1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2020 May 15.

-, HHS Public Access
«

Published in final edited form as:
Clin Cancer Res. 2019 November 15; 25(22): 6662—-6670. d0i:10.1158/1078-0432.CCR-19-1436.

Treatment with Next-Generation ALK Inhibitors Fuels Plasma
ALK Mutation Diversity

Ibiayi Dagogo-Jack!, Marguerite Rooney?, Jessica J. Lin!, Rebecca J. Nagy?, Beow Y.
Yeapl, Harper Hubbeling3, Emily Chinl, Jennifer Ackill, Anna F. Faragol, Aaron N. Hatal,
Jochen K. Lennerz?4, Justin F. Gainor?l, Richard B. Lanman?, Alice T. Shawl#

IMassachusetts General Hospital Cancer Center and Department of Medicine, Massachusetts
General Hospital

2Guardant Health, Inc, Massachusetts General Hospital
SMemorial Sloan Kettering Cancer Center, Massachusetts General Hospital

4Center for Integrated Diagnostics, Massachusetts General Hospital

Abstract

Background—Acquired resistance to next-generation ALK tyrosine kinase inhibitors (TKIs) is
often driven by secondary ALK mutations. Here we investigated utility of plasma genotyping for
identifying ALK resistance mutations at relapse on next-generation ALK TKIs.

Methods—We analyzed 106 plasma specimens from 84 patients with advanced AL K-positive
lung cancer treated with second- and third-generation ALK TKIs using a commercially available
next-generation sequencing (NGS) platform (Guardant360). Tumor biopsies from TKI-resistant
lesions underwent targeted NGS to identify ALK mutations.

Results—ByYy genotyping plasma, we detected an ALK mutation in 46 (66%) of 70 patients
relapsing on a second-generation ALK TKI. When post-alectinib plasma and tumor specimens
were compared, there was no difference in frequency of ALK mutations (67% vs 63%), but
plasma specimens were more likely to harbor 22 ALK mutations (24% vs 2%, p=0.004). Among
29 patients relapsing on lorlatinib, plasma genotyping detected an ALK mutation in 22 (76%),
including 14 (48%) with >2 ALK mutations. The most frequent combinations of ALK mutations
were G1202R/L1196M and D1203N/1171N. Detection of 22 ALK mutations was significantly
more common in patients relapsing on lorlatinib compared to second-generation ALK TKIs (48%
Vs 23%, p=0.017). Among 15 patients who received lorlatinib after a second-generation TKI,
serial plasma analysis demonstrated that 8 (53%) acquired =1 new ALK mutations on lorlatinib.

Conclusions—ALK resistance mutations increase with each successive generation of ALK TKI
and may be underestimated by tumor genotyping. Sequential treatment with increasingly potent
ALK TKIs may promote acquisition of ALK resistance mutations leading to treatment-refractory
compound ALK mutations.

*Corresponding Author: Alice T. Shaw, M.D., Ph.D., Massachusetts General Hospital, Department of Medicine, 32 Fruit Street,
Boston, MA, USA, 02114, ashawl@mgh.harvard.edu.
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INTRODUCTION

Anaplastic lymphoma kinase (ALK)-rearranged non-small cell lung cancers (NSCLCs) are
driven by a constitutively active fusion protein that confers marked sensitivity to ALK
tyrosine kinase inhibitors (TKIs).! Recent studies exploring the activity of second-
generation ALK TKIs (ceritinib, alectinib, and brigatinib) in treatment-naive patients have
positioned these more potent ALK TKIs as the preferred first-line treatment for advanced
AL K-positive NSCLC.2~4 However, virtually all patients will eventually develop resistance
to therapy. In patients relapsing on second-generation ALK TKIs, molecular analysis of
repeat biopsies from resistant disease sites suggests that secondary mutations in the ALK
kinase domain contribute to 50-60% of treatment relapses.>~’

Lorlatinib is a third-generation ALK TKI that was specifically designed to overcome ALK
kinase domain mutations.”8 In the registrational phase 2 study, responses to lorlatinib were
seen in approximately 70% of patients whose tumors harbored an ALK kinase domain
mutation prior to lorlatinib.® However, even ALK-positive NSCLCs that initially respond to
lorlatinib will become resistant, often due to the development of compound ALK mutations
(i.e., two or more ALK mutations located on the same allele).1% Thus, ALK mutations are a
key driver of resistance to both second- and third-generation ALK TKIs. Interestingly, due to
the distinct chemical structures of different ALK TKIs, a subset of lorlatinib-resistant
compound ALK mutations may be sensitive to treatment with earlier generation ALK TKiIs.
1112 The identification of ALK mutations can therefore inform selection of ALK TKIs at
multiple points in the disease course.

Plasma genotyping is a promising strategy for analyzing TKI resistance in oncogene-driven
NSCLCs.1314 As plasma contains an amalgam of tumor-derived DNA from multiple
metastatic sites, genotyping plasma may be more informative than biopsy of a single disease
site. Several recent studies suggest a potential role for circulating tumor DNA (ctDNA)
analysis in management of ALK-positive NSCLC.1516 For example, two studies
demonstrated that the Guardant360 assay reliably detects ALK fusions and kinase domain
mutations in patients with ALK TKI-resistant disease.>6 In another study using a different
plasma assay, our group explored the role of longitudinal plasma genotyping in monitoring
the evolution of resistance to ALK TKIls.1> These three studies primarily analyzed plasma
from lorlatinib-naive patients. As the genetic alterations that drive on-target resistance
increase in complexity after exposure to lorlatinib,? additional studies are needed to
establish the utility of plasma genotyping for characterizing ALK resistance mutations
across the spectrum of next-generation ALK TKIs, particularly lorlatinib.

Here we analyzed over 100 plasma samples from patients with ALK-positive NSCLC
relapsing on next-generation ALK TKIs and show that ALK resistance mutations increase
with each successive generation of ALK TKiIs.
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PATIENTS AND METHODS

Data Collection

Between March 2016 and March 2019, we analyzed 106 plasma specimens from 84 patients
with ALK-positive NSCLC who were relapsing on a second-generation ALK TKI or the
third-generation ALK TKI lorlatinib (Figure 1). Medical records were retrospectively
reviewed to extract data on clinicopathologic and molecular features. Data were updated as
of March 15, 2019. This study was approved by the Massachusetts General Hospital
Institutional Review Board. Patient studies were conducted according to the Declaration of
Helsinki, the Belmont Report, and the U.S. Common Rule.

Molecular Testing

All plasma specimens were genotyped using the CLIA-certified, Guardant360 NGS assay as
previously described.1” The majority of plasma specimens (n= 99, 93%) were genotyped
after November 2016 using a 73-gene Guardant360 assay. This iteration of the Guardant360
assay employs a panel that covers six fusions (including ALK), all exons of 19 genes,
critical exons of 73 genes (including ALK), and insertions/deletions and copy number
variations in select genes (23 genes and 18 genes, respectively). The remaining seven
specimens (7%) were analyzed with an earlier 70-gene version of the Guardant360 assay
that encompassed fewer insertions/deletions. Both versions of the Guardant360 assay use
hybridization capture probes targeting the conserved ALK breakpoint in intron 19 and a
variety of breakpoints in EML4 and other upstream ALK fusion partners to detect ALK
rearrangements. For a subset of patients (n=22), contemporaneous tissue specimens were
analyzed using SNaPshot NGS (n=17),18 Foundation One (n=2),° DFCI Oncopanel (n=1),
20 and MSK Impact (n=1)21 as previously described. All patients included in this study
provided consent for molecular testing.

We conducted a tissue-plasma concordance analysis to evaluate the performance
characteristics of the Guardant360 plasma assay. Twenty-two patients underwent paired
tissue and plasma genotyping (Supplementary Table 1). Using tissue as the reference
standard, the sensitivity of plasma genotyping for detecting tissue-identified ALK mutations
was 90%, confirming that plasma genotyping can reliably detect ALK resistance mutations
in patients relapsing on ALK TKIs. However, due to intratumor heterogeneity specificity
was 48%, as plasma genotyping detected additional ALK mutations not identified by
genotyping a single disease site.

Statistical Analysis

Fisher’s exact test was used to compare ALK mutation frequency between specimen and
treatment groups. All p-values were based on a two-sided hypothesis and computed using
Stata 12.1.

Clin Cancer Res. Author manuscript; available in PMC 2020 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dagogo-Jack et al. Page 4

RESULTS

Study Population

We analyzed 106 plasma specimens from 84 patients with metastatic ALK-positive NSCLC
(Figure 1). Baseline characteristics of the study cohort are described in Supplementary Table
2. The dataset included 77 plasma specimens from 70 patients relapsing on a second-
generation ALK TKI. Fifty-four (77%) of these patients had only been exposed to one
second-generation ALK TKI prior to analysis. In addition, we analyzed plasma from 29
patients relapsing on lorlatinib, fifteen of whom underwent plasma analysis after failure of a
second-generation ALK TKI prior to initiating lorlatinib. These 15 patients were also
included in the second-generation TKI group.

Resistance to Second-Generation ALK Inhibitors

We first evaluated the spectrum of ALK resistance mutations in plasma at progression on
second-generation ALK TKIs. We detected an ALK mutation in plasma from 46 (66%) of
70 patients relapsing on a second-generation ALK TKI (Figure 2A). An ALK fusion was
detected in plasma from 19 (79%) of the 24 patients who did not have ALK mutations in
plasma. The most frequently observed ALK mutation was G1202R, detected in 23 (33%)
specimens. ALK 11171X and L1196M were also frequently seen (n=17, 24% and n=12,
17%, respectively). Sixteen (23%) plasma specimens contained =22 AL K mutations.
Nineteen patients were relapsing only in the brain or thoracic cavity at the time of plasma
analysis. As sensitivity of plasma genotyping may be lower when relapse is confined to
these sites,14:22 we were particularly interested in ctDNA findings from these 19 patients.
An ALK mutation and/or ALK fusion was detected in plasma from 17 (89%) of the 19
patients. The remaining patient’s plasma analysis failed to identify an ALK fusion or ALK
mutation in the setting of brain-only relapse.

Spectrum of ALK Mutations in Plasma vs Tissue at Alectinib Relapse—To
determine whether the frequency and spectrum of ALK mutations are consistent in tissue
and plasma, we compared plasma genotyping results to tissue analysis results for patients
seen at our institution who underwent tissue biopsy at progression on alectinib. We limited
the analysis to patients who received alectinib as their only next-generation TKI as these
patients constituted the majority of cases in our plasma cohort. In total, we analyzed 46
plasma and 41 tissue specimens. Twelve patients underwent paired plasma and tissue
genotyping at progression on alectinib and were included in both cohorts.

Of the 46 patients who underwent plasma genotyping at relapse on alectinib, thirty-one
(67%) had ALK mutations in plasma, including G1202R (n=17, 37%), 11171X (n=12, 26%),
L1196M (n=10, 22%), and VV1180L (n=5, 11%). Eleven (24%) plasma specimens contained
>2 ALK mutations (Figure 2A, Supplementary Figure 1). By tumor genotyping, ALK
mutations were identified in 26 (63%) of 41 alectinib-resistant tissue biopsies
(Supplementary Figure 1). The most common tissue ALK mutations were G1202R (n=10,
24%), 11171X (n=10, 24%), and V1180L (n=4, 10%) (Figure 2B). ALK L1196M was
notably less prevalent in tissue than plasma (2% vs 22%, p=0.008). As ALK L1196M is a
gatekeeper mutation that confers resistance to crizotinib but can be overcome by all next-
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generation ALK TKIs, it is likely that the mutation emerged during prior treatment with
crizotinib and was not the primary driver of failure of a second-generation ALK TKI. Thus,
the decreased frequency of ALK L1196M in tissue relative to plasma may reflect targeting
of truly resistant disease sites for tumor biopsies. There was no significant difference in the
frequency of other ALK mutations (Figure 2B). Tumor genotyping was also significantly
less likely than plasma genotyping to identify >2 AL K’ mutations at relapse on alectinib (2%
vs 24%, p=0.004, Figure 2C). Overall, our findings suggest that the proportion of patients
relapsing on alectinib due to secondary ALK mutations is similar based on tissue or plasma
genotyping, but plasma can identify a subset of alectinib-resistant cancers harboring multiple
ALK mutations.

Plasma ALK Mutations in Patients Exposed to Multiple Second-Generation
ALK TKIs—We analyzed plasma from 23 patients who had been exposed to =2 second-
generation ALK TKIs (Supplementary Table 3). For 16 of these patients, the plasma analysis
was conducted after failure of multiple second-generation ALK TKIs (Figure 2A). Eight
(50%) patients had an ALK mutation in plasma at relapse, three (19%) of whom had =2
ALK mutations. In comparison, thirty-five (69%) patients had an ALK mutation in plasma
after exposure to only one second-generation TKI, including 13 (25%) patients with > 2
ALK mutations (Figure 2A). Thus, detection of 22 ALK mutations in plasma was similar in
patients exposed to one versus multiple second-generation TKIs (25% vs 19%, p=0.743).

The remaining seven patients underwent plasma analysis twice during the study period with
each timepoint representing progression on a different second-generation ALK TKI
(Supplementary Table 4). MGH9220 developed an alectinib-resistant (but ceritinib-sensitive)
ALKV1180L mutation at relapse on alectinib. At progression after 7 months on ceritinib,
ALKV1180L cleared but ALK G1202R was detected. Six patients received alectinib
followed by brigatinib. In three cases (all with ALK mutations), the number and composition
of ALK mutations did not change at subsequent relapse on brigatinib. For two of these
patients, the best response to brigatinib was disease stabilization lasting four months. The
other patient (MGH989) had primary progression on brigatinib. Three patients developed an
additional ALK mutation after 4-6 months of treatment with brigatinib, including two
patients who did not have detectable ALK mutations in plasma at alectinib relapse Overall,
among six patients who were treated with alectinib followed by brigatinib, detection of =2
ALK mutations in plasma at relapse on brigatinib was seen in two cases, one of whom
acquired all mutations prior to initiating brigatinib.

Resistance to the Third-Generation ALK Inhibitor Lorlatinib

Lorlatinib is a potent third-generation ALK TKI with clinical activity against the broadest
range of ALK kinase domain mutations.”-? However, lorlatinib cannot overcome all ALK-
dependent resistance mechanisms.23 Our group recently identified lorlatinib-resistant
compound ALK mutations in biopsy specimens from patients relapsing on lorlatinib.10
Based on these findings, we hypothesized that plasma from patients relapsing on lorlatinib
would be more likely to contain >2 ALK mutations than plasma from patients relapsing on a
second-generation TKI.
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We detected ALK mutations in 22 (76%) plasma specimens from 29 patients at progression
on lorlatinib, all of whom had received at least one prior second-generation ALK TKI
(Figure 3A, left). An ALK fusion was detected in five of the 7 plasma specimens that lacked
an ALK mutation. Six patients in the post-lorlatinib cohort were relapsing only in the brain
or thoracic cavity at the time of plasma analysis. An ALK fusion and/or ALK mutation was
detected in plasma from all six patients. In the group of 29 post-lorlatinib specimens, the
following ALK mutations were recurrently seen: L1196M (38%), G1202R (28%), D1203N
(24%), F1174C/L (14%), and 11171X (14%). Fourteen (48%) plasma specimens contained
>2 ALK mutations. Detection of >2 AL K mutations in plasma was twice as common at
relapse on lorlatinib than at relapse on a second-generation ALK TKI (Figure 3B, 48% vs
23%, p=0.017). Thus, while exposure to multiple second-generation ALK TKIs does not
appear to predispose to developing multiple ALK mutations in plasma, these findings
suggest that exposure to a more potent ALK TKI like lorlatinib may select for multiple ALK
mutations.

Spectrum of ALK Mutations in Plasma vs Tissue at Lorlatinib Relapse—We
compared ALK mutations in plasma to those detected in tumor biopsies from 32 patients
relapsing on lorlatinib (Figure 3A, right), seven of whom were included in both cohorts. For
six of the 32 patients who underwent tissue analysis, findings from genotyping post-
lorlatinib tumor specimens were reported in an earlier analysis.19 Twelve (38%) tumor
biopsies harbored ALK mutations, including nine with >2 ALK mutations. The most
common tissue ALK mutations were G1202R (19%), G1269A (16%), D1203N (9%), and
11171X (9%). Three biopsies contained both ALK G1269A and G1202R. ALK G1202R/
L1196M and D1203N/I1171X mutations were identified in one and two biopsies,
respectively. Compared to plasma, tissue genotyping was half as likely to detect ALK
mutations at relapse (38% vs 76%, p=0.004). The frequency of detecting =2 ALK mutations
was also higher in plasma than in tissue (48% vs 28%, Figure 3C), but the comparison
(p=0.12) was not strictly significant due to low power.

Allelic Configuration of ALK Mutations—\We analyzed lorlatinib-resistant plasma
specimens with >2 AL K mutations to determine whether the mutations occurred in cis (i.e.,
compound mutations). Five post-lorlatinib specimens contained ALK mutations located
close enough to determine allelic configuration (Supplementary Figure 2), all of which were
confirmed to represent compound mutations (Supplementary Table 5). Notably, MGH953’s
plasma contained three distinct compound ALK mutations: G1202R/L1196M, L1196M/
F1174L, and L1196M/F1174C. As previously reported, the patient underwent sampling of
an enlarging pleural effusion at lorlatinib relapse which demonstrated ALK G1202R/
LL1196M in cis but did not detect the other two compound mutations.19 The remaining four
patients did not have paired tumor biopsies. Of note, we performed a similar analysis on
plasma specimens from patients relapsing on second-generation TKIs. Among six second-
generation TKI-resistant cases where plasma ALK mutations were proximal enough to
assess allelic configuration, three represented compound mutations while the remaining
three had ALK mutations located in trans (Supplementary Table 5). While the numbers are
small, these data suggest that less potent second-generation ALK TKiIs are less likely than
lorlatinib to select for resistant compound ALK mutations.
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Dynamic Changes in Plasma ALK Mutations During Sequential ALK TKI
Therapy—Analyses of longitudinal tissue biopsies suggest that compound ALK mutations
can result from stepwise acquisition of ALK mutations during sequential treatment with
second-generation ALK TKIs followed by lorlatinib.19-1 To evaluate whether ALK
mutations accumulate on lorlatinib, we analyzed serial plasma samples from 15 patients at
relapse on a second-generation ALK TKI and then again at progression on lorlatinib (Table
1). Thirteen patients had ALK mutations prior to initiating lorlatinib. Neither of the two
patients who did not have a pretreatment ALK mutation developed new ALK mutations after
treatment with lorlatinib.

Among the 13 patients with pre-lorlatinib ALK mutations, eight developed at least one new
ALK mutation (Table 1). In two cases (MGH9200 and MGH9213) where a new ALK
mutation was acquired and the allelic relationship between post-lorlatinib ALK mutations
could be assessed, the two ALK mutations resided on the same allele, consistent with
generation of a compound mutation (G1202R/L1196M as seen in Figure 4A and D1203N/
L1196M). Interestingly, four of the 8 patients acquired ALK D1203N during treatment with
lorlatinib (Table 1). ALK D1203N was significantly more common at relapse on lorlatinib
than at relapse on a second-generation ALK TKI (24% vs 4%, p=0.005). Among the 13
patients with pre-lorlatinib ALK mutations, we also observed “loss” of one or more ALK
resistance mutations in six patients. For example, MGH9035 cleared ALK V1180L from
plasma during treatment with lorlatinib and gained ALK C1156Y while retaining ALK
G1202R and ALK L1196M (Figure 4B). The most frequently “lost” mutation was ALK
G1202R in three cases, suggesting suppression of the G1202R-mutant clone by lorlatinib.
These dynamic changes were also reflected by changes in the allelic frequency of ALK
mutations in post-lorlatinib vs pre-lorlatinib plasma specimens (Supplementary Figure 3).
Taken together, these results suggest that in the presence of a pre-existing ALK resistance
mutation, lorlatinib treatment can foster acquisition of additional ALK resistance mutations,
generating highly refractory compound ALK mutations.

DISCUSSION

In this manuscript, we analyzed over 100 plasma specimens from patients with advanced
AL K-positive NSCLC who were relapsing on next-generation ALK TKIs. We compared
plasma versus tissue genotyping results, and also compared ALK mutation profiles after
failure of second- versus third-generation ALK TKIs. Our results demonstrate that the
number of ALK resistance mutations increases with each successive generation of ALK
TKI. Under the selective pressure of lorlatinib, these mutations are often in cis and lead to
generation of treatment-refractory compound ALK mutations.

In this study, plasma genotyping consistently detected more ALK mutations than tumor
genotyping. For example, among patients relapsing on alectinib, we identified =2 ALK
mutations in plasma specimens from 24% of cases. In contrast, we detected >2 ALK
mutations in only 2% of alectinib-resistant tumor biopsies. Similarly, in lorlatinib-resistant
patients, we detected =2 ALK mutations in 48% and 28% of cases using plasma and tumor
genotyping, respectively. An analysis of allelic configuration among the subset of cases
where the location of ALK mutations allowed for assessing allelic relationships
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demonstrated that all post-lorlatinib specimens with =2 ALK mutations had compound
mutations whereas only half of those analyzed at relapse on a second-generation ALK TKI
represented compound mutations. Although we expected that compound mutations would be
more prevalent after exposure to lorlatinib, it was surprising to find that compound
mutations can develop at relapse on second-generation ALK TKIs. Nevertheless, as many
patients relapsing on second-generation ALK TKIs will not have compound mutations, the
discordance between the frequency of detecting =2 ALK mutations with plasma vs tissue
testing may in some cases reflect the underlying spatial heterogeneity of resistant disease,
i.e. independent ALK-mutant clones located at different anatomical sites.242° In support of
this, in our concordance study with paired plasma and tissue samples, six of 22 patients had
additional ALK mutations in plasma that were not detected in a single-site tumor biopsy
(Supplementary Table 1). In addition, as mentioned above, four of 11 plasma specimens
evaluated for allelic configuration of plasma-detected ALK mutations had ALK mutations
on separate alleles, possibly reflecting distinct resistant clones (Supplementary Table 5).
These findings highlight the potential advantage of using plasma genotyping to dissect the
complex and heterogeneous ALK resistance landscape.

In addition to capturing spatial heterogeneity of resistance at higher resolution than tissue
biopsy, plasma genotyping offers a non-invasive strategy for assessing temporal evolution of
resistance. In this study, we evaluated serial plasma samples from 15 patients with ALK-
positive NSCLC treated with sequential next generation ALK TKIs. Plasma genotyping
revealed that exposure to distinct ALK TKiIs fuels highly dynamic shifts in clonal/subclonal
populations. For example, both MGH990 and MGH9185 relapsed on second-generation
TKIs due to an acquired ALK G1202R mutation. After initial response and then relapse on
lorlatinib, ALK G1202R was no longer detectable in the plasma of either patient, and
instead ALK 11171N and D1203N were identified at comparable allelic frequencies in both
cases. The extent of genomic space between these two particular ALK mutations precluded
us from establishing whether they resided on the same allele or different alleles. However, in
the five post-lorlatinib cases where we were able to assess the allelic context of plasma ALK
mutations, we confirmed that the ALK mutations were on the same allele. Taken together
with our previous study of lorlatinib-resistant tumor specimens,0 these findings support the
notion that stepwise acquisition of ALK mutations occurs as patients move from second- to
third-generation ALK TKIs, culminating in the development of lorlatinib-resistant
compound ALK mutations.

To date, several lorlatinib-resistant compound ALK mutations have been identified in
patients relapsing after sequential next-generation TKIs. Remarkably, some lorlatinib-
resistant compound ALK mutations may re-sensitize tumors to earlier-generation ALK
TKIs.1011.23 A7 K| 1198F-containing compound mutations have been shown to re-sensitize
to crizotinib,!1 but ALK L1198F was not detected in the plasma of any of our lorlatinib-
resistant cases. For one patient relapsing on lorlatinib, plasma genotyping detected ALK
G1269A and 11171S (Figure 3A). Based on in vitro models, a G1269A/11171S compound
mutation may re-sensitize to ceritinib or brigatinib.23 Outside of the compound mutations
above, the remaining lorlatinib-resistant compound ALK mutations are likely refractory to
currently available ALK TKiIs.
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The most common compound ALK mutation identified in plasma in this study was
L1196M/G1202R, which we previously demonstrated confers high level resistance to first-,
second-, and third-generation ALK TKIs.10 Interestingly, ALK D1203N, which resides at
the solvent front of the kinase domain beside G1202R, was also frequently detected in post-
lorlatinib cases harboring =2 plasma ALK mutations, including four instances where it was
shown to be newly-acquired on lorlatinib. In three lorlatinib-resistant cases, ALK D1203N in
exon 23 co-occurred with the exon 22 mutation 11171N. The allele frequencies of the two
ALK mutations suggest that the mutations were likely in cis, but the allelic configuration
could not be confirmed as the two exons are separated by approximately 1600 base pairs.
Given the limitations of DNA-based plasma sequencing approaches in the setting of
significant inter-exon distance, there is rationale for developing platforms for analyzing
circulating gene transcripts. Early studies demonstrate feasibility of detecting ALK fusions
and ALK resistance mutations in tumor-derived RNA contained in exosomes or platelets.
26,27 Overall, our results highlight the growing complexity of on-target mechanisms of
resistance in patients treated with increasingly potent ALK TKIs. While this work identifies
potential new targets for drug discovery, including G1202R/L1196M and D1203N/I1171N
compound mutations, the multiplicity of ALK mutations emerging after sequential next-
generation TKIs suggests that alternative strategies such as allosteric inhibitors and ALK
degraders should be explored.28

Our study has several important limitations. First, most patients had been exposed to other
ALK TKIs (e.g., crizotinib) prior to initial plasma analysis, but plasma specimens were not
available at earlier timepoints. In theory, ALK mutations may have developed on prior
therapies, and this may have led us to overestimate the impact of lorlatinib on the
accumulation of ALK mutations. To overcome this limitation, we examined serial plasma
specimens from patients on sequential next generation ALK inhibitors, including pre- and
post-lorlatinib specimens when available. Second, during the study period, we attempted to
collect and analyze post-lorlatinib specimens from all patients seen at our institution.
However, it is possible that patients with ALK mutations were inadvertently overrepresented
given the small size of the post-lorlatinib dataset. As mentioned above, we could not
establish the allelic configuration of ALK mutations in over one-half of plasma samples
harboring >2 AL K mutations due to the location of the mutations within the large region of
genomic DNA encompassed by exons 22-23 of ALK. Furthermore, although we have made
the novel observation that ALK D1203N and ALK 11171N commonly co-occur at relapse on
lorlatinib, we have not characterized the potential functional significance of co-localization
of these ALK mutations on the same allele. Finally, as secondary ALK kinase domain
mutations represent a major class of resistance to ALK TKIs, we focused our analysis on
ALK mutations. However, 30-40% of patients relapsing on second- and third-generation
ALK inhibitors do not acquire ALK resistance mutations suggesting that their cancers are
driven by ALK-independent mechanisms. As these ALK-independent resistance
mechanisms cause refractoriness to further ALK inhibition, it is essential for plasma
genotyping platforms to comprehensively assess for genetic drivers of both ALK-
independent and ALK-dependent resistance. Future studies characterizing potential ALK-
independent resistance mechanisms will be critical to developing effective therapeutic
strategies for patients who have become TKI-refractory.
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In summary, the current treatment paradigm for advanced ALK-positive NSCLC involves
sequential treatment with increasingly potent second- and third-generation ALK TKiIs.
While patients can derive significant clinical benefit from this approach, this work
demonstrates that the selective pressure of sequential TKIs fosters the stepwise acquisition
of secondary ALK resistance mutations, leading to a diverse array of compound ALK
mutations, most of which are refractory to currently available ALK TKIs. As the initial ALK
mutation provides the substrate for generating compound mutations, a more effective
treatment strategy may be to move lorlatinib, which has shown the broadest range of activity
against single ALK resistance mutations, into the first-line setting. A phase 3 clinical trial
evaluating lorlatinib as first-line therapy in advanced ALK-positive NSCLC is ongoing and
will help inform the optimal sequencing of next-generation ALK TKis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Management of advanced ALK-positive lung cancer involves sequential treatment with a
second-generation ALK inhibitor followed by lorlatinib. Early analyses of tumor biopsies
suggest that ALK mutations acquired at initial relapse provide the substrate for
generating compound ALK mutations during treatment with lorlatinib. As a composite of
tumor DNA from multiple lesions, genotyping plasma may provide deeper insights into
the dynamic and complex nature of ALK-dependent resistance than genotyping a single
tumor. Here, through analysis of over 100 plasma specimens, we demonstrate that
accumulation of ALK mutations during sequential treatment with next-generation ALK
inhibitors promotes formation of refractory compound mutations. Our study highlights
the potential for plasma genotyping to refine current understanding of the evolution of
on-target resistance to ALK inhibitors and provides a blueprint for the rational design of
fourth generation ALK inhibitors aimed at overcoming compound ALK mutations.
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106 Plasma Specimens
from 84 Patients with
ALK+ NSCLC
77 Plasma Specimens at Relapse on 29 Plasma Specimens at
2"d-Generation ALK TKI Relapse on Lorlatinib
Alectinib-only | [ Ceritinib-only n=4 | [ 22 2nd-Gen TKI Pre-Treatment No Pre-Treatment
n=46 Brigatinib-only n=3 n=16 Specimen Analyzed Specimen Available
Ensartinib-only n=1 n=15* n=14

Plasma Analysis at

Relapse on Additional

2" Generation TKI
n=7

Figure 1. Study Population.
Serial analysis of plasma specimens was performed for 22 patients (7 patients who received

a second-generation TKI followed by second-generation TKI, and 15 patients who received
a second-generation TKI followed by lorlatinib, indicated by asterisk). Among 16 patients
who received =2 second-generation ALK TKIs before plasma analysis, 9 received alectinib
and ceritinib, 4 received alectinib and brigatinib, 2 received alectinib, ceritinib, and
brigatinib, and 1 received alectinib, brigatinib, and ensartinib. *Included in both second-
generation and lorlatinib cohorts; 2"d-Gen=second-generation; TKI: tyrosine kinase
inhibitor.
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Figure 2. ALK Mutations at Relapse on Second-Generation ALK TKls.
(A) The grid depicts ALK mutations detected in plasma from patients relapsing on second-

generation ALK inhibitors. Gray boxes indicate ALK inhibitors received prior to plasma
collection. Blue boxes indicate detection of an ALK fusion or ALK mutation in plasma. Bar
graphs quantify the number of plasma specimens with each ALK mutation. (B) Bar graphs
indicate the percentage of post-alectinib plasma or tissue specimens with each ALK
mutation. Apart from L1196M (indicated by asterisk), there was no significant difference in
frequency of specific ALK mutations in plasma vs tissue. (C) Bar graphs indicate the
number of specimens (tissue vs plasma) harboring 0,1, or =2 ALK mutations at relapse on
alectinib. Detection of =2 AL K mutations was significantly more common (asterisk) in

plasma than tissue.
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Figure 3. ALK Mutations at Relapse on Lorlatinib.
(A) Grids depict ALK mutations detected in plasma (left) and tumor biopsies (right) from

patients relapsing on lorlatinib. Dark grey boxes indicate ALK inhibitors received prior to
specimen collection. Blue boxes indicate detection of an ALK kinase domain mutation or
fusion. Light gray boxes in fusion row indicate that a specimen was not assessed for
presence of ALK fusion. ALK fusion variants (based on current or prior testing) are
indicated in the fusion row for tissue specimens when known. Bar graphs quantify the
number of specimens with each ALK mutation. (B) Bar graphs indicate percentage of
specimens harboring 0, 1, or 22 ALK mutations at relapse on a second-generation ALK TKI
vs lorlatinib. Detection of 22 AL K’ mutations was more common at relapse on lorlatinib
(asterisk). (C) Bar graphs indicate the percentage of plasma vs tissue specimens harboring O,
1, =22 ALK mutations at relapse on lorlatinib. Compared to plasma, tissue specimens were
significantly less likely to have ALK mutations (asterisk).
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Figure 4. Evolution of ALK Mutations During Treatment with Sequential Second- and Third-
Generation ALK TKIs.

(A) ALKL1196M was detected in MGH9200’s plasma at relapse on alectinib. After failure
of lorlatinib, the mutation persisted and ALK G1202R emerged. (B) MGH9035’s clonal
evolution plot depicts acquisition and “loss” of ALK mutations in plasma during sequential
treatment with alectinib, brigatinib, and lorlatinib.
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