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Real-world circulating tumor DNA analysis depicts resistance mechanism
and clonal evolution in ALK inhibitor-treated lung adenocarcinoma patients
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Background: Sequential treatment with different generations of anaplastic lymphoma kinase (ALK) inhibitors have been
widely applied to ALK-positive lung cancer; however, resistance mutations inevitably developed. Further
characterization of ALK resistance mutations may provide key guidance to subsequent therapies. Here we explored
the emergence of secondary ALK mutations during sequential ALK tyrosine kinase inhibitor (TKI) treatment in a real-
world study of Chinese lung adenocarcinoma (ADC) patients.
Methods: A clinical-genomic database was queried for lung ADC patients with at least one ALK inhibitor treatment and
at least one plasma sample collected following ALK inhibitor treatment. Targeted genome profiling was performed with
a 139-gene panel in baseline tumor tissue and serial plasma samples of patients.
Results: A total of 116 patients met inclusion criteria. ALK G1202R was more common in patients with echinoderm
microtubule-associated protein-like 4 (EML4)-ALK v3 fusion, whereas ALK L1196M was more common in v1. TP53
mutant patients were significantly associated with harboring multiple ALK resistance mutations (P ¼ 0.03) and v3þ/
TP53 mutant patients had the highest rate of multiple ALK resistance mutations. The sequential use of ALK TKI led
to an increased incidence of concurrent ALK mutations along the lines of therapies. Alectinib had a lower rate (9%)
harboring ALK resistance mutation as first-line ALK TKI compared with crizotinib (36%). ALK compound mutations
identified included ALK D1203N/L1196M, ALK G1202R/L1196M, and ALK G1202R/F1174C, which may be lorlatinib
resistant. Using paired pretreatment and post-treatment samples, we identified several ALK-independent resistance-
related genetic alterations, including PTPRD and CNKN2A/B loss, MYC, MYCN and KRAS amplification, and EGFR19del.
Conclusions: Sequential postprogression plasma profiling revealed that increased lines of ALK inhibitors can accelerate
the accumulation of ALK resistance mutations and may lead to treatment-refractory compound ALK mutations. The
selection for optimal first-line TKI is very important to achieve a more efficacious long-term strategy and prevent
the emergence of on-target resistance, which may provide guidance for clinical decision making.
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INTRODUCTION

Anaplastic lymphoma kinase (ALK) gene rearrangements are
found in w3%-7% of non-small-cell lung cancers (NSCLCs).1

ALK-rearranged lung cancer is more common in young,
nonsmoking, and adenocarcinoma (ADC) patients.2

Sequential treatment with crizotinib and second- and
third-generation ALK tyrosine kinase inhibitors (TKIs) such
as alectinib, brigatinib, ceritinib, ensartinib, and lorlatinib
have been widely applied to patients with ALK-positive lung
cancer and have significantly extended the survival time of
these patients.3-5 However, acquired resistance driven by
secondary ALK mutations often develops during the course
of treatment.6 Multiple molecular mechanisms can cause
https://doi.org/10.1016/j.esmoop.2021.100337 1
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Table 1. Clinicopathological characteristics of all patients

Characteristics Values

Patients, n 116
Age (years)
Median (range) 51.5 (20-79)

Sex, n (%)
Male 59 (51)
Female 57 (49)

Histology, n (%)
Adenocarcinoma 116 (100)

ALK fusion type, n (%)
EML4-ALK v1 37 (32)
EML4-ALK v3 49 (42)
Other EML4-ALK 20 (17)
Non EML4-ALK 10 (9)

Number of ALK TKI treatment, n (%)
1 51 (44)
2 44 (38)
�3 21 (18)

ALK TKI, n (%)
Crizotinib 103 (89)
Ceritinib 13 (11)
Brigatinib 26 (22)
Alectinib 30 (26)
Ensartinib 6 (5)
SAF-189s 3 (3)
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resistance to second-generation ALK inhibitors. ALK kinase
domain mutations (i.e. on-target resistance) were identified
in w50% and 70% of biopsies in patients relapsing on
second-generation ALK TKIs and lorlatinib, respectively.7,8

By contrast, those resistance diseases without identifiable
ALK resistance mutations were ALK independent with
resistance mediated by off-target mechanisms such as
bypass signaling or lineage changes.6

Plasma-based next-generation sequencing (NGS) provides
a feasible way for dynamically monitoring tumor genomic
evolution. It has been widely used in analyzing TKI resis-
tance in patients with NSCLC receiving targeted therapies
including ALK TKIs.7,9 Currently, NGS assays are increasingly
used in routine clinical practice for NSCLC,10 which can
provide sufficient clinical-genomic data for a comprehensive
understanding of the molecular mechanism of resistance
and clonal evolution. In this study, we retrospectively
analyzed longitudinal plasma circulating tumor DNA (ctDNA)
from 116 ALK-positive lung ADC patients who underwent
real-world ALK TKI treatment, aiming to investigate the ALK
resistance mechanisms and tumor evolution during
sequential treatment using a plasma-based NGS test.
Conteltinib 2 (2)
Lorlatinib 25 (22)

ALK, anaplastic lymphoma kinase; EML4, echinoderm microtubule-associated
protein-like 4; TKI, tyrosine kinase inhibitor.
PATIENTS AND METHODS

We performed a retrospective cohort study of 24 468 lung
cancer patients from a clinical-genomic database from
November 2013 to April 2020. All patients enrolled in the
study gave written consent for genetic testing and research.
The study methodologies conformed to the Declaration of
Helsinki and were approved by the Ethics Committee of the
First Affiliated Hospital of Nanjing Medical University. Lung
ADC patients were included based on the following criteria
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.esmoop.2021.100337): (i) available plasma samples
for analysis; (ii) identified ALK rearrangement in plasma or
tumor tissue from each patient; and (iii) treated with ALK
inhibitors. Overall, a total of 76 tumor tissue specimens and
263 plasma specimens from 116 patients who progressed
on first-, second-, or third-generation ALK inhibitors were
subjected for further analysis.

Targeted NGS was performed in tumor tissue and plasma
samples with a gene panel of 139 genes (Supplementary
Table S1, available at https://doi.org/10.1016/j.esmoop.
2021.100337). All samples were matched to a whole-
blood sample from the same patient as a control. DNA
extraction, library preparation, hybridization-based targeted
enrichment, and sequencing and data analysis were per-
formed as previously described.11 All exons (including
flanking intronic regions) and fusion-related introns of ALK
were covered by the targeted panel. Different types of
genetic alterations were called using an internally validated
bioinformatics analysis pipeline.12 In brief, Trimmomatic13

was used for FASTQ file quality control. Leading/trailing
low-quality (quality reading below 20) or N bases were
removed. Pair-end reads were then aligned to the human
reference genome (hg19) using BurrowseWheeler Aligner14

with default parameters. PCR deduplication was performed
2 https://doi.org/10.1016/j.esmoop.2021.100337
using Picard version 2.9.4 (Broad Institute, MA). Local
realignment around indels and base quality score recali-
bration were performed with the Genome Analysis Toolkit
(GATK 3.4.0). Somatic single-nucleotide variants and in-
sertions/deletions (indels) were identified using MuTect15

and Scalpel,16 respectively. The cut-off for mutation detec-
tion was 0.5% variant allele frequency and five reads in
plasma samples; 1% variant allele frequency and six reads in
tissue samples. For patients with multiple plasma samples,
if a mutation meets the above cut-off in at least one sam-
ple, the detection cut-off for the same mutation was
dropped in other samples to reduce false negatives. For
calling of copy number variations (CNVs), we used an in-
house developed bioinformatics pipeline to analyze CNV.
A fold change of �1.6 and �2.0 is used to detect CNV gain
in liquid biopsy samples and tumor tissues, respectively,
whereas a fold change ratio �0.6 is used to detect CNV loss
in both sample types.
RESULTS

Study population

Between November 2013 and April 2020, plasma-based
liquid biopsies were performed in 116 ALK-positive pa-
tients after first- (crizotinib), second- (ceritinib, brigatinib,
alectinib, ensartinib, and SAF-189s), or third-generation
(lorlatinib) ALK TKI treatment. Baseline clinical characteris-
tics of these patients are summarized in Table 1. The me-
dian age of patients at the time of diagnosis was 51.5 years
(range, 20-79 years). Forty-four (38%) patients underwent
two lines of ALK TKIs and 21 (18%) underwent three or
Volume 7 - Issue 1 - 2022
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more lines of ALK TKIs, while 41 patients were treated with
only one ALK TKI (Supplementary Figure S2, available at
https://doi.org/10.1016/j.esmoop.2021.100337). A total of
146 plasma samples were obtained after patients pro-
gressed on ALK TKI treatments [progressive disease (PD)
samples]. Supplementary Table S2, available at https://doi.
org/10.1016/j.esmoop.2021.100337 summarized types of
ALK TKIs used and lines of treatment of PD samples.

Concordance between tissue and plasma genotypes

We first evaluated concordance between baseline tissue
and plasma genotyping. A pair of tissue and plasma biopsies
was considered contemporaneous if performed within 1
week and with no therapeutic interevent in-between. A
total of 13 pairs of tissue and plasma samples were avail-
able. As shown in Supplementary Figure S3A and B, avail-
able at https://doi.org/10.1016/j.esmoop.2021.100337,
mutations in paired tissue and plasma samples showed a
high concordance. About 72% (31/43) of mutations in tissue
samples were detectable in paired plasma samples and 69%
of mutations in plasma samples were detectable in paired
tissue samples. We further investigated the impact of the
normal blood control on the comparison of tumor/ctDNA
NGS results and identified a median of 2.5 (range, 1-9)
mutations in 6 out of the 13 plasma samples filtered out by
normal controls which were not detectable in the corre-
sponding tissue samples, including mutations from
DNMT3A. Without the control of normal blood samples, the
concordance of mutations in plasma with tissue samples
was only 46% (31/67) (Supplementary Figure S3C, available
at https://doi.org/10.1016/j.esmoop.2021.100337). These
results indicated that normal blood controls can signifi-
cantly control the false-positive mutations from clonal he-
matopoiesis or sequencing errors.

ALK resistance mutations in TKI-resistant specimens

In this cohort, crizotinib (n ¼ 66) was used as first-line ALK
TKI treatment. Among the 66 patients, the median duration
of crizotinib treatment was 9.2 months (range, 2.1-48.6
months).We detected an ALK resistance mutation in plasma
from 24 (36%) of 66 patients relapsing on crizotinib. The
most common ALK resistance mutations were L1196M and
G1269A (Figure 2A and B). The second-generation ALK TKI
alectinib was also used for first-line ALK TKI treatment in 11
patients. Their median duration of treatment was also 9.2
months (range, 2.0-24.3 months) but only one of them
harbored ALK resistance mutations (Supplementary
Figure S4, available at https://doi.org/10.1016/j.esmoop.
2021.100337).

Second-generation ALK TKIs were mostly used as second-
line ALK TKI after crizotinib (Supplementary Figure S5,
available at https://doi.org/10.1016/j.esmoop.2021.100337).
The median duration of second-generation ALK TKIs as
second-line ALK TKI was 6.6 months (range, 0.5-22.5
months).We detected an ALK resistance mutation in plasma
from 24 (56%) of 43 patients relapsing on a second-
generation ALK TKI after crizotinib (Figure 1A). The most
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frequently observed ALK mutation was G1202R and
E1210K/Q, detected in 11 (26%) samples and 6 (14%)
samples, respectively (Figure 1B). Ten (23%) plasma speci-
mens contained �2 ALK mutations (Figure 1A).

Six patients received lorlatinib after progressing on their
first ALK TKI treatment (four with crizotinib and 2 with
alectinib) and only two had ALK resistance mutations.
Another 16 patients received lorlatinib as third- or higher-
line ALK TKI treatment. ALK resistance mutations were
identified in 11 (69%) specimens (Figure 1A) among these
16 postlorlatinib treatment plasma samples. The most
recurrently seen ALK resistance mutations were G1202R
(31%), L1196M (31%), F1174V/L/C (25%), D1203N (25%),
and G1269A (19%; Figure 1B). Moreover, seven specimens
contained two or more ALK resistance mutations, including
compound mutations ALK D1203N/L1196M, ALK G1202R/
L1196M, and ALK G1202R/F1174C (Supplementary
Figure S6, available at https://doi.org/10.1016/j.esmoop.
2021.100337).

Furthermore, the frequencies of concurrent (�2) ALK
resistance mutations in the postprogression specimens
exhibited a significant increase along with the sequential
use of first-, second-, and third-generation ALK TKIs (P ¼
0.0009, Cochran Armitage test; Figure 1B), which were 12%
(7/66), 23% (10/43), and 44% (7/16), respectively.
ALK resistance mutations by ALK rearrangement variants
and TP53 mutant status

Among the 116 patients, 106 (91%) had an echinoderm
microtubule-associated protein-like 4 (EML4)-ALK fusion.
The most frequent EML4-ALK variant was variant 3 (v3) [(E6;
A20)], which was identified in 49 patients (42%), whereas
variant 1 (v1) [(E13; A20)] was found in 37 patients (32%;
Table 1). Overall, the v1 form was identified in 50 PD
samples, whereas v3 was found in 64 PD samples. ALK
resistance mutations were identified in 17 patients (v1
34.0% versus v3 54.7%; P ¼ 0.037; Figure 2A). Consistent
with prior reports,17 ALK G1202R was significantly more
common in patients with v3 variants than in v1 (27% versus
0%; P < 0.001). Moreover, we identified that ALK L1196M,
by contrast, was more common in v1 than in v3 with sta-
tistical significance (22% versus 3%; P ¼ 0.005). Of note, the
frequency of v1 or v3 was balanced among PD samples from
different types or different lines of ALK TKIs treatment
(Supplementary Figure S7, available at https://doi.org/10.
1016/j.esmoop.2021.100337).

Prior studies indicated a differential response of EML4-ALK
v1 versus v3 to ALK TKIs18,19 as well as TP53 mutations as a
poor prognostic factor for progression-free survival (PFS) and
overall survival.20 Further studies also showed that EML4-ALK
v3/TP53mt patients had even shorter median PFS.21 These
studies mainly investigated the impact of EML4-ALK variants
and concurrent TP53 mutations on the aspect of clinical
outcome, but we extended to investigate the resistance
mutations in the setting of TP53 status and EML4-ALK vari-
ants. Although TP53 mutant patients showed no significant
higher rate of harboring ALK resistance mutations in either v1
https://doi.org/10.1016/j.esmoop.2021.100337 3
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identified in samples from patients progressing on different ALK TKIs.
ALK, anaplastic lymphoma kinase; TKI, tyrosine kinase inhibitor; WT, wild type.
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or v3 (P ¼ 0.28 and 0.72; Fisher’s exact test, one-sided;
Supplementary Figure S8, available at https://doi.org/10.
1016/j.esmoop.2021.100337), we noticed that TP53 mutant
patients were significantly associated with a higher rate of
multiple (�2) ALK resistance mutations (P ¼ 0.03; Fisher’s
exact test; Figure 2B), and v3þ/TP53mutant patients had the
4 https://doi.org/10.1016/j.esmoop.2021.100337
highest rate of harboring multiple ALK resistance mutations
(32.5%, 8/25). Furthermore, consistent with prior studies, we
found that TP53mutant patients had significantly shorter PFS
than TP53 wild-type patients (Figure 2C). However, no sig-
nificant difference was found between EML4-ALK v1 and v3
patients (Figure 2D).
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Dynamic changes in plasma ALK mutations during
sequential ALK TKI therapy

Serial plasma analysis has been shown to reveal the dy-
namic change in the secondary ALK resistance mutations
spectrum.7 Eight patients which received sequential use of
three generations of ALK TKIs had paired prelorlatinib and
postlorlatinib treatment samples. Four of them developed
at least one new ALK mutation (Figure 3A). Two represen-
tative cases of molecular evolution in plasma (P050 and
P068) are shown in Figure 3B and C. G1269A emerged as
the resistant mechanism to crizotinib and then disappeared
after treatment with second-generation TKIs in both cases.
P050 then developed G1202R after 5 months of alectinib
treatment. During treatment with brigatinib, P068 initially
developed F1174L and then E1210K at the progression of
disease. Tumors eventually progressed in both patients after
lorlatinib treatment with the accumulation of multiple ALK
resistance mutations, whereas G1269A, which was sensitive
to second-generation ALK TKI in both cases, came back after
lorlatinib treatment.
ALK-independent mechanisms of resistance

Although ALK resistance mutations were the predominant
mechanism of resistance to ALK TKIs, we observed that 55%
Volume 7 - Issue 1 - 2022
of postprogression ALK TKI specimens were negative for ALK
resistance mutations. To investigate the potential role of off-
target mechanisms of resistance, we evaluated the spec-
trum of non-ALK acquired mutations in paired pre- and
post-TKI plasma samples (Figure 4).

Activation of other bypass kinases or downstream
signaling pathways is frequently the crucial off-target
mechanism that confers resistance to ALK inhibitions.6,22

PTPRD and CDKN2A/B genes were common tumor sup-
pressors. Among our patients, PTPRD loss was identified
acquired in five patients, including two samples lacking ALK
mutations. Loss of two CDKN2 genes, CDKN2A and CDKN2B,
were found in three patients. MYC amplification was re-
ported as a potential mechanism of primary resistance to
crizotinib.23 We found that two MYC transcription factor
family genes, MYC and MYCN, were amplified after ALK TKI
treatment in three patients. Other acquired alterations
were also identified that may confer resistance, including a
KRAS amplification and a EGFR19del.

DISCUSSION

With advancements in genomics, there has been great
progress in the treatment of lung cancer patients, especially
in the ALK-positive population. In the recent Crown trial
(NCT03052608), the third-generation ALK TKI lorlatinib has
https://doi.org/10.1016/j.esmoop.2021.100337 5
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demonstrated superior PFS and a higher frequency of
intracranial response in treatment-naïve advanced ALK-
positive NSCLC patients compared with crizotinib.24 By
6 https://doi.org/10.1016/j.esmoop.2021.100337
contrast, lorlatinib has a cognitive effect and mood side-
effects, which are distinct from other ALK TKIs. Although
these are mostly low-grade, they can still impact the life
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quality of the patients. Therefore, the management of ALK
TKI therapy is important for optimal outcomes in ALK-
positive lung cancer.

Here we studied a cohort of 116 ALK TKI-treated lung
ADC patients diagnosed over 7 years, during which time
crizotinib was commonly used as first-line therapy. Most
ALK-positive lung cancer patients were administrated with
three generations of ALK TKIs across multiple lines of
therapies. Several works have already highlighted the po-
tential clinical utility of NGS of ctDNA for molecular profiling
of acquired resistance and guiding selection of next-line
therapy in ALK-positive patients.25-27 In this study, we per-
formed our analysis on a relatively large cohort with post-
treatment samples of three generations of ALK TKIs. In
this sequential ALK TKI setting, ALK G1202 resistance
mechanism was inclined to cases with EML4-ALK v3 fusion,
which was also mentioned in a study of ALK-positive lung
cancer in a US population.17 In addition, we identified the
enrichment of ALK L1196M resistance in cases with EML4-
ALK v1 fusion. TP53 mutations, as a poor prognostic fac-
tor for PFS and overall survival, were also found to be
associated with harboring multiple ALK resistance, which
emphasized the association between variants and clinical
outcomes and might be considered in the optimal selection
of ALK TKIs for patients. Along with the increasing use of
plasma NGS in routine clinical practice, a large and detailed
real-world clinical-genomic dataset became available. These
real-world genomic data can provide valuable insights into
the analysis of drug resistance and the variety of longitu-
dinal treatments, allowing for guiding drug development
and precision oncology.

Yoda et al.28 previously confirmed the stepwise accu-
mulation of ALK mutations during sequential treatment
through whole-exome sequencing of patients’ serial plasma
samples. In the current study we highlighted that in the
real-world clinical setting, accumulation of compound mu-
tations with sequential TKI treatment can limit the thera-
peutic choices for lung cancer patients. Several studies
reported a compound mutations rate of w30%-35% on
treatment with multiple lines of ALK TKI.28,29 Here, we
identified three compound mutations, ALK D1203N/
L1196M, ALK G1202R/L1196M, and ALK G1202R/F1174C,
after patients progressed on later-line lorlatinib. G1202R-
based compound mutations including ALK G1202R/
L1196M, ALK G1202R/F1174C, ALK G1202R/l1198F, ALK
G1202R/G1269A have been shown to be potentially lorla-
tinib resistant through steric hindrances in the ALK kinase
domain.30,31 G1202R/L1196M and G1202R/F1174 were also
identified in two patients without lorlatinib treatment
(Supplementary Figure S6, available at https://doi.org/
10.1016/j.esmoop.2021.100337). Both cases received
more than two lines of ALK TKIs and may be primary
resistant to lorlatinib.

Previous clinical trials have shown that alectinib as first-
line treatment can help achieve a median PFS of almost 3
years.32,33 However, in our cohort, most patients had
complicated therapy history and variant disease stages.
Among the 11 patients who received alectinib as first-line
Volume 7 - Issue 1 - 2022
ALK TKI, 9 were previously treated with one or more lines
of other therapies, including chemotherapy and other kinds
of TKI. The two patients with the shortest PFS were previ-
ously treated with chemotherapy and gefitinib followed by
chemotherapy, respectively. These may explain the rela-
tively shorter PFS following alectinib as first-line ALK TKI in
this study. Furthermore, the relatively lower rate of
harboring ALK resistance mutation may still indicate a
broader therapeutic opportunity to subsequent ALK TKIs
compared with crizotinib.

Our studies on serial plasma samples allowed to further
explore off-target mechanisms of resistance to ALK TKIs. In
this study and other cohort studies,7,8 w70% and 50% of
patients do not harbor ALK resistance mutations following
first- and second/third-generation TKI, respectively. To
date, a variety of different bypass signaling pathways
conferring resistance to ALK inhibitors have been re-
ported, including EGFR, MET, SHP2, MYC, YAP, and RAS/
MAPK,23,34-38 and therefore combining other inhibitors
such as MET and EGFR inhibitors can be an effective
strategy to overcome this mechanism of resistance. Prior
studies using postprogression biopsies mainly focused on
on-target resistance mechanism.7,8 In this study, however,
we investigated off-target genomic bypass mechanisms
using paired pretreatment and post-treatment samples
and identified several potential resistance-related alter-
ations, such as PTPRD and CNKN2A/B loss, MYC, MYCN
and KRAS amplification, and EGFR19del. However, these
altered genes need further examination of their function
by experiments.

Our study has several important limitations. First, as a
retrospective analysis, clinical information was provided on
sample submission. Therefore, complete treatment history
and clinical follow-up were not available (and cannot be
verified) for all patients. Furthermore, paired pretreatment
and post-treatment samples were only available for some
patients and as a result, we only investigated acquired non-
ALK mutations in a small subset of patients. Another limi-
tation of this analysis is that the sample sizes of several
second-generation TKI-biopsy cohorts were relatively small
and we analyzed them as a whole.

In conclusion, our data depicted the changes of TKI-
resistance landscape during sequential ALK TKI treatment
in lung ADC patients. The association between resistant
mutations and specific ALK rearrangement variants/TP53
status as well as accumulation of multiple ALK resistant
mutations with lines of therapies should be considered for
better patient management and disease outcomes.
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