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Mechanisms of resistance after crizotinib or second-generation
ALK therapy in advanced non-small cell lung cancer
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Abstract: Compared with crizotinib, next-generation anaplastic lymphoma kinase (ALK) tyrosine kinase
inhibitors (TKIs) reported improved progression free survival (PFS) and higher intracranial activity,
becoming the new standard of care in the first-line treatment of advanced ALK-positive non-small cell lung
cancer (NSCLC) patients. As there are several ALK-TKI, upon progression, the optimal sequential ALK
TKI strategy at progression is relevant, and this may have an impact on patients' outcome. Secondary ALK
resistance mutation subtypes have a prognostic and predictive value and are crucial for the selection of the
optimal sequential ALK-TKI. In the current review we summarize the mechanism of acquired resistance
(AR) in crizotinib-refractory tumors as well as after second-generation ALK TKI with a focus on circulating
tumor DNA (ctDNA) analysis. This liquid biopsy may provide real-time information on the molecular
evolution of the disease upon ALK-TKI therapy, which may guide clinicians in their sequencing approaches
instead of blinded treatment decisions. Indeed, ctDNA analysis at progression on ALK TKI has reported
other than acquired ALK mutations such as MET amplification. Future challenges are to elucidate the ALK
mutation portrait when next generation ALK TKI are used in the first-line setting, as well as the efficacy of
MET inhibitors in the subset of tumors with acquired MET amplification.
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Introduction brigatinib and third generation: lorlatinib) have significantly
enlarged the therapeutic arsenal in this population.
Crizotinib was the first ALK TKI approved by both the

FDA (2011) and EMA (2012), as standard treatment for

Anaplastic lymphoma kinase (ALK) gene rearrangements
occur in ~5% of patients with advanced non-small cell
lung cancer (NSCLC), mainly in lung adenocarcinomas.

The first-generation ALK tyrosine kinase inhibitor (TKI),
crizotinib, and, more recently the next generation ALK
TKIs (second generation: ceritinib, ensartinib, alectinib,

lung cancers harboring ALK rearrangements. In the first-
line setting, crizotinib improved the response rate (RR)

and the progression free survival (PFS) compared with

A ORCID: 0000-0002-9462-875X.
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platinum-based chemotherapy in two randomised phase III
clinical trials, the PROFILE 1014 (1,2) and the PROFILE
1029 (3), the former performed only in Asian patients.
Similarly, the phase III ASCEND-4 trial (4) confirmed
the efficacy of ceritinib compared with chemotherapy
in the same subset of patients. However, the therapeutic
strategy in first-line setting has shifted after significant
improvement in PFS and meaningful higher intracranial
activity with alectinib in the ALEX trial (5,6) and brigatinib
in the ALTA-1L trial (7,8) were found when compared with
crizotinib. Nowadays, both drugs are the new standards
of care in the first-line setting. Alectinib was approved
by the EMA on 12" October 2017 and by the FDA on 6"
November 2017, whereas brigatinib in the same setting
obtained only FDA approval on 26™ May 2020. Recently, in
the updated overall survival (OS) from the ALEX trial, for
the first time an OS benefit of a next-generation ALK TKI
was reported compared with crizotinib in the treatment
naive ALK-positive NSCLC patients, with a clinically
meaningful 5-year OS rate of 63% achieved with alectinib
versus 46% with crizotinib (6). Recently, advanced ALK-
positive advanced NSCLC the phase III EXALT trial
reported a significant longer PFS with ensartinib compared
with crizotinib (25.8 vs. 12.7 months, hazard ratio, HR
0.51; 95% CI: 0.35-0.72), adding a new potential first-line
treatment strategy. In the coming future, in this subset of
patients, results of the ongoing phase III CROWN trial
(lorlatinib vs. crizotinib) may shift the treatment paradigm
once again. Efficacy and toxicity profile ratio, as well as
intracranial activity with these agents may be relevant for
making treatment decisions in the first-line setting.

Liquid biopsy identifies mechanisms of acquired
resistance (AR) in ALK NSCLC

In ALK-positive NSCLC patients, despite initial response to
ALK TKI, most patients eventually progress and acquired
TKI resistance may still be driven by ALK-dependency.
Of note, intra-tyrosine kinase ALK-mutations are the main
mechanism of AR to ALK TKI, observed in up to one-
third in crizotinib-refractory patients to 56% in patients
progressing on second-generation ALK TKIs (9). Therefore,
sequential ALK TKIs may be an optimal treatment option at
the time of AR. In the PROFILE 1014 trial, the longest OS
was observed in crizotinib-refractory patients who received
subsequent ALK TKI at the time of progression (PD),
reaching a 4-year OS of 80% compared with 25% for those
without subsequent personalised treatment (2), supporting
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the relevance of sequencing strategies for improving patients’
outcome. Similarly, the retrospective French CLINALK
study (10) and other cohorts (11) have reported a median OS
of up to 7.5 years from metastatic disease diagnosis for those
patients who received different ALK TKI in the therapeutic
strategy after upfront crizotinib.

In the crizotinib-refractory population, all next
generation ALK TKIs (brigatinib, ensartinib, ceritinib,
lorlatinib) have reported activity (12-16). Indeed, in
crizotinib-refractory tumors, the efficacy of next generation
ALK TKIs is independent of the occurrence of acquired
ALK-mutations (15,17-19), supporting blinded sequential
strategies at crizotinib progression. However, the upfront
administration of second generation ALK TKI based on
the recent results from the ALEX (5,6) and ALTA-1L (7,8)
studies have challenged the current sequential strategy
with ALK TKI. In fact, blinded sequential strategies with
a second-generation ALK TKI at the time of progression
on previous second-generation ALK TKI would not be the
most suitable strategy (20).

The optimal sequential treatment strategy at the time
of progression on ALK TKI may be relevant, as each ALK
TKI appears to be associated with a specific acquired ALK
mutation profile. This is very relevant for the acquired
G1202R ALK-mutation, which confers high-level of
resistance to first- and second-generation ALK TKIs.
Although it is an uncommon event in post-crizotinib (~2%)
tumor-samples (9), the G1202R mutation occurs in up to
50% of tumors at progression on second-generation ALK
TKI (15). Indeed, it has different incidences according
to the previous second-generation ALK TKI (21% post-
ceritinib, 29% post-alectinib, and 43 % post-brigatinib) (9)
and at the moment can only be effectively overcome by
lorlatinib (15). Therefore, as not all second-generation ALK
TKI homogeneously bypass all acquired 4LK-mutations (9),
tumor genotyping at progression may help to implement
tailored approaches. However, almost one-third of advanced
NSCLC patients do not have adequate tumor tissue for
genomic profiling (21), and liquid biopsy (analysis of
circulating tumor DNA, ctDNA) is a reliable and alternative
tool for genomic profiling in NSCLC (22). In some ALK
cohorts, 76% of plasma samples contained sufficient tumor-
derived DNA for molecular analysis, compared with 65%
of biopsy specimens, confirming that both are reliable
approaches (23). In ALK-positive NSCLC, similarly to
other oncogenic addicted NSCLC, liquid biopsies are
informative for knowing the broad genomic profile at
baseline or at the time of progression (15,23-28). They are
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also useful to monitor the dynamic evolution of resistance
mechanisms upon ALK TKIs based on longitudinal ctDNA
analyses (23) allowing personalised treatment approaches
according to the ALK mutation resistant portrait (23,29).
However, liquid biopsy sensitivity to detect genomic
alterations is closely related to clinical factors such as stage
and metastatic tumor burden, suggesting limited shed of
tumor DNA in cases missed by plasma genotyping (30).

Currently, most reports for detection of ALK mutation
in ctDNA have been made with next generation sequencing
(NGS). Moreover, the wide range of mutations that have to
be covered and the number of upcoming new drugs suggest
that NGS will be the optimal method for determination
of ALK mutations from ctDNA (31). Recently, it has
been reported that NGS plasma genotyping for any ALK
mutations using as reference ALK mutation status in de
novo tumor tissue biopsy has a sensitivity and a specificity
of 61% and 82%, respectively, with an overall agreement
of 73% (15). However, in other series the agreement
rate has reached 100% by amplicon-based NGS (25) or
hybrid-capture NGS (23). Indeed, contrary to single-site
biopsy specimens, liquid biopsy may capture the spatial
heterogeneity of ALK mutations that may exist in subclones
of tumors (23-25), and may even provide an advantage
above tissue analysis.

The detection rate of ALK mutations in ctDNA after
ALK TKI failure ranges from 11% to 66% depending
on the potency of previous ALK TKI (15,23,25-27),
with higher incidence of ALK mutations after next-
generation ALK TKIs (25,27). Indeed, the detection of >2
ALK mutations is significantly more common in patients
relapsing on lorlatinib compared with second-generation
ALK TKIs (48% vs. 23%, P=0.017), and ctDNA analysis
rather than tissue analysis has higher capability to identify
these compound mutations (27). Finally, the detection of
ctDNA at the time of ALK TKI-failure may correlate with
the prognosis of the disease. In an exploratory analysis,
the absence of mutations in ctDNA was associated with
improved outcomes compared with those patients with at
least one ALK mutation (median OS: 105 vs. 58.5 months,
P=0.001); and this effect could be related to a lower tumor
burden or a less heterogeneous tumor (25).

Others than ALK mutations have been reported in liquid
biopsy as mechanisms of AR, such as MET amplification.
When tissue was used as the reference, plasma genotyping
demonstrated 100% sensitivity, 95% specificity, and 80%
positive predictive value for detecting MET amplification (28).

Intracranial progression on ALK TKI in ALK-positive
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patients is a real challenge (32). For those patients with
isolated intracranial progression the detection rate of
genomic alterations by ctDNA analyses is lower than among
those patients with other metastatic sites of progression (33).
Of note, ctDNA ALK mutations are detected in only 10% of
cases (N=3/29) with isolated central nervous system (CNS)
relapse compared with ~75% of ALK mutations detected by
ctDNA analysis in patients with liver or bone metastases (25).
In contrast, another cohort reported an ALK mutation and/
or ALK fusion in plasma in 89% of patients with confined
intracranial or intrathoracic relapse (N=17/19) (27).
Subgroup analysis according to intracranial or intrathoracic
relapse was not provided. Of note, lumbar puncture with
genotyping of cerebrospinal fluid is also becoming an option
in those patients with isolated intracranial progression
(34,35). When possible, tumor re-biopsy for genotyping is
recommended in cases of a negative plasma profile as well
as to rule out histologic transformation as mechanism of
resistance (36-38).

Liquid biopsy in post-crizotinib setting

In the registration multicohort phase II study of lorlatinib,
baseline plasma and tumor samples were collected from 198
ALK-positive NSCLC patients. Plasma ctDNA was analysed
by 73-genes NGS assay (Guardant 360) and tumor tissue
was profiled using a central, customized NGS assay on the
Ton Torrent PGM platform at Molecular MD (Portland,
OR). Fifty-nine patients had received prior crizotinib
+/— chemotherapy (27 patients only prior crizotinib; and
32 prior crizotinib and chemotherapy), whereas 139 patients
had received one or more second-generation ALK TKIs,
often with crizotinib preceding the second-generation ALK
inhibitor. In the whole cohort, among 189 ALK-positive
patients with baseline plasma genotyping, 24% had one
or more ALK mutation detectable in ctDNA, and 21% of
patients had no detectable ctDNA (15). In tissue, ALK-
mutations were detected in 24% of 198 tumor-samples
(archival and de novo biopsies), however, in de novo tumor
samples, ALK mutation incidence reached 47%. The ~25%
of ctDNA ALK mutation detection rate in this study at TKI
failure (15) is similar to data reported in other cohorts (25),
however, lower than reported in tissue, which could be
justified by lack of tumor shedding into the blood.

In the whole cohort from lorlatinib study, based on plasma
genotyping, the most common ALK mutations were G1202R
(42%), L1196M (24%), F1174X (24%), G1269A (18%),
and 11171X (11%). However, according to previous ALK
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Figure 1 Mechanisms of acquired resistance assessed by ctDNA in post-crizotinib setting and post-second generation ALK TKI (15,23-27).

ctDNA, circulating tumor DNA; ALK, anaplastic lymphoma kinase; TKI, tyrosine kinase inhibitor.

TKI, in the post-crizotinib setting [11 out of 59 (19%) had
detectable ALK mutations and 44 patients (77%) did not],
the most common ALK mutations were G1269A, F1174X,
and L1196M, whereas G1202R was detected in a minority of
cases. In the post-crizotinib setting, the efficacy of lorlatinib
occurred regardless of the presence or absence of detectable
ctDNA ALK mutations (Figure I). Lorlatinib reported a
RR of 73% among mutation-positive patients and 75%
among mutation-negative patients, with no differences in
median PFS between these subgroups [NR vs. 12.5 months,
respectively; HR 1.38, 95% CI: 0.48 to 3.98] (15). In two
other cohorts of crizotinib-refractory patients, ALK mutations
assessed by ctDINA analyses were identified in up to 29% of
cases (24,26), being the most common the L1196M (26), the
G1269A and the S1206F (24). Contrary, in another cohort,
the amplicon-based NGS assay only reported 11% of ALK
mutations in post-crizotinib patients (including 1 case with
G1202R). Globally, the incidence of ALK mutations in
crizotinib-resistant tumors is low (~15-20%). Differences in
the incidence of ALK mutations in the post-crizotinib setting
may reflect the different threshold sensitivity for detecting
ALK mutations of the broad techniques used for genomic
profiling. These data reinforce that crizotinib-resistant
tumors, including those without a detectable ALK mutation,
are still driven by ALK and remain responsive to more potent
ALK inhibitors. In this scenario, all next generation ALK
TKIs have reported activity (12-16), putting into question the
utility of genomic profiling in crizotinib-refractory tumors.

© Precision Cancer Medicine. All rights reserved.

Although no head to head comparison between second-
generation ALK TKI is still available, some differences
may exist (39). The ongoing ALTA-3 trial (NCT03596866)
assesses the efficacy of brigatinib versus alectinib in crizotinib-
refractory ALK-positive NSCLC patients and may help
to elucidate the best sequential treatment strategy in these
patients. Although the incidence of acquired G1202R in the
post-crizotinib setting is low, genomic profiling in this setting
would be relevant as it could suggest sequential treatment
with lorlatinib if this mutation occurs.

Other than ALK mutations have also been reported
as mechanisms of AR to crizotinib in ctDNA analysis.
According to digital drop PCR (ddPCR) c¢fDNA assay, KRAS
mutation occurred in 10 out of 20 crizotinib-refractory
patients (7 p.G12D, 2 p.G12V, and 1 p.G12C mutations,
respectively). In 3 patients KRAS mutations were associated
with ALK mutations. ctDNA was monitored during the
treatment with second generation ALK-inhibitors and the
amount of both ALK or KRAS mutations decreased along
with tumor regression (40). MET amplification only occurred
as mechanism of AR in crizotinib-refractory in 9% of tumors,
either in tissue or liquid biopsy genotyping (28).

Liquid biopsy in post next-generation ALK TKI
setting

Nowadays, sequential treatment strategies after upfront
second-generation ALK TKI are challenging, as not all
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ALK TKIs available have activity in this setting and the
high risk of acquiring the G1202R mutation may limit
the potential sequential (9). Blinded sequential ALK
TKI strategy with a second-generation ALK TKI upon
progression on previous second generation ALK TKI have
reported limited outcomes (RR ~30% and median PFS
of ~4 months) (20). The ongoing phase II ALTA2 trial
(NCT03535740) assessing brigatinib efficacy in alectinib-
or ceritinib-refractory ALK-positive NSCLC patients
may further help to define the role of a blinded-sequential
strategy with brigatinib after second generation ALK TKI
failure.

Evidence of mechanisms of AR after second-generation
ALK TKI, either ALK-dependent resistance or ALK-
independent resistance occurring in up to 50% of cases (41),
come from tissue or liquid biopsies after progression on
these agents in second-line setting (Figure I). Whether
the resistance pattern may differ when second-generation
ALK TKI are administered in the first-line setting remains
unknown and it is challenging, as these drugs are the new
standard of care in treatment-naive 4LK-positive NSCLC
patients.

ALK mutations are the key driver of AR after second-
generation ALK TKI, with an incidence in liquid biopsy
ranging from 27% to 66% (23-25,27), being the most
common acquired ALK mutation the G1202R detected in
ctDNA in 30% to 53% of cases (15,23,27). Likewise, up
to 25% of plasma specimens contain >2 ALK mutations
regardless of previous number of second-generation ALK
TKI (25% wvs. 19% in one versus multiple second-generation
ALK TKI, respectively, P<0.743) (27). The proportion of
patients relapsing on second-generation ALK TKI due
to secondary ALK mutations is similar based on tissue
or plasma genotyping, when both biopsies are collected
in the same time-period (15,27). In alectinib-resistant
tumors, 67% and 63% of patients had an ALK-mutation in
plasma or tissue genotyping, respectively. ALK-mutation
in plasma versus tissue genotype in alectinib-refractory
tumors included G1202R (37% ws. 24%), 11171X (26% wvs.
24%), L1196M (22% vs. 2%) and V1180L (11% ws. 10%).
However, plasma genotyping was significantly more likely
than tissue genotyping to identify a subset of alectinib-
resistant cancers harboring >2 ALK mutations (24% in
plasma vs. 2% in tissue, P<0.004) (27). This is of relevance
as compound ALK mutations are associated with shorter
PFS and OS (25) and these compound mutations may
affect the efficacy of lorlatinib. Compound ALK mutations
detected in tissue had lower RR with lorlatinib compared
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with patients with only one ALK mutation (56% vs. 75%,
respectively), and shorter median duration of response
(6.1 vs. 24.4 months, respectively). This correlation has
not been assessed in ctDNA as the numbers were small
based on plasma genotyping (15). Indeed some compound
ALK mutations hamper sequential lorlatinib efficacy (42).
Therefore, the identification of these mutations has relevant
clinical implications for making treatment decisions, as some
compound ALK secondary mutations such us the L1198-
containing compound mutations seem to be resistant to next-
generations ALK-TKI, but sensitive to crizotinib (42,43).

The occurrence of ALK mutations in ctDNA among
patients who have failed to one or more second-generation
ALK TKI may be prognostic. Although lorlatinib has
reported clinically meaningful efficacy in this subset (RR
40%, PFS 6.9 months), on the basis of plasma genotyping,
ALK mutation-positive patients in ctDNA reported higher
RR with lorlatinib (62% vs. 32%) and longer PFS (7.3 vs.
5.5 months) compared with those mutation-negative (15).
These data suggest that, ALK mutations may identify tumors
with continued ALK dependency after second-generation
ALK TKI, and the absence of an ALK mutation suggests
the potential development of ALK-independent mechanisms
of resistance, making them less likely to respond to ALK
inhibition. However, ALK-mutation negative patients
are not excluded for receiving treatment with lorlatinib.
Likewise, the occurrence of co-mutations detected in
ctDNA may be relevant, such as the 7P53 mutation in up
to 50% of cases, which correlates with shorter PFS on ALK
TKI (9,24-26). Therefore, liquid biopsy may be informative
about the occurrence of co-mutations that may negatively
impact in patients’ outcome. In the end, liquid biopsy results
could also be used to select patients that would benefit more
from chemotherapy compared with a next line of ALK TKI.

Considering the crucial prognostic and predictive
value of secondary ALK resistance mutations subtype for
the selection of the optimal sequential ALK-TKI, serial
ctDNA analysis may provide real-time information on
the disease molecular evolution upon ALK-TKI therapy.
This information may guide clinicians in their sequencing
approaches instead of blinded treatment decisions.
However, the impact in patients’ outcome with tailored
approach after progression on second-generation ALK
TKIs remains unknown. Two prospective ongoing studies,
the NCI-NRG ALK MASTER protocol (NCT03737994)
and the EORTC-ALKALINE protocol (NCT04127110)
are currently exploring the application of liquid biopsy in
this setting.
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ALK independent mechanisms of AR are also relevant as
some can be overcome with personalised strategies. These
include NRGI and RET gene fusion, and EGFR or KRAS
mutations. Also, it has been identified mutations in IDHI,
NOTCH and NF1 (26). Gene fusions are relevant as
tarloxotinib, and selpercatinib or pralsetinib have reported
activity in NRGI- and RET-fusion tumors, respectively
(44,45). In other oncogenic addicted tumors, such as
EGFR-mutant NSCLC and RET-mediated resistance,
the combination of osimertinib and pralsetinib was well
tolerated and led to rapid radiographic response, supporting
that combination of EGFR and RET TKI may be a good
strategy to overcome this mechanisms of AR (46). This
therapeutic strategy in ALK tumors remains unknown, but
detection of RET-fusions by ctDNA is a valid screening
strategy (47).

In tissue biopsy, MET amplification was detected in
15% of tumor biopsies from patients relapsing on next-
generation ALK TKI. Of note, tumors from patients
previously treated with crizotinib followed by next-
generation TKIs were significantly less likely to harbor
MET amplification than those from patients treated only
with next generation ALK TKI (9% wvs. 33%, P<0.019),
as crizotinib has anti-MET activity (48-50) reducing the
emergence of MET amplification clones in these patients.
In liquid biopsy, MET amplification frequency was 7%.
Although in tissue biopsy MET amplification was mutually
exclusive with ALK resistance mutations, in ctDNA
analysis, half of specimens with focal MET amplification
harbored both an ALK mutation and MET amplification
in plasma. This could suggest that the tumor becomes
more heterogeneous with different resistance mechanisms
occurring in different tumor sites. Similar to EGFR mutant
tumors, there exists an association between ALK TKI
potency and the likelihood of developing ALK-independent
resistance mechanisms such as MET amplification, being
higher after lorlatinib than after second-generation ALK
TKI either in tissue (22% wvs. 12%) or in liquid biopsy (17%
vs. 3%) (Figure ) (28).

Previous data suggested that the up-front administration
of third generation ALK-TKI could prevent the onset
of on-target resistance mutations, potentially improving
patients’ clinical outcomes (42), but upfront treatment
with next-generation ALK TKI may lead to MET-driven
resistance in one-third of cases (28). This is a real challenge
as second-generation ALK TKIs are the new standard
of care in first-line setting, and MET-amplification may
become a mechanism of AR in up to one third of cases.

© Precision Cancer Medicine. All rights reserved.
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Defining the optimal threshold of MET amplification
for predicting sensitivity to MET inhibitors is a current
challenge, as well as defining the role of dual ALK and
MET inhibitors. Whether this should be either with anti-
MET TKI, antidrug conjugated or antibodies with MET
inhibition remain unknown.

Conclusions

Although acquired ALK mutation remains the major
mechanism of AR after next generation ALK TKI, with the
G1202R as most common ALK mutation in half of cases,
MET amplification occurs in up to one third of tumors not
previously treated with crizotinib. RET-fusion is another
druggable mechanism of AR in ALK-positive NSCLC. All
of these mechanisms can be identified in a liquid biopsy,
enlarging the proportion of patients with a genomic portrait
at the time of progression on TKI that may get benefit of
a sequential tailored treatment. New treatment strategies,
mainly dual combinations anti-ALK and anti-MET as well
as anti-ALK and anti-fusions (RET, NRG1) are future

challenges in this subset of lung cancers.
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