savolitinib in combination with osimertinib
is currently being investigated in advanced EGFR-mutant patients
with MET-positive tumour after osimertinib failure (NCT03778229).
T-DM1 and osimertinib combination treatment is also being investi-
gated in patients with EGFR-mutant NSCLC and HER2 bypass pathway
activation after progression on an EGFR TKI, including osimertinib
(NCT03784599). However, at present there are no clinical trials for
patients who develop resistance to abivertinib, potentially due to
the fact that the resistance mechanisms to abivertinib remain largely
unknown. Therefore, our study has potential translational implica-
tions for the care of patients who develop resistance to abivertinib.
Future preclinical and clinical studies are needed to provide insights
into the biology of EGFR amplification-mediated abivertinib resistance
and investigate potential combinational strategies to overcome resis-
tance to abivertinib. Regarding the heterogeneity of resistance mech-
anisms to abivertinib, innovative clinical trials which integrate NGS-
based testing of multiple biomarkers and matched combinational
treatments are also urgently needed for patients who develop resis-
tance to abivertinib.

Our study was associated with several limitations. Firstly, not all pa-
tients underwent NGS-based genomic profiling of pre-treatment sam-
ples prior to abivertinib treatment, thus the resistance mechanisms to
abivertinib observed in this study warrant validation in a larger cohort
with matched pre- and post-treatment samples. Secondly, patients en-
rolled for this resistance analysis were from a phase I dose escalation
and expansion study and received different doses of abivertinib. While
nearly all (97%) patients received effective dose of abivertinib, the resis-
tance mechanisms observed in this study require validation in patients
receiving abivertinib at the RP2D dose who develop PD. Thirdly, as the
majority of patients underwent plasmaNGS upon abivertinib PD, events
of CN variations such as EGFR amplification,MET amplificationmight be
underestimated. Future studies need to precisely characterise the fre-
quency of resistance associated with CN variations by tissue NGS upon
abivertinib progression.
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In conclusion, this study reveals a heterogenous landscape of resis-
tance to abivertinib, which appears to differ from that previously re-
ported for osimertinib in terms of EGFR T790M loss, EGFR tertiary
mutation frequencies, and predominant resistance mechanisms. EGFR
amplification was the most common mechanism of resistance to
abivertinib in our study. Our study underscores the need to evaluate re-
sistance mechanisms to different third-generation EGFR TKIs individu-
ally. Larger studies are needed to validate these observations and
provide further insight into how comprehensive genomic profiling can
guide treatment decisions to overcome resistance to third-generation
EGFR TKIs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.04.030.
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