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Next-generation sequencing using liquid biopsy in the care of
patients with ALK-rearranged non-small cell lung cancer: a focus
on lorlatinib
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Abstract: Next-generation sequencing (NGS) has introduced new applications in the molecular
profiling of lung cancer, expanding its use from the essential molecular diagnosis in advanced stages, to
disease monitoring and the study of resistance mechanisms to targeted therapies and, most recently, to
immunotherapy. Cell-free DNA (cfDNA) NGS is an easily accessible form of liquid biopsy, with the
potential of sequencing tumor DNA shed from different metastasis and capturing tumor heterogeneity and
tumor clonal evolution during treatment. Lorlatinib, is a novel third-generation ALK inhibitor, and current
standard treatment for patients that experience disease progression with crizotinib and a second-generation
ALK inhibitor or in the front line setting. Preclinical studies on predictive biomarkers of response and
resistance to lorlatinib have been conducted, shedding a light on potential biological mechanisms of primary
and acquired resistance to this compound. With the emerging role of cfDNA NGS, molecular profiling
opens new opportunities to try to unravel potential key biomarkers to predict lorlatinib efficacy and to
further learn about the molecular processes that lead to lorlatinib resistance in the clinical practice. Herein,
we discuss the current landscape of ALK targeted therapies, including clinical and preclinical data supporting
the use of lorlatinib, and the current evidence of the role of liquid biopsies and its potential contribution in

improving the care of patients with ALK-rearranged NSCLC treated with lorlatinib.
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(ALK) rearranged lung cancer has improved in the last been characterized like ALK resistance mutations and off-

years mainly due to the understanding of the acquired target bypass mechanisms of resistance. However, unlike
mechanisms of resistance to early generation ALK tyrosine T790M mutation status to select treatment with osimertinib
kinase inhibitors (TKI) prompting the development of new in EGFR-mutant lung cancer, the selection of new
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generation ALK inhibitors after crizotinib did not include
mandatory biomarker assessment of resistance mechanisms
to guide treatment to subsequent ALK inhibitors (1,2). In
patients with metastatic lung cancer, longitudinal tissue
biopsies are difficult to perform and can potentially lead to
clinical complications. Moreover, the biopsy of a specific
progressing tumor lesion may not be representative of all
the biological mechanisms that drive resistance to ALK
inhibitors, which can be heterogeneous, spatially and
temporarily (3,4).

The rapid development and clinical implementation
of circulating tumor DNA (ctDNA) next-generation
sequencing (NGS), allows to longitudinally interrogate the
patients tumor biology, asses genomic tumor heterogeneity,
and potentially identify resistance mechanisms that can
guide treatment decisions (5). Implementing treatment
decisions in patients with lung cancer using cfDNA was
first done with the detection of the epidermal growth
factor receptor (EGFR) T790M gatekeeper mutation
using standard real-time PCR or digital droplet PCR
assays (6). This has changed the diagnostic algorithm to
guide the selection of following treatments in patients
experiencing progression on first- and second-generation
EGFR inhibitors, starting with a liquid biopsy for EGFR
T790M detection, and if negative pursuing a tissue biopsy
to rule out potential false-negative results (7). The EGFR
T790M accounts for about 40-50% of resistance to first-
and second-generation EGFR inhibitors (8). Resistance
mutations to third-generation EGFR inhibitors, such as
C797S have also been described using liquid biopsy (9).
Moreover, characterization of C797S mutation in cis or
trans with T790M, has treatment implications, with reports
of response to the combination of first and third generation
EGFR inhibitors in patients with mutations in trans (10).
This is different in the setting of ALK TKI resistance
in which multiple different ALK kinase domain resistant
mutations can be acquired, for which NGS is required to
map exons 20 to 28 that codify for this domain (11).

Lorlatinib is a third-generation ALK TKI recently
approved for the treatment of patients that experience
disease progression after a first- and second-generation ALK
inhibitors or second generation ALK TKIs upfront (12).
Lorlatinib was designed to overcome resistance by all
known single and acquired ALK resistance mutations,
including the solvent front G1202R mutation that mediates
resistance to all first- and second-generation ALK TKIs (13).
Unfortunately, even with the development of this highly
potent ALK inhibitor, all patients will eventually experience
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disease progression due to the adaptation of cancer cells to
lorlatinib selective pressure. To date, there are no precise
biomarkers to adequately predict which patients will benefit
the most from treatment with lorlatinib, and there is scarce
data on lorlatinib resistance mechanisms and ways to
prevent it.

In this review we analyze the current and potential role
of liquid biopsy NGS as a biomarker for treatment selection
after progression with second-generation ALK inhibitors
and as a novel strategy to study lorlatinib resistance
mechanism.

Overview on ALK rearrangements and ALK
inhibitors in lung cancer

ALK rearrangements occur in about 3-6% of advanced
lung adenocarcinomas (14,15). The fusion protein contains
the complete ALK kinase domain, and the fusion partner
mediates homodimerization of the fused protein to induce
ALK transactivation, phosphorylation, and recruitment
of adaptor proteins that trigger downstream oncogenic
signaling (16,17).

Echinoderm microtubule-associated protein-like 4
(EML4) gene is the most common ALK fusion partner,
present in 81% of ALK-positive NSCLC (18-20).
However, multiple other gene partners have been described
including KIF5SB, STRN, SLC2A, amongst others (17).
The EML4 breaking point in EML4-ALK rearrangements
defines different fusion variants, of which variant 1 is the
most common, accounting for 43% of cases, followed by
variant 3 in about 40% (21,22). Shorter variants that do
not contain the EML4 TAPE domain, like variant 3 and 5,
are more stable proteins. There is controversy regarding
the prognostic role of different EML4-ALK variants in
patients treated with crizotinib and second-generation ALK
inhibitors (22-26).

There are currently several ALK inhibitors that have
been granted regulatory approval, the first-generation
ALK inhibitor crizotinib, the second-generation ALK
TKIs ceritinib, alectinib, and brigatinib, and the third-
generation inhibitor lorlatinib. Currently, there are
two different approved treatment strategies: first-line
treatment with crizotinib followed by second-generation
ALK inhibitors or frontline treatment with a second-
generation ALK inhibitor, followed in both strategies
by lorlatinib at the time of disease progression (10,23-
26). In both scenarios, starting treatment with a first- or
second-generation ALK inhibitor can result in a 4-year
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overall survival (OS) rate of about 50%, proving that
patients with ALK-rearranged lung cancer treated with
ALK TKIs can most likely have prolonged survival when
treated with sequential lines of ALK inhibition (27,28).
The median progression-free survival (PFS) for patients
treated with upfront crizotinib is about 10.9 months, and
the median PFS with second-generation inhibitors given
sequentially ranges from 5.4 to 15.6 months (27-29).
First-line treatment with second-generation ALK
inhibitors like alectinib and brigatinib, confer prolonged
progression-free survival and intracranial disease control
compared to crizotinib (29,30). The median PFS reported
in the ALEX study, which compared first-line treatment
with alectinib to crizotinib in patients with metastatic
ALK-rearranged NSCLC was 34.8 months compared to
10.9 months (HR: 0.43 95% CI: 0.32-0.58) (26). In the
ALTAIL study, comparing brigatinib to crizotinib in the
frontline setting, the median PFS was also significantly
superior with the second-generation ALK inhibitor (24.0
vs. 11.0 months; HR 0.49, P=0.001) (29). Both alectinib and
brigatinib are currently standard first-line treatment options
based on these clinical trials.

New generation ALK inhibitors have been designed
to overcome resistance to crizotinib, mainly “on-target”
resistance due to the acquisition of secondary ALK kinase
domain mutations that impede crizotinib inhibition of
the kinase domain by modifying the kinase structure (e.g.,
ALK L1196M gatekeeper mutation) or by enhancing the
kinase ATP affinity (e.g., ALK F1174L) (31,32). ALK kinase
domain mutations involved in crizotinib resistance include
L1152P, C1156Y, 11171T, F1174C/L/V, L1196M, G1202R,
D1203N, S1206C/Y, E1210K, and G1269A (1,32-36).
Of these mutations, the most common are the gatekeeper
L1196M and the G1269A ATP-pocket mutation, and
cancer cells that harbor ALK-rearrangements with these
mutations are highly susceptible to all second-generation
ALK inhibitors (1,37). Contrarily, the solvent front ALK
G1202R mutation, present in about 2% of crizotinib
samples, is the most common ALK-dependent resistance
mechanism in patients treated with second-generation ALK
inhibitors (~40%) (1,38). However, the spectrum of activity
against other crizotinib resistant mutations differs between
ceritinib, alectinib and brigatinib. Ceritinib is inactive in
the setting of ALK 11151X, L1152P, C1156Y and F1174X
mutations (1,31). Alectinib is active against these mutations
but does not inhibit ALK in the context of I1171X, and
V1180L mutations (39,40). Brigatinib, however, is active
against all non-ALK G1202R mutations including those for
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which alectinib and ceritinib lack inhibitory activity (41).

The type of EML4-ALK variant has been associated with
different patterns of ALK resistance mutation acquisition. In
a multicenter analysis using tissue NGS to identify EML4-
ALK variants and resistance mechanism, ALK mutations at
progression with second-generation ALK TKIs were more
frequent in variant 3 fusions (66%) compared to variant 1
fusions (42%), though this difference was not statistically
significant (22). However, the acquisition of ALK G1202R
mutations at resistance was significantly enriched in variant
3 rearrangements compared to variant 1 (44% vs. 0%,
P=0.001). This was further validated in a larger data set
from Foundation Medicine, showing that ALK resistance
mutations were significantly more frequent in variant 3
compared to variant 1 EML4-ALK fusions, including the
ALK G1202R mutation (32% vs. 0%, P=0.001) (22).

In addition to ALK kinase domain mutations, ALK
amplification causes resistance to crizotinib but can
be overcome with more potent second-generation
inhibitors (34). ALK amplification has not been reported as
a resistance mechanism to ceritinib, alectinib nor brigatinib.

Lorlatinib: the third generation ALK inhibitor

Lorlatinib is a potent third-generation ATP competitive
ALK inhibitor and also active against ROSI-rearranged
lung cancers. Its pharmacological development included the
design of a macrocyclic molecule based on the crizotinib
structure, modified to specifically bind to ALK in the
presence of all known single ALK resistance mutations (13).
In preclinical studies using in vitro kinase assays, lorlatinib
showed higher ALK inhibitory potencies than crizotinib,
ceritinib, and alectinib (13). Besides, in Ba/F3 cells
expressing EML4-ALK with the G1202R mutation, and in
patient-derived cell lines that harbored the ALK G1202R
mutation, lorlatinib induced cell death iz vitro IC50 value
~63 nM). Also, lorlatinib, like alectinib and brigatinib, is
not a substrate of the p-glycoprotein efflux system, leading
to high levels of central nervous system penetration and
concentration (13). In brain orthotopic mice models the
free fraction of lorlatinib in the central nervous systems
compared to plasma was 4-fold higher than crizotinib.
Preclinical studies using ceritinib resistant patient-derived
cell lines showed that lorlatinib was selectively active in
models in which ALK resistance mutations were present and
not in models that did not harbor ALK mutations in which
bypass alterations or other off-target resistance mechanisms
could be present (1). Thus, in vitro studies initially suggested
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that lorlatinib was solely active against tumors that harbored
ALK-dependent resistance mechanisms.

The potency of ALK inhibition and the high brain
barrier penetration was confirmed in the phase I study of
lorlatinib including 41 pretreated patients of which 72%
had brain metastasis. In the pharmacokinetic analysis, the
mean cerebral-spinal fluid concentration of lorlatinib was
75% of the plasma concentration (42). The pivotal results
of this phase I study showed that about 46% of patients
experienced an overall respone, including 57% of patients
that received one previous ALK inhibitor and an objective
response rate of 42% in patients previously treated with
two or more lines of ALK TKIs (42). In patients with
measurable and non-measurable brain metastasis, the
intracranial response rate was 31%.

Early biomarker assessments in the phase I trial
concurred with the preclinical in vitro data supporting
the role of lorlatinib in tumors harboring ALK resistant
mutations. All nine patients with detectable ALK resistance
mutations in tumor samples experienced tumor regression
with lorlatinib, including five tumors with detectable ALK
G1202R and G1202del mutations. However, in three
patients in which ALK mutations were not detected, there
was no evidence of clinical response.

The clinical development continued with the phase II
multicohort expansion study including treatment naive
patients (EXP1), patients previously treated with crizotinib
only (EXP2), crizotinib and chemotherapy (EXP3A),
second-generation ALK inhibitor +/- chemotherapy
(EXP3B), two lines of ALK TKIs +/- chemotherapy
(EXP4), 3 prior lines of ALK TKIs +/- chemotherapy
(EXPS) (12). This trial design allowed to adequately explore
different clinical scenarios in which lorlatinib could have a
role. Lorlatinib given as a first-line therapy in 30 patients
(EXP1) conveyed an objective response rate (ORR) of 90%
with a median PFS that was not reached (NR) (95% CI:
11.4 to NR) and intracranial responses (ICR) in 66.7% of
patients. In 59 patients previously treated with crizotinib
+/- chemotherapy (EXP2-3A) the ORR was 69.5%, median
PFES was not reached (95% CI: 12.5 to NR) and the ICR
rate was 87%. In patients previously treated with one
second-generation ALK inhibitor (EXP3B) and in patients
treated with two or more ALK TKIs (EXP4-5) the ORR
was 32.1% and 38.7%, respectively. The median PFS was
5.5 months (95% CI: 2.7-9.0) and 6.9 months (95% CI:
5.4-9.5) and ICR rates were 55.6% and 53.1%, respectively.
This study led to the FDA approval of lorlatinib in the
setting of disease progression on a second-generation ALK
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inhibitor, given as a first-line treatment or after progression
on crizotinib and a second-generation ALK inhibitor in the
second line.

Real-world data also supports the efficacy of lorlatinib
in patients previously treated with first- and/or second-
generation ALK inhibitors that received lorlatinib through
expanded access programs (43). Among individuals treated
with two previous ALK TKIs the objective response rate
was 42% and the median PFS was not reached (95% CI: 4.5
to NR), in patients treated with more than two ALK TKIs
the ORR was 35% and the median PFS was 11.2 months.
Intracranial responses were observed in 52% of patients
overall, also contributing to the external validation of the
phase I/11 trial of lorlatinib.

The phase II study also provided some early evidence of
the potential activity of lorlatinib in the first-line setting,
also supported by clinical evidence of enhanced activity with
first-line alectinib in the ALEX study and brigatinib in the
ALTAI1L trial (29,30). This led to the design of the phase
IIT CROWN study, comparing front line therapy with
lorlatinib to crizotinib in 296 patients with ALK-rearranged
lung cancer (NCT03052608). The first reported results
of this study show that upfront treatment with lorlatinib
significantly prolongs PFS compared to crizotinib [median
PFS: not reached vs. 9.3 months; HR: 0.28 (95% CI:
0.19-0.41)]. Moreover, objective response was significantly
higher in the lorlatinib group (79% vs. 58%), with 70% of
patients maintaining responses at 12 months. In addition,
lorlatinib treatment resulted in higher intracranial responses
(66% wvs. 20%) and central nervous system (CNS) time to
progression, 96% of patients without CNS progression at
12 months with lorlatinib vs. 60% with crizotinib (44). This
subsequently led to the FDA-approval of lorlatinib as a
first-line treatment option in treatment naive patients.

Preclinical and clinical evidence on lorlatinib
resistance mechanisms

There is an increasing amount of evidence on lorlatinib
resistance based on preclinical studies and translational
research from patients’ samples during early phase lorlatinib
development. The first report of resistance to lorlatinib
was done by extensively studying the evolution of on-target
mechanisms in a patient whose tumor acquired sequential
ALK mutations during exposure to crizotinib, ceritinib,
and lorlatinib (45). After first-line treatment with crizotinib
an ALK C1156Y mutation was detected on a lymph node
biopsy at disease progression. As previously mentioned, this
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mutation confers resistance to crizotinib and ceritinib. The
patient continued treatment with ceritinib experiencing
primary progression. The patient was later included in the
phase I study of lorlatinib, achieving a partial response that
lasted for 8 months. Eventually, the patient experienced
disease progression in the liver and a new liver biopsy
showed the presence of both the previously identified ALK
C1156Y mutation and an additional ALK L.1198F mutation.
Both mutations were present at similar allele frequencies
and were confirmed to be in the same EML4-ALK allele by
subcloning PCR products into pCR4-TOPO vectors and
performing bacterial colony sequencing. Clonal evolution
analysis using whole exome sequencing revealed that clones
harboring both mutations arose from ALK C1156Y mutant
cells.

The sequential acquisition of two or more mutations
in the ALK kinase domain is now called “compound
mutations”. In vitro modeling using Ba/F3 cells harboring
single and compound mutations in EML4-ALK infected
cells showed that the presence of the ALK C1156Y/L1198F
compound mutation resulted in lorlatinib resistance,
impeding drug binding to the mutant kinase domain.
Interestingly, the presence of phenylalanine in codon 1198
modified the structural conformation of the kinase to favor
crizotinib binding, counterbalancing the increased kinase
ATP affinity induced by the ALK C1156Y mutation that
would normally cause crizotinib resistance. The patient was
treated later with crizotinib experiencing a partial response
lasting for almost six months. This first study, by the in-
depth characterization of the patient’s tumor biological
evolution, resulted in the identification of compound
mutations as a novel mechanism of resistance to lorlatinib,
and at the same time, showed that specific compound
mutations can potentially resensitize cancer cells to previous
generations of ALK inhibitors.

Compound mutations have also been characterized in
brigatinib resistant tumors, like the ALK D1203N/E1210K
compound mutation, however, iz vitro models carrying
this compound mutation retain sensitivity to lorlatinib (1).
This further portrays the need to fully characterize
compound mutations to include a new repertoire of on-
target alterations that can potentially aid in the selection of
active ALK inhibitors in this setting.

To predict which on-target single or compound
mutations could confer resistance to lorlatinib, N-ethyl-N-
nitrosourea (ENU) mutagenesis screens using Ba/F3 cells
that harbor the EML4-ALK fusion were performed in two
studies. When exposing Ba/F3 cells to ENU and treatment
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with lorlatinib alone, there were no resistant clones
emerging, showing that upfront treatment with lorlatinib
could suppress the emergence of single mutant resistant
cells in vitro (46). Differently, in Ba/F3 cells containing
common resistance mutations to first- or second-generation
ALK inhibitors, exposed to ENU and lorlatinib, multiple
different compound mutations emerged, validating that
the acquisition of more than one ALK mutations in cis is
required to convey resistance to lorlatinib (46,47).

Compound mutations have been detected in about 35%
of patients at the time of progression with lorlatinib (46).
Several compound mutations have been identified in patients
to confer resistance to lorlatinib like I11171N/L1198F,
G1202R/G1269A, G1202R/L1196M; G1202R/F1174L
(46-48) (Figure 1A, Table I). Interestingly, also compound
mutations acquired with first and second-generation ALK
inhibitors can also confer primary resistance to lorlatinib,
like the L.1196M/D1203N compound mutation, reported
in a patient whose tumor acquired the L1196M mutation
on crizotinib and sequentially the D1203N mutation on
ceritinib (48). In addition, like in the case of the C1156Y/
L1198F mutation, the compound I1171N/L1256F mutation
was found iz vitro by ENU mutagenesis to cause lorlatinib
resistance but resensitized these cells to alectinib, even when
the I1171N mutation alone confers high levels of resistance
to alectinib (47). Moreover, the ALK 11256F mutation
alone can cause lorlatinib resistance and, so far, is the sole
single ALK mutation reported to cause lorlatinib resistance
in vitro. The ALK L1256F mutation is analogous to the
ROS1 L2086F which has been reported as a resistance
mechanism in a patient with ROSI-rearranged lung cancer
that experienced disease progression with lorlatinib (50).

Not all compound mutations that can be found on
tissue or plasma samples at the time of progression to
lorlatinib are the cause of lorlatinib resistance. In a patient
previously treated with crizotinib, an ALK C1156Y/
G1269A compound mutation was detected using tissue
NGS in a tumor biopsy at the time of lorlatinib resistance,
however, this compound mutation did not cause lorlatinib
resistance by in vitro characterization. This suggests that
other resistance mechanisms can drive tumor growth even
in the presence of compound mutations (48). Given that
some ALK compound mutations can be targeted with
earlier generation ALK inhibitors as previously shown,
and that not all compound mutations will cause lorlatinib
resistance, there is a need to fully characterize the spectrum
of compound mutations to improve treatment strategies for
patients in the future.
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Figure 1 ALK resistance mutations and role of plasma NGS. (A) On-target ALK mutations that drive resistance to ALK tyrosine kinase

inhibitors. (B) Graphical representation of the detection rate of ALK mutations and >2 ALK resistance mutations during treatment with

ALK inhibitors using plasma NGS.

Table 1 List of compound mutations and their sensitivity to ALK
inhibitors

Compound mutation Lorlatinib  Alectinib  Crizotinib Citations

L1198F/C1156Y R R S (45)
L1198F/L1196M R R s (46)
L1198F/G1202R R R s @7)
11171N/L1198F R R s @7)
11171N/L1256F R s R @7)
11171N/L1196M R R R @7)
11171N/G1296A R R R @7)
11171S/G1269A R R R (49)
C1156Y/C1269A s R R 48)
L1196M/D1203N R R R 48)
L1196M/G1202R R R R (46,47)
F1174C/G1202R R R R 48)
F1174L/G1202R R R R @7)
G1202R/G1269A R R R (46)

R, resistant; S, sensitive.
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ALK-independent or “off-target” resistance mechanisms
have also been reported to mediate lorlatinib resistance.
MET amplification has been recently identified in about
15% of tumor biopsies from patients progressing on
second-generation ALK inhibitors (12%) and lorlatinib
(22%) (51). MET amplification was commonly found
in tumors from patients treated upfront with second-
generation ALK inhibitors compared to patients receiving
first-line treatment with crizotinib, which is also a type
Ia MET inhibitor. In a few cases, combining ALK-
MET inhibition led to clinical responses in patients (51).
Acquired MET amplification has been well known to
cause resistance to EGFR inhibitors, and clinical trials
combining EGFR TXKIs and selective MET inhibitors,
like osimertinib and savolitinib in the TATTON trial,
have shown encouraging clinical results (52). Clinical trials
aiming to overcome MET-driven resistance in patients
with ALK-rearranged NSCLC are highly needed. Other
ALK independent resistance mechanisms described include
NF2 loss of function mutations, SRC activation and
epithelial-mesenchymal transition iz vitro (48). Histologic
transformation can also occur, and neuroendocrine
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Table 2 Summary of the results from the biomarker analysis of the phase II trial of lorlatinib in pre-lorlatinib treatment plasma and tissue NGS

ORR mPFS (months)
Study Number of patients Post Post 2nd Post Post 2nd NGS platform
crizotinib generation crizotinib generation
Shaw Tissue NGS adequate for NGS: lon torrent
Z;‘;”g B8 ALK mutations: 40 (24%) 73% 69% NR (95% CI: 2.6 to NR) 11 (95% Cl: 6.9 to NR) | ™ Platform
No ALK mutations: 124 (76%) 74% 32% 12.5 (95% CI: 0.4-3.9) 5.4 (95% Cl: 3.9-6.9)

Tissue Inadequate for NGS: 27

Plasma NGS:
ALK mutations: 45 (24%) 73% 62%
No ALK mutations: 104 (55%) 75% 32%

No detectable cfDNA: 40 (21%)

HR: 1.38
(95% Cl: 0.48-3.98)

HR: 0.47
(95% Cl: 0.27-0.83)
Guardant 360
NR (95% ClI: 1.7-NR) 7.3 (95% Cl: 4.1-13.1)
12.5(95% Cl: 6.9-NR) 5.4 (95% Cl: 3.9-6.9)

HR: 1.03
(95% Cl: 0.39-2.69)

HR: 0.81
(95% Cl: 0.50-1.31)

NGS, next-generation sequencing; ORR, objective response rate; mPFS, median progression-free survival.

transformation has been reported to confer resistance to
lorlatinib in a patient (53).

The role of liquid biopsy NGS to study response
and resistance to lorlatinib

Plasma circulating tumor DNA (ctDNA) NGS has become
a more widely available molecular biology technique
to interrogate cancer genomics through a blood draw
without requiring tissue biopsy (7). Liquid biopsies can
be informative in several scenarios in the setting of ALK-
rearranged NSCLC: at diagnosis in treatment naive patients,
to monitor response and progression during treatment with
targeted therapies, to select sequential treatments according
to resistance mechanisms in previous lines of therapy, and
finally, at the time of disease progression to study novel
resistance mechanisms (Figure 1A). Few studies have focused
on the role of liquid biopsies to predict lorlatinib activity and
to depict resistance mechanisms.

Liquid biopsy is an alternative tool to study ALK fusions
at diagnosis when tissue is unavailable, though the sensitivity
of NGS in plasma to detect ALK fusions ranges from 67%
to 91% (54,55). Patients in which ALK rearrangements
are detected by liquid biopsies, as expected, also benefit
from treatment with ALK inhibitors. In the BFAST trial in
2,219 patients screened using foundation liquid NGS
assay, ALK-rearrangements were found in 5.4% of plasma
samples. Patients with ALK-rearranged NSCLC detected
by liquid biopsies achieved an ORR of 92% and a 12-month

© Precision Cancer Medicine. All rights reserved.

PFS rate of 78.4%.

Pretreatment determination of the type of EML4-ALK
rearrangements might have clinical implications in the
future. As previously addressed, plasma biomarker study
of the ALEX trial showed that in patients with EML4-
ALK rearrangement detected in plasma the median PFS
with alectinib was 34.8 months for variant 1, 24.8 months
for variant 2, and 17.7 months in variant 3, though this
difference was not statistically significant (26). However,
in a biomarker analysis of the phase IIT ALTA1L study
comparing frontline treatment with brigatinib to crizotinib,
PFS was significantly shorter in patients with variant 3
EML4-ALK rearrangements compared to variant 1 treated
with brigatinib [HR 2.38 (95% CI: 1.04-5.5)] and crizotinib
[HR 2.96 (95% CI: 1.44-6.09). This could be explained by
the fact that EML4-ALK variant 3 tumors have higher rates
of acquired ALK resistance mutations (44.4% variant 1 vs.
75% variant 3) and ALK G1202R mutations (0% in variant 1
(0/9) vs. 50% (4/8) in variant 3) compared to variant 1
EMIL4-ALK fusions (22). In another study evaluating the
use of plasma NGS with InVisionFirst-Lung assay from
Inivata, 37% of EML4-ALK variant 3 fusions had ALK
kinase domain mutations compared to 13% with variant 2
and 0% in variant 1 fusions, and all G1202R mutations were
seen in variant 3 EML4-ALK rearrangements (54).

The role of liquid biopsies has also been studied aiming
to predict clinical benefit with lorlatinib in patients pre-
treated with first- and/or second-generation ALK TKIs
(Tible 2). In the lorlatinib registrational phase II trial, plasma
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samples were obtained before treatment with lorlatinib and
analyzed using Guardant360 NGS (38). Tissue biopsies
were also conducted and analyzed using the Ion Torrent
PGM platform. Among 198 patients enrolled in the trial
that received prior ALK directed therapies (EXP2-5), 59
received only prior therapy with crizotinib, and 139 patients,
prior therapy with one or more second-generation ALK
TKI. Across all 189 patients with available plasma, 21% of
samples had no detectable cell-free DNA (cfDNA) and in
24% of samples, one or more ALK kinase domain mutations
were found. From tissue biopsies, NGS was done on 78%,
so 22% were inadequate for NGS analysis, a similar rate of
sequencing failure compared to plasma NGS. In adequate
tissue samples, ALK mutations were found in 47% of cases.
Among patients that received prior second-generation ALK
inhibitors, the ALK G1202R mutation was found in 53% of
cfDNA plasma samples and in 55% of tissue samples. Using
tissue biopsies from lorlatinib pretreatment samples as a
reference, the sensitivity of plasma NGS for ALK mutations
was 61% and the specificity was 82%, with an overall
accuracy for plasma NGS of 73%, which needs further
improvement.

Most importantly, given the preclinical data showing
that lorlatinib was most effective in patients with on-
target resistance, this biomarker driven study compared
the outcomes of patients with detectable ALK mutations
using plasma and tissue NGS to patients without detectable
alterations. The objective response rate was higher in
patients with ALK mutations detected by plasma (62% vs.
32%) and “de novo” tissue NGS (69% vs. 31%) compared to
patients without detectable ALK mutations (38). However,
there were no significant differences in PFS between
patients with and without detectable ALK mutations in
plasma, median PFS 7.3 vs. 5.5 months [HR: 0.81 (95%
CI: 0.5-1.31)]. Among patients with tissue NGS, median
PFS was significantly prolonged among patients with
detectable ALK mutations, especially in “de novo samples”
with median PFS 11.0 months compared to 4.0 months in
patients without detectable ALK mutations in tissue biopsies
[HR:0.20 (95% CI: 0.10-0.40)]. The difference in outcomes
between plasma and tissue NGS could be explained by the
lower sensitivity of plasma NGS to identify ALK resistance
mutations before lorlatinib treatment, so several patients
with ALK mutations detectable in tissue NGS but not in
plasma may enrich the outcomes of the group of patients
without detectable ALK mutations by plasma due to the
false-negative rate of this technique. According to these
results, though detecting ALK mutations by plasma or tissue

© Precision Cancer Medicine. All rights reserved.
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NGS is related to higher response rates, about 30% of
patients without detectable plasma mutations will respond
to treatment with lorlatinib, thus for the moment, there
is not a role for plasma or tissue genotyping as a selection
biomarker in this setting. However, plasma or tissue NGS
can be informative on the likelihood of response in a
patient according to the ALK mutation status and provide
information on resistance mechanisms. Plasma NGS is
highly convenient to avoid new tissue biopsies, but the lack
of predictive role limits its mandatory use in the clinical
practice.

Another study comparing tissue and plasma NGS using
Guardant 360 in patients with ALK-rearranged NSCLC
showed that paired tissue and plasma samples had a similar
rate of ALK mutation detection, at the time of disease
progression on alectinib of 63% and 67 %, respectively (56).
However, plasma NGS was more likely to detect multiple
ALK kinase domain mutations in this setting (24% uvs.
2%, P=0.004), proving that plasma NGS may be more
informative of polyclonal on-target resistance or the
acquisition of a compound mutation after first- and second-
generation ALK TKI.

Compound mutations are infrequently found after first-
and second generation ALK inhibitors, but have been
reported to cause primary resistance to lorlatinib. This is
the case of a patient whose tumor acquired the gatekeeper
L1196M mutation with crizotinib and received second line
treatment with ceritinib, at the time of disease progression,
only the L1196M mutation was found in tissue NGS,
however plasma NGS using the Inivata InVisionFirst-
Lung assay, detected both the L1196M and a solvent front
D1203N mutation, and due to proximity of these mutations
they were found to be iz cis (48). The patient experienced
primary progression with lorlatinib, due to the effect of this
compound mutation in halting lorlatinib binding to the
kinase domain, conferring a 300-fold shift in the IC50 of
Ba/F3 cells harboring these compound mutations treated
with lorlatinib compared to single mutant cells. In this case,
plasma NGS was more informative detecting this compound
mutation by capturing tumor heterogeneity, which was not
observed with tissue NGS of a single site biopsy. However,
the development of a compound mutations is most likely a
rare event during resistance to first- and second-generation
ALK inhibitors.

As we mentioned earlier, acquired compound mutations
are a major determinant of ALK-dependent lorlatinib
resistance. Nonetheless, confirming that both mutations
are in cis solely by targeted plasma or tissue NGS is
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Table 3 Summary of studies and results on plasma NGS to study resistance to second-generation ALK inhibitors and lorlatinib

Study Number of patients

ALK mutations

Complex mutations
(=2 ALK mutations)

Compound ALK

mutations NGS platform

Dagogo-Jack Tissue NGS:

et al. (56) 2019

Post 2™ generation TKI: 41 26 (63%)
Post lorlatinib: 32 12 (38%)
Plasma NGS:
Post 2™ generation TKI: 70 46 (66%)
Post lorlatinib: 29 22 (76%)
Mezquita Plasma NGS:
etal. (542020 o crizotinib: 36 4 (11%)
Post 2™ generation TKI: 31 9 (31%)
Post lorlatinib: 7 3 (43%)

Not reported ~ SNaPshot NGS

1(2%) Foundation One
9 (28%) DFCI Oncopanel
MSK Impact
Guardant 360
16 (23%) 5/5 (100%)
14 (48%) 3/6 (50%)
Not reported InVisionFirst-Lung
3 (8%)
1 (3%)
3 (43%)

FISH, fluorescence in situ hybridization; CEP7, centromere chromosome 7; NGS, next-generation sequencing.

complicated, mainly dependent on the proximity and
inclusion of both mutations in the same NGS read. ALK
resistance mutations are more commonly detected after
progression to lorlatinib using plasma NGS (Figure 1B).
In a study by Mezquita and colleagues, 43% of plasma
samples undergoing plasma NGS in patients experiencing
disease progression on lorlatinib had detectable ALK
mutations compared to 29% of patients progressing on
second-generation ALK TKIs and 11% with crizotinib (54)
(Table 3). In this study, “complex” ALK mutations referred
to the detection of more than one ALK mutation including
compound mutations and multiple mutation in which
determining the allelic distribution was not possible.
Among three patients with paired tissue and plasma
samples in which complex ALK mutations were detected
by this later method, there was discordance in the type of
mutations detected and in the number of mutations, which
was higher for plasma genotyping. In one case, in which
an ALK G1202R and F1174L mutations were detected
using tissue NGS and confirmed to be iz cis by TOPO-TA
cloning of DNA fragments of the kinase domain, multiple
other mutations were additionally found using plasma
NGS, including: C1156Y, T1151M, G1269A and S1206F.
Of all these mutations emerging at lorlatinib resistance,
solely the G1202R/F1174L and by proximity, the G1202R/
S1206F mutations were confirmed to be in cis, reflecting
also that compound mutations can be acquired in different
tumor cell clones, and become a polyclonal event, difficult

© Precision Cancer Medicine. All rights reserved.

to target (48,54). Reflecting the complexity of on-target
resistance with lorlatinib, in the same patient in addition to
the multiple ALK mutations detected, NGS of circulating
tumor cells found a G1202R/F1174C mutation that was not
detected on tissue nor plasma NGS (57).

In the largest study of resistance to lorlatinib using
plasma NGS, Dagogo-Jack and colleagues studied the role
of plasma cfDNA genotyping at the time of progression
on second-generation ALK TKIs and lorlatinib using
the Guardant360 assay (56) (Tuble 3). ALK resistance
mutations were seen in 66% (46/70) of patients after
second-generation ALK inhibitors, and in 76% (22/29) of
patients progressing on lorlatinib. The detection rate of >2
concomitant ALK mutations was doubled at progression on
lorlatinib compared to second-generation ALK inhibitors,
48% compared to 23%, respectively (P=0.017). In patients
that received lorlatinib after a second-generation ALK
inhibitor, 53% (8/15) acquired a new ALK resistance
mutation during the course of therapy. Moreover, in
patients with paired tissue and plasma genotyping at the
time of resistance to lorlatinib, liquid biopsy NGS was more
likely to detect ALK mutations compared to tissue NGS,
76% versus 38%, respectively (P=0.004). Also, plasma
NGS detected >2 ALK mutations at higher rates in plasma
compared to tissue (48% versus 28%) though this was not
statistically significant.

In this study, among five samples obtained at lorlatinib
progression with >2 ALK mutations that were close
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Table 4 Summary of results of the sole study evaluating MET amplification as a resistance mechanism to ALK TKIs

Study Definition of MET amplification

MET amplification

Co-occurring ALK mutations ~ NGS platform

Dagogo-Jack  Tissue: Post:

etal. 512020 pio . MET/CEPT 22.2
Foundation one: MET copy number =6
Plasma: Post:

Guardant 360: MET copy number >2.1

Lorlatinib: 5/29 (17%)

ALK 11171N Foundation one

2" generation: 6/52 (12%)
Lorlatinib 5/23 (22%)

ALK [1171N Guardant 360

2" generation: 2/77 (3%) ALK L1196M

ALK L1196M
ALK L1196M

NGS, next-generation sequencing.

enough to asses allelic distribution, all were identified as
compound mutations, including one patient with 3 different
ALK compound mutations (G1202R/L1196M, L1196M/
F1174L and L1196M/F1174C) again supporting the new
concept that distinct compound mutations can be present
in different clones emerging under selective pressure with
lorlatinib (56). Among patients with newly acquired ALK
resistance mutations, the ALK D1203N solvent front
mutation was more commonly acquired with lorlatinib than
with second-generation ALK inhibitors.

Characterization of lorlatinib resistance by liquid biopsy
NGS may have clinical implications in the near future with
the development of new generations of ALK inhibitors that
can bind and block ALK phosphorylation in the context of
specific compound mutations. TPX-0131 (turning point
therapeutics) is a novel macrocyclic ALK inhibitor that can
bind to the ATP binding pocket in the presence of a range
of compound mutation combinations that contain the ALK
G1202R mutation, and inhibit ALK iz vitro and in xenograft
models (58). Some of these compound mutations include
ALK G1202R/C1156Y, G1202R/L1196M, G1202R/
C1198F, G1202R/G1269A. However, this drug does not
inhibit ALK in the presence of I1171X mutations that are
a common resistance mechanism to alectinib. If the clinical
development of this drug is pursued, predictive biomarkers
of response will be required to appropriately select patients.

Off-target lorlatinib resistance can also be assessed using
plasma NGS. MET amplification was detected in 13%
of patients assessed by FISH or NGS in tissue samples,
including 22% of post-lorlatnib biopsies (5/23) (51)
(Table 4). Among 106 plasma samples, MET focal
amplification (defined in this study as absolute MET copies
>2.1 based on the validation study of plasma comprehensive
cancer genotyping assay (59) was detected in seven cases

© Precision Cancer Medicine. All rights reserved.

(6.6%), including 17% of plasma samples obtained at
lorlatinib resistance (5/29). Among 23 patients with paired
tissue and plasma genotyping, the sensitivity, specificity, and
positive predictive value of plasma NGS using Guardant360
to detect MET amplification was 100%, 95%, and 80%,
respectively. Other off-target resistance mechanisms like
KRAS amplification and a PI3KCA E545K mutation
were also present concomitantly with MET amplification
in a patient, showing that several off-target resistance
mechanisms can also coexist (51). Other putative bypass
track resistance mechanisms have also been described at
resistance to ALK inhibitors including lorlatinib, like KRAS
mutations and PTEN mutations. However, the impact of
off-target mutations detected prior to lorlatinib treatment
has not been reported so far, and larger studies are required
to fully depict the range of ALK-independent lorlatinib
resistance.

Conclusions

Plasma cell free DNA NGS is becoming a widely adopted
molecular biology technique in the diagnosis and treatment
of patients with lung cancer. Lorlatinib is the most recent
approved ALK inhibitor, capable of potentially overcoming
resistance to first- and second-generation ALK inhibitors,
constituting the last available line of ALK directed therapies
so far. For the moment, liquid biopsy NGS has limitations
to properly select patients prior to lorlatinib initiation
but, per contrary, seems to convey more information at
the time of disease progression, being highly informative
on lorlatinib resistance mechanisms. In the future, liquid
biopsies could potentially be useful to guide upfront
treatment selection and subsequent therapies according to
the type of resistance mechanisms detected at the time of
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disease progression, in light of the development of novel
third-generation ALK inhibitors.
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