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Abstract 

ALK -fusion-positive NSCLC patients treated with ALK inhibitors frequently develop on-target resistance 

mutations. We provide clinical evidence for targeting these mutations with currently available inhibitors using 

a pooled population of 387 patients. The majority achieved clinical benefit, but the likelihood of clinical benefit 
differed for each mutation-inhibitor combination. Our comprehensive overview can facilitate guidance for treat- 
ing similar patients in clinical practice. 
Introduction: Non-small cell lung cancer (NSCLC) patients with Anaplastic Lymphoma Kinase ( ALK ) gene fusions 
respond well to ALK inhibitors but commonly develop on-target resistance mutations. The objective of this study is to 

collect clinical evidence for subsequent treatment with ALK inhibitors. Patients and Methods: Local experience with 

on-target ALK resistance mutations and review of the literature identified 387 patients with ALK inhibitor resistance 

mutations. Clinical benefit of mutation-inhibitor combinations was assessed based on reported response, progression- 
free survival and duration of treatment. Furthermore, this clinical evidence was compared to previously reported in 

vitro sensitivity of mutations to the inhibitors. Results: Of the pooled population of 387 patients in this analysis, 239 

(62%) received at least 1 additional line of ALK inhibition after developing on-target resistance to ALK inhibitor therapy. 
Clinical benefit was reported for 177 (68%) patients, but differed for each mutation-inhibitor combination. Agreement 
between in vitro predicted sensitivity of 6 published models and observed clinical benefit ranged from 69% to 89%. 
The observed clinical evidence for highest probability of response in the context of specific on-target ALK inhibitor 
resistance mutations is presented. Conclusion: Molecular diagnostics performed on tissue samples that are refractive 

to ALK inhibitor therapy can reveal new options for targeted therapy for NSCLC patients. Our comprehensive overview 

of clinical evidence of drug actionability of ALK on-target resistance mechanisms may serve as a practical guide to 

select the most optimal drug for individual patients. 
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Introduction 

Oncogenic fusions involving the Anaplastic Lymphoma Kinase
gene ( ALK ) are detected in approximately four percent of patients
with advanced non-small cell lung cancer (NSCLC). 1 , 2 In the
majority of patients, an inversion of a small part of chromosome
2p causes a fusion of the amino-terminal coiled-coil domain of
E-mail contact: l.van.kempen@umcg.nl 
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the echinoderm microtubule-associated protein-like 4 gene ( EML4 )
with the tyrosine kinase domain of ALK (exons 20 through 29)
( EML4 - ALK ). 1 , 3 Various other fusion partners have been reported. 4

Soon after the discovery of the EML4-ALK oncogene, 1 lung cancers
harboring ALK fusions were shown to be highly sensitive to the
ALK inhibitor crizotinib, 5 leading to its FDA approval in 2011. 6 

Various other ALK inhibitors targeting the ATP-binding pocket
of ALK have since been approved for the treatment of patients
with ALK fusion-positive NSCLC, including second-generation
inhibitors ceritinib, 7 alectinib, 8 and brigatinib, 9 and the third-
generation inhibitor lorlatinib. 10 

Despite high response rates, ranging from 54% to 94%, 6-9 

patients treated with ALK inhibitors ultimately experience disease
progression. 11 , 12 Mutations in the ALK kinase domain, detected in
approximately 19%-54% of ALK inhibitor resistant samples, 13-19 

account for so-called on-target resistance. In vitro studies testing the
efficiency of multiple on-target mutations to crizotinib, ceritinib,
alectinib and brigatinib, indicated a distinct inhibitor specific
efficacy spectrum. 13 

Due to the diversity in ALK mutations in second and subse-
quent treatment lines and the different types of available ALK
inhibitors as well as the sequence in which patients receive these, it
remains difficult to select the most optimal treatment for individual
patients. Such patients are therefore commonly reviewed by Molec-
ular Tumor Boards (MTBs), 20 whose advice largely depends on
limited reports describing clinical drug effectiveness of specific ALK
mutational profiles to available ALK inhibitors. Due to lack of clini-
cal information, decision-making is often based on in vitro reports
of the half maximal inhibitory concentration (IC 50 ) for a drug in
relation to a specific resistance-mediating mutation. 21 , 22 Although
various reports have described recommendations on drug actionabil-
ity, 13 , 23-25 the methods and read-out parameters used to determine
in vitro sensitivity as well as cut-off values to predict actionability
differ widely. Commonly used read-out parameters include deter-
mination of ALK phosphorylation status, 13 tritium incorporation
proliferation, 23 and cell viability assays ( Table ST1, Table ST2 ), 24 , 25 

which makes a comparison between these models difficult. Further-
more, validation of their predictive values in a clinical setting have
not been performed. 

In this study, we evaluated the clinical tumor response of ALK
inhibitors directed towards different on-target ALK mutations of
14 ALK fusion-positive NSCLC patients treated at the University
Medical Center Groningen (UMCG) and 373 cases published by
others, as well as the predictive value of the currently reported pre-
clinical data. 

Materials and Methods 

Retrospective Cohort of ALK Inhibitor Resistant 
Non-Small Cell Lung Cancer Patients 

Between January 1, 2014 and June 19, 2020, patients treated with
ALK fusion-positive NSCLC who relapsed on an ALK inhibitor and
harbored one or more therapy-induced ALK mutations were identi-
fied using the pathology and MTB databases of the UMCG. 20 Some
of these patients have been previously reported in a study detailing
the effectiveness of MTB recommendations for NSCLC patients. 20 
Molecular profiling via targeted NGS covering exons 22 (amino
acid positions (AA) 1151-1172), 23 (AA 1173-1215) and exon 25
(AA 1260-1279), covering all frequently described hotspots for on-
target resistance, 13 were performed in the ISO-NEN-15189:2012-
accredited UMCG molecular pathology laboratory. 26 

Patient history and follow-up data were retrieved from the
hospital’s electronic health records. Parameters that were extracted
included age, sex, tumor stage, tumor histology, molecular profile
(including type of ALK fusion and ALK mutations), treatments
received and, for each line of ALK inhibitor treatment, radiolog-
ical best overall response (BOR) according to RECIST criteria
1.1, 27 progression-free survival (PFS), duration of response (DoR),
duration of treatment (DoT), overall survival (OS), and molecu-
lar characteristics of each subsequent biopsy, if available. Baseline
characteristics were determined at initiation of first-line ALK inhibi-
tion. Some of the patients have been reported in previous publica-
tions. 20 , 28 

All included patients provided informed consent. Clinical data
processing was performed in accordance with the General Data
Protection Regulation (EU) 2016/679. The biobank initiative was
approved by the medical ethics committee of the UMCG (no.
2010/109) and made available for this study. 29 

Literature Review: Actionability of ALK Mutational 
Profiles in Non-Small Cell Lung Cancer 

A literature review was performed to identify clinical reports of
individual ALK fusion-positive NSCLC patients previously treated
with ALK inhibitors and harboring on-target mutations in ALK
(details in Supplementary Methods). In total, 1469 articles (up to
June 2020) were screened on title and abstract. Sixty-nine articles
(36 cohort studies and 33 case reports) were included ( Table ST3 ).
For each patient, fusion variants, detected ALK mutations, variant
allele frequencies (VAF), sample origin, and previously received
ALK inhibitors were extracted and tabulated. If a patient was
subsequently treated with an ALK inhibitor monotherapy, clinical
response information was collected. Patients who were treated with
combination therapy (such as chemotherapy and an ALK inhibitor)
were excluded from the clinical response evaluation. 

Assessment of Clinical Benefit Based On Available 
Treatment Results 

The literature-derived ALK mutations and corresponding
response data were pooled with those from our own academic
center. Patients were classified as clinically benefiting from an ALK
inhibitor in case of a documented complete or partial response (CR
or PR) and not benefiting in case of progressive disease (PD). In case
of stable disease (SD), mixed response (MR), not evaluable (NE)
or unavailable BOR, patients were classified as benefiting if they
demonstrated a PFS of ≥6 months. Patients were classified as not
benefiting if PFS was less than 6 months and treatment had ended or
“unknown” if treatment was reported to be ongoing. If PFS was not
reported, DoT was used as a surrogate marker for PFS: patients were
classified as benefiting if DoT of ≥6 months, and not benefiting if
DoT of < 6 months. If DoT was also not reported, patients’ tumor
response was classified as “unknown” ( Figure 1 ). If a patient repre-
Clinical Lung Cancer March 2022 e105 
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Figure 1 Assessment of clinical benefit based on available treatment results. 
Abbreviations: ALKi = ALK inhibitor; CR = complete response; DoT = duration of treatment; MR = mixed response; 
NE = not evaluable; PD = progressive disease; PFS = progression-free survival; PR = partial response; SD = stable 
disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

e106 
sented multiple longitudinal samples and was treated with a differ-
ent ALK inhibitor for each new mutation, clinical benefit for each
different mutation-inhibitor combination was assessed separately.
The likelihood of clinical benefit was assessed for each mutation-
inhibitor combination, taking into account the number of samples
harboring a mutation after treatment with a specific inhibitor, as
well as the amount of patients responding to that inhibitor while
harboring the specific mutation. 

Comparison of in vitro Models of Sensitivity to Clinical 
Benefit 

Studies reporting on in vitro sensitivity of ALK inhibitors in
relation to specific resistance-mediating mutations were identified
using the same search strategy described in Supplementary Methods.
The reported sensitivity for each mutation-inhibitor combination
was extracted and classified as “sensitive” or “resistant” according to
thresholds defined in each individual study. The in vitro ‘predic-
tion’ of sensitivity was compared to the likelihood of clinical benefit
derived from clinical responses in our study. For each individual
model, the agreement was defined as the percentage of mutation-
inhibitor combinations reported by that study that was in agreement
with the likelihood of clinical benefit as defined in our study. 

Statistics 
Descriptive statistics were used. Fisher’s exact test was used

to compare categorical variables. If correction for potential
Clinical Lung Cancer March 2022 
confounders was required, logistic regression was used. Results were
considered significant at P values below .05. Statistical analyses were
performed with SPSS version 23 (SPSS Inc.; Chicago, IL). Due to
major differences in in vitro methods to assess drug sensitivity as well
as differences in which variants were assessed, concordance statis-
tics to compare the different in vitro reports to clinical results were
deemed unreliable and therefore not performed. 

Results 

Characteristics of Patients With ALK Inhibitor Resistance
Treated at the UMCG 

Twenty-nine ALK fusion-positive NSCLC patients with resis-
tance to first-line ALK inhibitor were tested 1 or more times
for presence of on-target resistance mechanisms. Fourteen patients
(48%) harbored ALK mutations in one or subsequent tissue samples,
representing a total of 23 samples with ALK mutations. Clinical
characteristics are presented in Table ST4 . Clinical responses are
summarized in Figure 2 and Table ST5 . Twelve ALK inhibitor-
resistant patients were treated with 1 or more additional lines of
ALK inhibitors. Response was assessed for each line of treatment,
which included ALK inhibitors in second line ( n = 12), third line
( n = 4) and fourth line ( n = 1). An objective response was achieved
in 71% (12/17). Median PFS was 9.2 months (95% confidence
interval, 3.8-14.6). Objective responses were observed in the major-
ity of patients for alectinib (60%; 3/5), brigatinib (CR lasting > 16
months in 1patient), ceritinib (60%; 3/5) and lorlatinib (83%; 5/6)
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Figure 2 Clinical course of 14 ALK fusion-positive NSCLC patients with ALK mutation(s) in UMCG. 
Swimmer’s plot illustrating the clinical course (in years on the x axis) after initiation of first-line ALK inhibition of ALK 

fusion-positive NSCLC patients with ALK mutation(s). Patients are indicated on the y axis (if known, EML4-ALK variant 
between brackets), ordered by overall survival. ALK inhibitors are color-coded and plotted in time; no active ALK 

inhibition is indicated by white bars. Treatment of progressive lesions with radiotherapy (R) or surgery (S) is indicated. 
Best overall radiological responses and molecular testing results are displayed at their respective points in time as 
colored blocks and black cross, respectively. Vital status is displayed at the end of each plot. Additional information 
can be found in Table ST4 and Table ST5. Some of the mutations in patients ALK11, ALK30, ALK53, ALK54, ALK55, and 
ALK56 were previously reported by Koopman et al. (2020), corresponding to patient numbers 13, 16, 5, 12, 18 and 
30. 20 Furthermore, the first mutation in patient ALK4 was previously reported by Wei et al. 28 

Abbreviations: NO MUTS = no mutations detected; V1 = EML4 - ALK variant 1 ( EML4 exon 13 fused to ALK exon 20); 
V3 = EML4 - ALK variant 3 ( EML4 exon 6 fused to ALK exon 20); V5 = EML4 - ALK variant 5 ( EML4 exon 2 fused to ALK 

exon 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Literature Review to Identify Clinical Evidence on Drug 
Efficacy in ALK Resistance Mutations 

A literature review identified 423 eligible ALK fusion-positive
NSCLC patients: 390 patients with acquired ALK mutations
reported in cohort studies and 33 patients from case reports.
Duplicates were excluded: this included published patients that
had been treated in the UMCG in prior reports ( n = 7) and
patients reported more than once by other groups ( n = 44),
leaving 373 unique patients. These patients were pooled with
the 14 from the UMCG, resulting in 387 ALK fusion-positive
NSCLC patients with therapy-induced ALK mutations in 450
biopsies ( Figure 3 and Table ST6 ). Induced ALK on-target resistance
patterns were obtained after monotherapy with any ALK inhibitor
( Figure 4 A). 
Impact of Previous ALK Inhibitors and Fusion Partners 
on the Distribution of Acquired ALK Mutations 

Of the 450 ALK inhibitor-pretreated samples, 345 (77%)
harbored a single on-target mutation and 105 (23%) harbored
multiple on-target mutations. A marked difference was observed
in the frequency of resistance mutations when stratifying accord-
ing to ALK inhibitor administered prior to the biopsy. Resistance to
first-line crizotinib ( n = 220) was associated with a wide range of
individual mutations, with L1196M ( n = 55 [25%]) and G1269A
( n = 34 [15%]) occurring most frequently ( Figure 4 B). These on-
target mutations were observed more often with crizotinib than
with other inhibitors ( P < .001 for both). Substitutions of I1171
( n = 27 [33%]) and G1202R ( n = 26 [32%]) were the most
common resistance-inducing mutations following treatment with
Clinical Lung Cancer March 2022 e107 
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Figure 3 Patient selection 
Flow chart depicting selection of patients. Depicted are patients treated at the UMCG (left column) and patients 
identified in literature (right column), with number of ALK -mutant samples presented between brackets. Fourteen 
patients (representing 23 samples) were treated in the UMCG. An additional 423 patients (390 from 36 cohort studies 
and 33 from single-case reports) were identified in literature. Confirmed duplicate reports on the same patients ( n = 50) 
were excluded, leaving 387 patients for inclusion, representing a total of 450 ALK -mutant samples. 
Abbreviations: NSCLC = non-small cell lung cancer = UMCG, University Medical Center Groningen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

e108 
alectinib ( n = 82). I1171X was more common with alectinib than
with other inhibitors ( P < .001). The on-target resistance mutations
for ceritinib ( n = 53) and brigatinib ( n = 32) were comparable
( P = .54), with G1202R as the most prevalent mutation ( n = 19
[36%] and n = 10 [31%], respectively). The third-generation ALK
inhibitor lorlatinib ( n = 34) had a very different spectrum of
resistance-induced mutations, with the vast majority of samples
( n = 24 [82%]) harboring more than one ALK mutation. The
most common on-target resistance mechanism for lorlatinib was the
L1196M/G1202R compound mutation ( n = 4 [12%]). 

Differences in the type of ALK mutations reported in the 450
samples were not only drug-related but also fusion variant related.
The ALK fusion partner was specified for 28% (107/387) of
patients, with the vast majority harboring an EML4-ALK fusion
( n = 103). The exact breakpoint was reported for 89 patients.
The most common ALK fusion variants were EML4-ALK variant
3 ( n = 62) and EML4-ALK variant 1 ( n = 27). When corrected for
previously administered ALK inhibitor, the G1202R mutation was
Clinical Lung Cancer March 2022 
more common in variant 3 than in variant 1 (24% vs. 4%; P = .030)
( Figure 4 C, Table ST5 ). On the contrary, L1196M was more preva-
lent in variant 1 than in variant 3 (30% vs. 5%; P = .005). The other
commonly reported mutations, C1156Y, G1269A, F1174C/L/V
and I1171N/S/T, were similarly distributed between both variants. 

Clinical Benefit for ALK Resistance Mutations From 

Sequential ALK Inhibitors 
Sequential treatment with a different ALK inhibitor to overcome

acquired resistance due to ALK mutation(s) was reported for 239
patients (overview in Table ST7 ). If a patient represented multi-
ple longitudinal samples and was treated with a different ALK
inhibitor for each new mutation, clinical benefit for each differ-
ent mutation-inhibitor combination was assessed separately. This
resulted in 262 evaluations of tumor response to sequential treat-
ment. Clinical benefit was confirmed in 177 (68%) response evalu-
ations. Those with a single mutation were more likely to respond to
treatment (70%; 150/213) than those with ≥2 mutations (55%;
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Figure 4 Characteristics of the pooled population of 450 ALK inhibitor resistant, ALK fusion-positive NSCLC patients with 
acquired ALK mutations. 
(A) Distribution of ALK inhibitors on which patients relapsed. (B) Distribution of ALK mutational resistance profiles 
according to the ALK inhibitor on which they relapse. (C) Differences in the prevalence of six most common single ALK 

mutations, organized by the two most common variants, EML4 - ALK variant 3 ( EML4 exon 6 fused to ALK exon 20, 
n = 62) and EML4 - ALK variant 1 ( EML4 exon 13 fused to ALK exon 20, n = 27). These results were corrected for 
previously received ALK inhibitor using logistic regression. Of note, the ALK fusion variant was not specified in the vast 
majority of patients in this study. 
Abbreviations: NSCLC = non-small cell lung cancer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

27/49) ( P = .044). The clinical benefit rate was not influenced
by the reported number of previously received ALK inhibitors:
65% (109/168) in case of a single previous ALK inhibitor vs. 70%
(50/71) in case of ≥2 previous ALK inhibitors ( P = .455). 

We summarized the likelihood of clinical benefit based on this
pool of 450 ALK -mutant samples for the most frequently reported
ALK resistance profiles in Figure 5 , with more in-depth information
in Table ST8 . The clinical benefit was assessed for each mutation-
inhibitor combination, based on reported clinical evidence only.
Furthermore, the number of samples harboring a mutation after
treatment with a specific inhibitor, as well as the amount of patients
responding to that inhibitor while harboring the specific mutation
were taken into account to determine the probability of clinical
benefit (thresholds defined in Figure 5 ). This analysis revealed that
the likelihood of clinical benefit differs for each mutation-inhibitor
combination. Mutations affecting the same amino acid can either
confer similar likelihood of benefit for the different ALK inhibitors
(for example, substitutions of F1174), but also may represent differ-
ences in benefit (for example, substitutions of I1171). The likeli-
hood of clinical benefit could not be corrected for fusion variant
due to small sample sizes and because the fusion variant was not
reported in the majority of cases. 
Comparison of ALK Inhibitor Sensitivity as Predicted by 
in vitro Assays to Observed Clinical Responses 

Six preclinical models of in vitro sensitivity of ALK inhibitors
in relation to specific resistance-mediating mutations have been
reported in four studies, which we dubbed Fontana-V3, Gainor-
V1, Yoda-V1, Yoda-V3, Horn-V1 and Horn-V3 based on the first
author and EML4 - ALK fusion variant tested. 13 , 23 - 25 Although these
reports all demonstrated the prediction of sensitivity or resistance
for inhibitor-mutation combinations, there are major differences in
methods used and types of ALK fusions, mutations and inhibitors
tested ( Table ST1 ), making it hard to directly compare the various
models. In addition, 152 of the 450 ALK -mutant samples (34%)
had mutations that were not tested by any of the six models on their
potential sensitivity to ALK inhibitors. 

Both clinical and in vitro findings can be useful for directing treat-
ment decision-making. 20 Therefore, the observed clinical responses
to ALK inhibitors for the different mutational profiles ( Figure 5
and Table ST8 ) were compared to the predicted efficacies result-
ing from previously reported preclinical models ( Table ST2 ). In
total, there were 115 mutation-inhibitor combinations with in vitro
evidence in at least 1 of the 6 models. Figure 6 summarizes clini-
cal as well as in vitro evidence, to allow a head-to-head compar-
Clinical Lung Cancer March 2022 e109 
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Figure 5 Summary of clinical benefit deduced from tumor response and relapse with second and further lines of ALK inhibitor 
treatments on specific on-target resistance-inducing ALK mutations 
A cross-tabulation summarizing the number of patients with tumor response and those who relapsed on a specific ALK 

inhibitor for the most common ALK inhibitor-resistant ALK mutational profiles ( n ≥6). This cross-tabulation is based on 
reported clinical evidence only. Definition of expected clinical benefit is based on 2separate criteria: the percentage of 
patients treated with a specific inhibitor in first line who developed the specified mutation (“Relapsing”) and the 
percentage of patients with a specific mutation who achieved clinical benefit when treated with the specified inhibitor 
(“Sensitivity”). These percentages are combined to classify a mutation-inhibitor combination as “Likely beneficial”, 
“Possibly beneficial”, “No benefit expected”, “Conflicting evidence”, or “Insufficient evidence”, according to the 
scheme displayed below the cross-tabulation. Clinical benefit is defined in Methods. A detailed version of this table, 
which includes every reported combination of inhibitor - ALK mutations, can be found in Table ST7 . 

e110 Clinical Lung Cancer March 2022 
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Figure 6 Comparison of predicted clinical benefit predicted from each of the six in vitro models on drug sensitivity of ALK 

resistance mutations 
A cross-tabulation comparing observed clinical benefit based on tumor responses in patients to in vitro reports from 

literature on drug sensitivity of ALK mutational profiles ( Table ST1 ). For each mutation-inhibitor combination, the 
predicted clinical benefit based on clinical treatment results ( Figure 5 and Table ST8 ) is depicted at the top row. For 
these clinical results, green represents likely or possibly beneficial, red represents no benefit expected and gray 
represents insufficient clinical evidence (as presented in Figure 5 ). The six squares below represent (from left to right) 
the in vitro drug sensitivity as reported by preclinical studies ( Table ST2 ). The annotation of these squares in the top 
row, G1123S, also applies to the other rows. These include reports by Fontana et al. (“F”, first square, EML4 - ALK 

V3), 23 Gainor et al. (“G”, second square, EML4 - ALK V1), 13 Yoda et al. (“Y1”, third square, EML4 - ALK V1; “Y3”, fourth 
square, EML4 - ALK V3), 24 and Horn et al. (“H1”, fifth square, EML4 - ALK V1; “H3”, sixth square; EML4 - ALK V3). 25 For 
these preclinical results, green corresponds to predicted sensitivity, red corresponds to predicted resistance and gray 
means no data was reported for this mutation-inhibitor combination. 
Abbreviations: V1 = EML4 - ALK fusion variant 1 ( EML4 exon 13 fused to ALK exon 20); V3 = EML4 - ALK fusion variant 3 
( EML4 exon 6 fused to ALK exon 20);. 

Clinical Lung Cancer March 2022 e111 
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ison for these different sources of evidence. For each mutation-
inhibitor combination, the top row depicts the predicted clinical
benefit based on clinical treatment results, whereas the bottom row
represents the in vitro drug sensitivity in preclinical studies. There
was sufficient (non-conflicting) evidence of clinical benefit as well
as in vitro evidence of response for 45 mutation-inhibitor combi-
nations. Agreement between in vitro sensitivity and likelihood of
clinical benefit ranged between 69% and 89%, ie, 89% for Yoda-V1
(8/9), 87% for Fontana-V3 (13/15), 83% for Gainor-V1 (29/35),
78% for Yoda-V3 (7/9), 69% for Horn-V3 (25/36) and 69% for
Horn-V1 (24/35). Due to the major differences in in-vitro read-
outs of response methods, a direct statistical comparison between
observed and predicted responses is not justified. Similarly, the large
heterogeneity in the type of variants that are tested in the clinical
models does not allow a head-to-head comparison to the determine
the preclinical model with the highest predictive value. 

Discussion 

We have determined the likelihood of clinical benefit of ALK
inhibitors in ALK -driven non-small cell lung carcinoma that devel-
oped distinct ALK-inhibitor induced on-target resistance mutations
using data from 387 patients progressing after one or more lines
of ALK inhibitors. Actionability of individual mutations was deter-
mined using published clinical reports, and compared to drug sensi-
tivity derived from pre-clinical models. The ensuing summary of
clinical benefit as presented in Figure 5 provides a good starting
point for treating pulmonary oncologists and Molecular Tumor
Boards for selecting the most optimal drug in individual patients. 

Predicting Clinical Benefit From Sequential ALK 

Inhibition Using in vitro Data and Patient Tumor 
Response 

The optimal choice of therapy varies for each resistance mutation,
which is challenging in treatment decision-making. Although
reports of in vitro drug sensitivity may be useful in choosing the
optimal therapy, the various available models are limited by the fact
that they only cover a portion of the full spectrum of possible ALK
on-target resistance mutations, but for those that are comparable do
not always agree. Moreover, the agreement for each model between
in vitro prediction and observed clinical benefit ranged from 69% to
89%. Therefore, we recommend that treatment decisions should be
based primarily on available clinical evidence of drug actionability,
and resort to in vitro drug predictions in case of insufficient clinical
evidence. Our overview on clinical evidence of drug actionability of
ALK on-target resistance mutations may aid treating physicians and
molecular tumor boards in choosing the most optimal sequential
ALK inhibitor. Figure 5 summarizes the likelihood of clinical benefit
for 5 available ALK inhibitors for the most frequently reported ALK
resistance profiles. 

There were 2 mutation-inhibitor combinations with conflict-
ing clinical evidence: Alectinib-L1196M and Alectinib-G1202R.
L1196M and G1202R mutations were highly prevalent as a resis-
tance mechanism against alectinib (11% and 32%, respectively).
However, patients who developed these mutations in response to
a different inhibitor still demonstrated clinical benefit when treated
with alectinib (9/11 L1196M-positive cases and 4 out of 6 G1202R-
Clinical Lung Cancer March 2022 
positive cases. Based on the currently available data, the explanation
for this discrepancy remains elusive. 

When considering treatment options for ALK inhibitor-resistant
patients, some limitations should be considered. Firstly, these on-
target resistance mutations remain rare events. The presented likeli-
hood of clinical benefit represents the current understanding based
on limited clinical reports of drug efficacy. Thus, the clinical
evidence summarized in Figure 5 should be considered dynamic
in time and will require revision when additional cases have been
published. 

Secondly, in case multiple mutations are detected, it is impor-
tant to ascertain whether these mutations are present in the same
subclone . Mutations detected in cis are present in a single clone,
and the mutations should be assessed independent from the drug
actionability of individual mutations. This is illustrated by L1196M
and G1202R, which are individually sensitive to lorlatinib and
thus confer sensitivity when detected in different subclones, but
demonstrate high-level of resistance when present in the same
subclone. 24 Selective ALK inhibitors targeting these lorlatinib-
resistant compound mutations, such as NUV-655, 30 and TPX-
0131, 31 are currently under development, but not yet available for
use in patients. When mutations are detected in trans , they are more
likely to represent multiple clones that may individually be sensitive
as single mutants with the same inhibitor and may co-targeted with
combination therapy. As shown previously, multiple mutations are
more likely to be detected when genotyping plasma-derived circulat-
ing tumor DNA (ctDNA). 15 , 32 In this case, the different mutations
are more likely to be derived from different clones, as ctDNA repre-
sents the full mutational load of all shedding progressive lesions
whereas tissue samples represent a single lesion. 

Finally, aside from ALK mutations, several other off-target mecha-
nisms can cause acquired resistance to ALK inhibitors. 32 Examples
include epithelial-to-mesenchymal transition (EMT), 33 small-cell
lung cancer transformation, 34 MET amplification (which may sensi-
tize tumors to crizotinib), 35 or BRAF p.(V600E). 36 These alterna-
tive resistance mechanisms need to be assessed in addition to ALK
mutations to ascertain drug actionability of progressive lesions. 

Factors Influencing the Distribution of ALK on-target 
Resistance Mutations 

Each available ALK inhibitor demonstrated a distinct patterns
of on-target resistance. These distributions were in line with previ-
ous reports. 13 , 15 Notably, whereas first- and second-generation ALK
inhibitors mostly induced single ALK mutations, the majority
(82%) of samples from patients pretreated with third-generation
ALK inhibitor lorlatinib harbored more than one ALK mutation,
with L1196M/G1202R (12%) as the most common mutational
profile. This is known to occur more frequently with lorlatinib, 15

and suggests that tumors must accumulate different ALK mutations
to acquire resistance to lorlatinib. This is also supported by the
longer time it takes before disease progression occurs as compared
to the other ALK inhibitors. 37 However, this accumulation of
mutations by lorlatinib-resistant tumors in the current study may
also be due to the fact that all patients in our study were pretreated
with at least one first- or second-generation ALK inhibitor. The
resistance mechanisms to first-line lorlatinib have not yet been inves-
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tigated, but may be elucidated by post-hoc results of a recently
published trial investigating the efficacy of first-line lorlatinib. 38 

Previous reports suggested that the distribution of on-target resis-
tance mutations may also be affected by the ALK fusion variant. 39 

Indeed, as reported by Lin et al., our analysis confirmed that
L1196M was more prevalent in EML4-ALK V1 than in V3 (30%
versus 5%; P = .005), after correction for previous ALK inhibitor.
On the other hand, G1202R was more common in V3 than in
V1 (24% vs. 4%; P = .030). Other commonly reported mutations
were similarly distributed between both variants. Whereas a previ-
ous study has suggested that EML4-ALK V1 is associated with
longer survival than V3 in crizotinib-treated patients, 40 differences
in response or survival based on fusion variant could not be eluci-
dated in the current study due to missing data in the majority
of reported patients. Similarly, the influence of other EML4 - ALK
fusion variants or other fusion partners on mutation distribution
or outcome could not be analyzed due to low frequencies of these
variants in our pooled cohort. 

Limitations of Methods Used in this Study 
Our results were based on a pooled population of 387 patients

treated in the UMCG and extracted from literature. Thirty-three
patients (8.5%) were extracted from case reports. This may intro-
duce a bias due to patients published in case reports having a
naturally higher probability of exceptional response as opposed to
those published in cohorts. 

In addition, several papers included in our analysis were based on
studies from the same dataset, such as those using the Massachusetts
General Hospital (MGH) dataset. As a result, some patients were
reported multiple times in different paper: for example, sample
MGH087a has been reported on 4 separate occasions. 13 , 15 , 24 , 39 

Although duplicates were excluded as much as possible, there is a
risk that a few patients counted as unique are in fact duplicates. 

It is good to realize that most patients in this literature-based
cohort have been pretreated with crizotinib, and most patients
treated with lorlatinib had been pretreated with more than one
ALK inhibitor. The distribution of mutational profiles and poten-
tial clinical benefit will therefore change because after crizotinib now
alectinib is first-line treatment and the next step is lorlatinib that
may shift to the first-line, as is currently being tested in a phase III
trial. 37 

Conclusions 

ALK -driven non-small cell lung cancer patients that develop on-
target resistance to ALK inhibitors benefit from treatment with
sequential ALK inhibition. However, the choice of therapy depends
strongly on the type of ALK mutation(s) detected at resistance. In
vitro models to test ALK inhibitor actionability towards mutated
ALK may support clinical decision making. However, in clinical
practice, the number and diversity of mutations is higher than
analyzed in the current pre-clinical models. Therefore, we recom-
mend that treatment decisions should be based primarily on avail-
able clinical evidence of drug actionability, and resort to in vitro drug
predictions in case of insufficient clinical evidence. Our overview
on clinical evidence of drug actionability of on-target ALK resis-
tance mutations ( Figure 5 ) provides a good starting point for treat-
ing pulmonary oncologists and Molecular Tumor Boards for select-
ing the most optimal drug in individual patients. These results
support testing for on-target ALK resistance mutations in ALK
fusion-positive NSCLC patients progressing on an ALK inhibitor
to allow personalized treatment with additional ALK inhibitors. 

Clinical Practice Points 
• ALK fusion-positive non-small-cell lung cancer patients treated

with ALK inhibitors frequently develop on-target resistance. 
• Clinical evidence for the subsequent line of treatment with

currently available ALK inhibitors have been presented as case
reports, case series and preclinical models. 
• This comprehensive review summarizes the clinical evidence of

the actionability of ALK on-target resistance mechanisms with ALK
inhibitors 
• The clinical mutation-drug response matrix may serve as a

practical guide to select the most optimal ALK inhibitor for patients
with on-target resistance to first line ALK inhibitor. 

Acknowledgment 
We are grateful to all members of the University Medical Center

Groningen Molecular Tumor Board for their contribution to this
report. 

Disclosures 

HJMG reports advisory board presence from Novartis and Eli
Lilly, outside the submitted work. ES reports lectures for Bio-Rad,
Novartis, Roche, Biocartis, Illumina, Lilly, Pfizer, AstraZeneca, and
Agena Bioscience, is consultant in advisory boards for AstraZeneca,
Roche, Pfizer, Novartis, Bayer, Lilly, BMS, Amgen, Biocartis,
Illumina, Agena Bioscience and MSD/Merck, and received research
grants from Pfizer, Biocartis, Invitae-ArcherDX, AstraZeneca, Agena
Bioscience, BMS, Bio-Rad, Roche, Boehringer Ingelheim. WT
reports personal fees from Roche Diagnostics / Ventana, personal
fees from Merck Sharp Dohme, personal fees from Bristol-Myers-
Squibb, personal fees from Diaceutics, outside the submitted
work. AtE reports grants from Astrazeneca, outside the submit-
ted work. LCvK reports grants, non-financial support from
Roche, advisory board presence for AstraZeneca, Novartis, Merck,
Janssen-Cilag, Bayer, BMS, nanoString and Pfizer, grants and
non-financial support from Invitae, non-financial support from
Biocartis, grants from Bayer, non-financial support from nanoS-
tring, outside the submitted work. AJvdW reports grants from
AstraZeneca, Boehringer-Ingelheim, Pfizer, Roche and Takeda,
and reports advisory board presence from AstraZeneca, Bayer,
Boehringer-Ingelheim, Pfizer, Roche and Takeda, all outside the
submitted work and money to UMCG. All remaining authors (BK,
TJNH, WFAdD, AvdB, AtE, MvK, JLK, BIH, LBMHK, MRG,
JFV) have declared no conflicts of interest. 

References 

1. Soda M, Choi YL, Enomoto M, et al. Identification of the transforming EML4–
ALK fusion gene in non-small-cell lung cancer. Nature . 2007;448(7153):561–566.
doi: 10.1038/nature05945 . 

2. Jordan EJ, Kim HR, Arcila ME, et al. Prospective comprehensive molecular charac-
terization of lung adenocarcinomas for efficient patient matching to approved and
emerging therapies. Cancer Discov . 2017;7(6):596–609. doi: 10.1158/2159-8290.
CD- 16- 1337 . 
Clinical Lung Cancer March 2022 e113 



Actionability of ALK mutations in NSCLC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

e114 
3. Sasaki T, Rodig SJ, Chirieac LR, Jänne PA. The biology and treatment of EML4-
ALK non-small cell lung cancer. Eur J Cancer . 2010;46(10):1773–1780. doi: 10.
1016/j.ejca.2010.04.002 . 

4. Du X, Shao Y, Qin H-F, Tai Y-H, Gao H-J. ALK- rearrangement in non-
small-cell lung cancer (NSCLC). Thorac Cancer . 2018;9(4):423–430. doi: 10.1111/
1759-7714.12613 . 

5. Cui JJ, Tran-Dubé M, Shen H, et al. Structure based drug design of crizotinib
(PF-02341066), a potent and selective dual inhibitor of mesenchymal-epithelial
transition factor (c-MET) kinase and anaplastic lymphoma kinase (ALK). J Med
Chem . 2011;54(18):6342–6363. doi: 10.1021/jm2007613 . 

6. Kwak EL, Bang Y-J, Camidge DR, et al. Anaplastic lymphoma kinase inhibition in
non-small-cell lung cancer. N Engl J Med . 2010;363(18):1693–1703. doi: 10.1056/
NEJMoa1006448 . 

7. Shaw AT, Kim D-W, Mehra R, et al. Ceritinib in ALK-rearranged non-
small-cell lung cancer. N Engl J Med . 2014;370(13):1189–1197. doi: 10.1056/
NEJMoa1311107 . 

8. Seto T, Kiura K, Nishio M, et al. CH5424802 (RO5424802) for patients with
ALK-rearranged advanced non-small-cell lung cancer (AF-001JP study): a single-
arm, open-label, phase 1-2 study. Lancet Oncol . 2013;14(7):590–598. doi: 10.
1016/S1470- 2045(13)70142- 6 . 

9. Gettinger SN, Bazhenova LA, Langer CJ, et al. Activity and safety of brigatinib in
ALK-rearranged non-small-cell lung cancer and other malignancies: a single-arm,
open-label, phase I/II trial. Lancet Oncol . 2016;17(12):1683–1696. doi: 10.1016/
S1470- 2045(16)30392- 8 . 

10. Shaw AT, Felip E, Bauer TM, et al. Lorlatinib in non-small-cell lung cancer with
ALK or ROS1 rearrangement: an international, multicentre, open-label, single-arm
first-in-man phase I trial. Lancet Oncol . 2017;18(12):1590–1599. doi: 10.1016/
S1470- 2045(17)30680- 0 . 

11. Choi YL, Soda M, Yamashita Y, et al. EML4-ALK mutations in lung cancer that
confer resistance to ALK inhibitors. N Engl J Med . 2010;363(18):1734–1739.
doi: 10.1056/NEJMoa1007478 . 

12. Heuckmann JM, Holzel M, Sos ML, et al. ALK mutations conferring differ-
ential resistance to structurally diverse ALK Inhibitors. Clin Cancer Res .
2011;17(23):7394–7401. doi: 10.1158/1078- 0432.CCR- 11- 1648 . 

13. Gainor JF, Dardaei L, Yoda S, et al. Molecular mechanisms of resistance to first- and
second-generation ALK inhibitors in ALK-rearranged lung cancer. Cancer Discov .
2016;6(10):1118–1133. doi: 10.1158/2159- 8290.CD- 16- 0596 . 

14. McCoach CE, Le AT, Gowan K, et al. Resistance mechanisms to targeted
therapies in ROS1 + and ALK + Non-small cell lung cancer. Clin Cancer Res .
2018;24(14):3334–3347. doi: 10.1158/1078- 0432.CCR- 17- 2452 . 

15. Dagogo-Jack I, Rooney M, Lin JJ, et al. Treatment with next-generation
ALK inhibitors fuels plasma ALK mutation diversity. Clin Cancer Res .
2019;25(22):6662–6670. doi: 10.1158/1078- 0432.CCR- 19- 1436 . 

16. Yu Y, Ou Q, Wu X, et al. Concomitant resistance mechanisms to multiple
tyrosine kinase inhibitors in ALK-positive non-small cell lung cancer. Lung Cancer .
2019;127:19–24. doi: 10.1016/j.lungcan.2018.11.024 . 

17. Shaw AT, Solomon BJ, Besse B, et al. ALK resistance mutations and efficacy of
lorlatinib in advanced anaplastic lymphoma kinase-positive non–small-cell Lung
Cancer. J Clin Oncol . 2019;37(16):1370–1379. doi: 10.1200/JCO.18.02236 . 

18. Yang Y, Zhou J, Zhou J, et al. Efficacy, safety, and biomarker analysis of ensartinib
in crizotinib-resistant, ALK-positive non-small-cell lung cancer: a multicentre,
phase II trial. Lancet Respir Med . 2020;8(1):45–53. doi: 10.1016/S2213-2600(19)
30252-8 . 

19. Doebele RC, Pilling AB, Aisner DL, et al. Mechanisms of resistance to crizotinib
in patients with ALK gene rearranged non-small cell lung cancer. Clin Cancer Res .
2012;18(5):1472–1482. doi: 10.1158/1078- 0432.CCR- 11- 2906 . 

20. Koopman B, van der Wekken AJ, ter Elst A, et al. Relevance and effectiveness of
molecular tumor board recommendations for patients with non–small-cell lung
cancer with rare or complex mutational profiles. JCO Precis Oncol . 2020;4(4):393–
410. doi: 10.1200/PO.20.00008 . 

21. Haratake N, Seto T, Takamori S, et al. Short progression-free survival of ALK
inhibitors sensitive to secondary mutations in ALK-positive NSCLC patients.
Thorac Cancer . 2019;10(9):1779–1787. doi: 10.1111/1759-7714.13143 . 

22. Jamme P, Descarpentries C, Gervais R, et al. Relevance of detection of mechanisms
of resistance to ALK inhibitors in ALK-rearranged NSCLC in routine practice.
Clin Lung Cancer . 2019;20(4):297–304 e1. doi: 10.1016/j.cllc.2019.02.013 . 
Clinical Lung Cancer March 2022 
23. Fontana D, Ceccon M, Gambacorti-Passerini C, Mologni L. Activity of second-
generation ALK inhibitors against crizotinib-resistant mutants in an NPM-ALK
model compared to EML4-ALK. Cancer Med . 2015;4(7):953–965. doi: 10.1002/
cam4.413 . 

24. Yoda S, Lin JJ, Lawrence MS, et al. Sequential ALK inhibitors can select for
lorlatinib-resistant compound ALK mutations in ALK-positive lung cancer. Cancer
Discov . 2018;8(6):714–729. doi: 10.1158/2159- 8290.CD- 17- 1256 . 

25. Horn L, Whisenant JG, Wakelee H, et al. Monitoring therapeutic response and
resistance: analysis of circulating tumor DNA in patients With ALK + lung cancer.
J Thorac Oncol . 2019;14(11):1901–1911. doi: 10.1016/j.jtho.2019.08.003 . 

26. UMCG Pathologie en Medische Biologie. Moleculaire Diagnostiek. Avail-
able at: https://www.umcg.nl/NL/UMCG/Afdelingen/Pathologie/Professionals/
moleculaire-diagnostiek/Paginas/default.aspx . Accessed May 19, 2020. 

27. Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evaluation crite-
ria in solid tumors: revised RECIST guideline (version 1.1). Eur J Cancer .
2009;45(2):228–247. doi: 10.1016/j.ejca.2008.10.026 . 

28. Wei J, van der Wekken A, Saber A, et al. Mutations in EMT-related genes
in ALK positive crizotinib resistant non-small cell lung cancers. Cancers (Basel) .
2018;10(1):10. doi: 10.3390/cancers10010010 . 

29. Sidorenkov G, Nagel J, Meijer C, et al. The OncoLifeS data-biobank for oncology:
a comprehensive repository of clinical data, biological samples, and the patient’s
perspective. J Transl Med . 2019;17(1):374. doi: 10.1186/s12967- 019- 2122- x . 

30. Pelish HE, Tangpeerachaikul A, Kohl NE, Porter JR, Shair MD, Horan
JC. Abstract 1468: NUV-655 is a selective, brain-penetrant ALK inhibitor with
antitumor activity against the lorlatinib-resistant G1202R/L1196M compound
mutation. Am Assoc Cancer Res Conf . 2021;81(13_Suppl) Abstract nr 1468. doi: 10.
1158/1538- 7445.AM2021- 1468 . 

31. Cui JJ, Rogers E, Zhai D, et al. Abstract 5226: TPX-0131: a next generation
macrocyclic ALK inhibitor that overcomes ALK resistant mutations refractory to
current approved ALK inhibitors. In: Experimental and Molecular Therapeutics .
American Association for Cancer Research; 2020:5226-5226. doi:10.1158/1538-
7445.AM2020-5226 

32. Hofman P. Detecting resistance to therapeutic ALK inhibitors in tumor tissue
and liquid biopsy markers: an update to a clinical routine practice. Cells .
2021;10(1):168. doi: 10.3390/cells10010168 . 

33. Fukuda K, Takeuchi S, Arai S, et al. Epithelial-to-mesenchymal transition is
a mechanism of ALK inhibitor resistance in lung cancer independent of ALK
mutation status. Cancer Res . 2019;79(7):1658–1670. doi: 10.1158/0008-5472.
CAN- 18- 2052 . 

34. Ou S-HI, Lee TK, Young L, et al. Dual occurrence of ALK G1202R solvent front
mutation and small cell lung cancer transformation as resistance mechanisms to
second generation ALK inhibitors without prior exposure to crizotinib. Pitfall of
solely relying on liquid re-biopsy? Lung Cancer . 2017;106:110–114. doi: 10.1016/
j.lungcan.2017.02.005 . 

35. Dagogo-Jack I, Yoda S, Lennerz JK, et al. MET alterations are a recurring and
actionable resistance mechanism in ALK-positive lung cancer. Clin Cancer Res .
2020;26(11):2535–2545. doi: 10.1158/1078- 0432.CCR- 19- 3906 . 

36. Urbanska EM, Sørensen JB, Melchior LC, Costa JC, Santoni-Rugiu E. Changing
ALK-TKI-resistance mechanisms in rebiopsies of ALK-rearranged NSCLC: ALK-
and BRAF-mutations followed by Epithelial-Mesenchymal transition. Int J Mol Sci .
2020;21(8):2847. doi: 10.3390/ijms21082847 . 

37. Shaw AT, Bauer TM, de Marinis F, et al. First-Line lorlatinib or crizotinib in
advanced ALK -positive lung cancer. N Engl J Med . 2020;383(21):2018–2029.
doi: 10.1056/NEJMoa2027187 . 

38. Shaw AT, Bauer TM, de Marinis F, et al. First-line lorlatinib or crizotinib in
advanced ALK-positive lung cancer. N Engl J Med . 2020;383(21):2018–2029.
doi: 10.1056/NEJMoa2027187 . 

39. Lin JJ, Zhu VW, Yoda S, et al. Impact of EML4-ALK variant on resistance
mechanisms and clinical outcomes in ALK-positive lung cancer. J Clin Oncol .
2018;36(12):1199–1206. doi: 10.1200/JCO.2017.76.2294 . 

40. Woo CG, Seo S, Kim SW, et al. Differential protein stability and clinical responses
of EML4-ALK fusion variants to various ALK inhibitors in advanced ALK-
rearranged non-small cell lung cancer. Ann Oncol Off J Eur Soc Med Oncol .
2017;28(4):791–797. doi: 10.1093/annonc/mdw693 . 



Bart Koopman et al 

 

Supplementary materials 

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.cllc.2021.06.011 . 
Clinical Lung Cancer March 2022 e114.e1 


