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ABSTRACT

Introduction: The central nervous system (CNS) is a com-
mon site of progression among patients with ROS1-rear-
ranged lung cancer receiving crizotinib. We conducted a
phase 2 study to evaluate the intracranial efficacy of lorla-
tinib in patients with ROS1-rearranged lung cancer who
developed CNS-only progression on crizotinib.

Methods: Patients with metastatic ROS1-rearranged lung
cancer with CNS-only progression on crizotinib received
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between radiation and lorlatinib. At 12 weeks, the intra-
cranial disease control rate was 100% and intracranial
objective response rate was 87%. While on study, the
complee intracranial response rate was 60%. With median
follow-up of 22 months, seven patients experienced disease
progression, including five patients with CNS relapse. The
median intracranial and extracranial progression-free sur-
vivals were 38.8 months (95% confidence interval: 16.9–
not reported) and 41.1 months (95% confidence interval:
17.6–not reported), respectively. Molecular analysis of
plasma or tissue from patients with extracranial progres-
sion on lorlatinib revealed ROS1 G2032R (n ¼ 1), ROS1
L2086F (n ¼ 1), and CCDC6-RET fusion plus ROS1 G2032R
(n ¼ 1). The safety profile of lorlatinib was consistent with
prior studies. There were 11 patients (69%) who required
dose reduction, including one patient who discontinued
treatment for grade 3 edema. No grade greater than or
equal to 4 adverse events were observed.

Conclusions: Lorlatinib induced durable intracranial re-
sponses in patients with ROS1-rearranged NSCLC and prior
isolated CNS progression on crizotinib.

� 2022 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Keywords: ROS1; Lung cancer; Brain metastasis; Lorlatinib;
Crizotinib

Introduction
Approximately one-third of patients with advanced

ROS1-rearranged (ROS1þ) NSCLC present with central
nervous system (CNS) metastases at initial diagnosis.1,2

Despite treatment with ROS1 tyrosine kinase inhibitors
(TKIs), such as crizotinib or entrectinib, the CNS remains
a site of vulnerability throughout the disease course.
Retrospective studies suggest that nearly half of patients
will experience CNS-only progression during treatment
with crizotinib.2 Owing to the limited ability of crizotinib
to cross the blood-brain barrier,3 most patients without
baseline brain metastases will develop brain metastases
while on treatment with crizotinib.2 Even when treated
with entrectinib, a ROS1 TKI that crosses the blood-brain
barrier, one-third of patients will experience CNS pro-
gression.4 Given the high risk of CNS relapse with the
two U.S. Food and Drug Administration (FDA)–approved
ROS1 TKIs, therapies that can effectively overcome CNS
progression are needed.

Lorlatinib is a brain-penetrant, next-generation
ROS1/ALK TKI. In a global phase 1/2 study, lorlatinib
induced objective responses in 35% of patients who had
experienced extracranial progression on crizotinib, with
a median duration of response of 13.8 months.5 Among
the subgroup of patients with brain metastases, the
intracranial objective response rate (ORR) with lorlatinib
was 50%.5 In other molecular subsets of NSCLC (e.g.,
ALK-rearranged NSCLC), studies suggest that patients
with isolated CNS disease may represent a population
that is distinct from and more favorable than those with
multisite involvement.6 Nevertheless, few studies have
prospectively assessed treatment outcomes in patients
with this pattern of disease. Notably, in the phase 1/2
study that established the efficacy of lorlatinib in ROS1þ
NSCLC, measurable extracranial disease was a prereq-
uisite for enrollment.5

Here, we present the results of an investigator-
initiated, single arm, phase 2 study (NCT02927340)
designed to assess the intracranial activity of lorlatinib in
patients with ROS1þ NSCLC who developed CNS-only
progression on crizotinib. On the basis of the hypothe-
sis that isolated CNS progression on crizotinib is pri-
marily driven by limited drug exposure in the CNS, it was
anticipated that most CNS-only progression events on
crizotinib could be overcome by introducing a more
potent ROS1 TKI with proven blood-brain barrier
penetration.
Materials and Methods
Study Design

NCT02927340 is an open-label, investigator-initiated,
single-arm phase 2 trial of lorlatinib in patients with
ROS1-rearranged NSCLC who developed progressive CNS
metastasis on crizotinib without other sites of active,
measurable extracranial disease (Supplementary Fig. 1).
The study was conducted at the following two in-
stitutions: Massachusetts General Hospital and Dana-
Farber Cancer Institute. The study was terminated
early after enrollment of 16 of 22 planned patients
owing to decreasing rate of accrual in the setting of
availability of off-label lorlatinib after its approval for
ALK-rearranged NSCLC in November 2018. The protocol
was approved by the Dana-Farber/Harvard Cancer
Center Institutional Review Board. Written informed
consent was obtained from all patients before screening.
The study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki and Good Clinical
Practice guidelines of the International Conference on
Harmonization.

Adult patients (age �18 y) with a histologically or
cytologically confirmed diagnosis of metastatic (stage IV
per American Joint Committee on Cancer version 7.0)
NSCLC harboring a ROS1 rearrangement as determined
by fluorescence in situ hybridization or tissue-based
next-generation sequencing were enrolled. Patients
were required to have at least one measurable (�5 mm)
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intracranial lesion per modified Response Evaluation
Criteria in Solid Tumors version 1.1 (RECIST v1.1) or
evidence of leptomeningeal disease on imaging.7 Cere-
brospinal fluid evaluation was not mandated to confirm
leptomeningeal disease. Untreated and treated CNS me-
tastases were permitted. To be eligible to enroll after
radiation therapy, patients had to have new CNS me-
tastases or irradiated CNS metastases that had un-
equivocal progression (defined as >20% increase in
longest diameter). Patients with symptomatic CNS le-
sions were eligible. Steroid use was permitted to address
neurologic symptoms if the steroid dose was stable or
decreasing for at least 1 week before enrollment. Pa-
tients with measurable extracranial lesions were
excluded, except for patients with extracranial lesions
that were not felt to represent active sites of disease
based on a prolonged period of stability per investigator
assessment. There was no limit on number of prior
systemic therapies.

Lorlatinib was administered with a standard starting
dose of 100 mg daily taken continuously in a 21-day
cycle. Safety assessments were performed at baseline
and at subsequent visits. Adverse events (AEs) were
graded in accordance with the National Cancer Institute
Common Terminology Criteria for Adverse Events
version 4.03. Dose reductions and interruptions were
allowed as indicated to manage toxicities. All patients
underwent baseline tumor assessments, including brain
imaging by contrast-enhanced magnetic resonance im-
aging and computed tomography scans of the chest,
abdomen, and pelvis. The study required magnetic
resonance imaging slice thickness of 1 mm for brain
metastases measuring between 5 and 10 mm. During
treatment, imaging was performed every 6 weeks for the
initial eight cycles, after which the interval was extended
to every 9 weeks. On-treatment computed tomography
scans were limited to chest and abdominal imaging un-
less a patient had evidence of pelvic metastases on
baseline imaging.

Response assessment was performed centrally using
RECIST v1.1 for extracranial lesions and modified
RECIST v1.1 for intracranial lesions.7 Patients with
ongoing clinical benefit were permitted to continue
treatment beyond progression at the treating in-
vestigator’s discretion.
Statistical Design
The primary end point of the study was intracranial

disease control (defined as complete response, partial
response, or stable disease) at 12 weeks according to
modified RECIST v1.1.7 Secondary end points included
intracranial progression-free survival (PFS), intracranial
duration of response, intracranial ORR, extracranial PFS,
and safety and tolerability of lorlatinib. The target rate of
effectiveness was defined as an intracranial disease
control rate at 12 weeks of 85%. The threshold for
ineffectiveness was set at an intracranial disease control
rate of 60% or less. The study design had 90% power to
detect this difference in intracranial disease control, with
a one-side a level of 0.07. All patients who underwent
intracranial restaging evaluation at 12 weeks were
included in the efficacy analysis. During evaluation of
intracranial efficacy end points, patients were not
censored at the time of extracranial progression pro-
vided they revealed ongoing CNS disease control and
continued lorlatinib. The data cutoff for this analysis was
February 15, 2021. Analyses were done using SAS
version 9.4. The study was originally designed to enroll
22 patients but was terminated for slow accrual after
enrolling 16 patients. Thus, the results reported subse-
quently are descriptive in nature, as formal efficacy
analysis could not be performed.

Results
Patient Characteristics

Between November 2016 and January 2019, 16 pa-
tients were enrolled. Baseline characteristics of the 16
patients are found in Table 1. The median number of
previous lines of therapy was 1 (range: 1–3). All patients
had received crizotinib. The median time on crizotinib
was 24.7 months (range: 2.9–48.4 mo). No patient had
received other ROS1 targeted therapies. Six patients
(38%) had received chemotherapy. One patient had
received immunotherapy. The CNS was the sole site of
progression on crizotinib for 15 (94%) patients. One
patient had progression of both CNS and osseous me-
tastases. Most (n ¼ 13, 81%) patients had only paren-
chymal brain metastases. The remaining three patients
had both leptomeningeal and parenchymal CNS disease.
Five patients (31%) had symptomatic CNS metastases at
the time of enrollment, none of whom required steroids.
Nine patients (56%) had irradiated brain metastases,
including two patients who had previously completed
whole brain radiation. The median interval between
completion of the most recent brain radiation and initi-
ation of lorlatinib was 10.9 months (range: 3.5–29.1).
Two patients had previously undergone resection of
brain metastases

Efficacy
The efficacy analysis included 15 patients. One pa-

tient withdrew consent owing to financial hardship after
6 weeks on treatment and was not included in the effi-
cacy analysis. Of the 15 patients who were assessable for
intracranial response, one was inadvertently enrolled
with nonmeasurable CNS lesions. A total of 10 patients



Table 1. Baseline Characteristics of Study Population

Characteristics
No. (%) of Patients
All Patients (N ¼ 16)

Age, y
Median 54
Range 33–73

Sex
Male 3 (19)
Female 13 (81)

Race
White 13 (81)
Asian 2 (13)
Unknown 1 (6)

Smoking history
Never 12 (75)
Former 4 (25)

ECOG performance status
0 14 (88)
1 1 (6)
2 1 (6)

Symptomatic brain metastases
Yes 5 (31)
No 11 (69)

Prior brain radiation
Yes 9 (56)
No 7 (44)

Number of prior lines of therapy
1 10 (63)
2 5 (31)
3 1 (6)

Prior chemotherapy
Yes 6 (37)
No 10 (63)

ECOG, Eastern Cooperative Oncology Group.

4 Schneider et al JTO Clinical and Research Reports Vol. 3 No. 7
(67%) achieved a confirmed objective intracranial
response at 12 weeks, including three patients (20%)
with complete intracranial response (Fig. 1A). The pa-
tient with nonmeasurable disease achieved complete
resolution of CNS lesions by week 12, consistent with
complete response. The remaining five patients had
stability of intracranial disease. The intracranial disease
control rate was 100% at 12 weeks, exceeding the target
threshold of 85%. Four patients converted from partial
to complete intracranial response during the study. In
addition, three patients with initial stable disease ach-
ieved intracranial objective response with further
follow-up, including two patients with complete re-
sponses and one patient with partial response. In total,
nine (60%) patients achieved a complete intracranial
response, and thirteen (87%) patients achieved an
intracranial objective response while on study (Fig. 1B).
The median time to intracranial response was 42 days
which corresponded to the time of initial response
assessment per the clinical trial protocol. Time on ther-
apy for each patient is presented in Figure 1C.
With median follow-up of 22 months from initiation
of lorlatinib, seven (46%) of 15 patients experienced
disease progression. Two patients progressed exclu-
sively at extracranial sites and discontinued treatment.
Five patients (33%) developed progression of brain
metastases, including three patients who also experi-
enced progression of extracranial disease. In all three
cases where mixed progression was noted, intracranial
and extracranial progression events were metachronous.
Two of the three patients received focal radiation to
progressive sites (n ¼ 1 CNS, n ¼ 1 calvarium) and
continued treatment beyond progression, whereas the
remaining patient was observed on therapy given slowly
enlarging multifocal osseous lesions. The median intra-
cranial PFS was 38.8 months (95% confidence interval
[CI]: 16.9–not reported; Fig. 2A). Median intracranial
duration of response was not able to be estimated owing
to the limited number of progression events. The median
extracranial PFS was 41.1 months (95%CI: 17.6–not
reported; Fig. 2B).
Safety
All 16 patients were evaluated for safety (Table 2).

The most common treatment-related AEs of any grade
were hypercholesterolemia (100%), hyper-
triglyceridemia (75%), peripheral edema (63%), cogni-
tive effects (63%), transaminase elevation (56%),
neuropathy (56%), weight gain (38%), and mood effects
(31%). Six grade 3 treatment-related AEs were observed,
including one patient with hypercholesterolemia, one
patient with hypertriglyceridemia, one patient with
weight gain, and three patients with lipase elevation.
Lipase elevation was not associated with clinical or im-
aging features of pancreatitis. No patient experienced
grade 4 or 5 treatment-related events.

Furthermore, 11 patients (69%) required dose
reduction to manage AEs, including seven (44%) pa-
tients who needed greater than or equal to two dose
reductions. Mean lorlatinib dose intensity was 66 mg.
The most common reasons for dose reduction were
neurocognitive effects which occurred in six patients
(38%) and neuropathy which occurred in three cases
(19%). Other notable reasons for dose reduction
included peripheral edema accompanied by grade 2 left
ventricular ejection fraction decrease (n ¼ 1, 6%) and
mental status change in the setting of posterior revers-
ible encephalopathy syndrome (PRES, n ¼ 1, 6%). The
patient with ejection fraction decrease recovered cardiac
function with dose interruption allowing him to maintain
treatment at lorlatinib 50 mg for an additional 12
months before it was stopped for progression. The pa-
tient with PRES had concomitant use of intraocular
bevacizumab which may have been a predisposing
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factor. Lorlatinib was reduced to 75 mg without recru-
descence of PRES symptoms and maintained for 18
months before transitioning to commercial lorlatinib.
One patient discontinued lorlatinib owing to toxicity,
specifically intolerable edema despite dose reduction to
25 mg.
Intracranial PFS

S
ur

vi
va

l P
ro

ba
bi

lit
y 

Months

Median PFS: 38.8 months (95%CI 16.9-NR)

A

Figure 2. PFS on lorlatinib. (A) Kaplan-Meier curve illustrates in
extracranial PFS on lorlatinib. þ, censored; CI, confidence inte
Patient Disposition
All 16 patients have discontinued treatment on study.

One patient discontinued lorlatinib because of treatment
toxicity (edema) and seven patients ultimately stopped
treatment owing to disease progression. The remaining
patients, all of whom had ongoing intracranial disease
Extracranial PFS

S
ur

vi
va

l P
ro

ba
bi

lit
y 

Months

Median PFS: 41.1 months (95%CI 17.6-NR)

B

tracranial PFS on lorlatinib. (B) Kaplan-Meier curve illustrates
rval; NR, not reached; PFS, progression-free survival.



Table 2. Treatment-Related Adverse Events Occurring in Greater Than or Equal to 10% of Patients

Adverse Event

No. (%) of Patients With Treatment-Related Adverse Event by Gradea

All Grades Grade 1 Grade 2 Grade 3

Hypercholesterolemia 16 (100) 8 (50) 7 (44) 1 (6)
Hypertriglyceridemia 12 (75) 7 (44) 4 (25) 1 (6)
Cognitive effects 10 (63) 9 (56) 1 (6) 0 (0)
Peripheral edema 10 (63) 7 (44) 3 (19) 0 (0)
AST elevation 9 (56) 9 (56) 0 (0) 0 (0)
ALT elevation 9 (56) 9 (56) 0 (0) 0 (0)
Peripheral neuropathy 9 (56) 7 (44) 1 (6) 0 (0)
Weight gain 6 (38) 4 (25) 1 (6) 1 (6)
Mood effects 5 (31) 4 (25) 1 (6) 0 (0)
Polyphagia 4 (25) 4 (25) 0 (0) 0 (0)
Myalgia 4 (25) 4 (25) 0 (0) 0 (0)
Arthralgia 3 (19) 3 (19) 0 (0) 0 (0)
Lipase elevation 3 (19) 0 (0) 0 (0) 3 (19)
Amylase elevation 2 (13) 2 (13) 0 (0) 0 (0)
Median nerve neuropathy 2 (13) 1 (6) 1 (6) 0 (0)
Constipation 2 (13) 1 (6) 1 (6) 0 (0)
Fatigue 2 (13) 2 (13) 0 (0) 0 (0)
Headache 2 (13) 2 (13) 0 (0) 0 (0)
aNo grade 4 or 5 events were observed.
ALT, alanine transaminase; AST, aspartate transaminase.
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control, withdrew from the study owing to financial
hardship (n ¼ 1) or transition to commercial lorlatinib
(n ¼ 7).
Molecular Alterations Identified at Progression
on Lorlatinib

Three patients with extracranial progression under-
went repeat biopsies (tissue, n ¼ 2; plasma, n ¼ 1) at the
time of relapse. ROS1 kinase domain mutations were
detected in the two lorlatinib-resistant tissue biopsies:
ROS1 G2032R (n ¼ 1, after 8 mo on lorlatinib) and
L2086F (n ¼ 1, after 17 mo on lorlatinib), both of which
have previously been described in lorlatinib-resistant
models.8 Notably, neither patient had undergone a bi-
opsy before initiating lorlatinib, precluding confirmation
that the mutations were acquired on lorlatinib. Plasma
testing in the third case revealed ROS1 G2032R,
including a CCDC6-RET fusion, after 13 months on lor-
latinib. CCDC6-RET fusions have been reported as a rare
actionable resistance mechanism in EGFR-mutant
NSCLC,9 but have not previously been reported in
ROS1þ NSCLC. None of the five patients with CNS pro-
gression underwent resection of brain metastases.

Discussion
Despite the systemic activity of crizotinib and

entrectinib,4,10 CNS relapse is common at disease pro-
gression. Indeed, the CNS is among the initial sites of
progression in at least one-third of patients treated with
either drug, with a subset of patients experiencing
progression confined to the brain.2,4 CNS progression is
particularly problematic for patients with baseline brain
metastases. Indeed, an updated analysis from the pooled
studies that led to the FDA approval of entrectinib re-
ported CNS progression in 48.2% of patients with pre-
treatment brain metastases compared with 2.9% of
patients without baseline brain metastases.11 There are
currently no FDA-approved targeted therapies for pa-
tients that have progressed on crizotinib or entrectinib.
Nevertheless, several investigational next-generation
ROS1 TKIs (e.g., lorlatinib, taletrectinib, and repo-
trectinib) have encouraging intracranial activity in small
cohorts of crizotinib-pretreated patients with progres-
sive brain metastases.5,12,13 As CNS-only relapse is often
purported to reflect drug pharmacokinetics (i.e., limited
bioavailability of drug in the CNS) rather than true ac-
quired resistance to therapy,3,14 we launched this study
to specifically investigate whether the distinct patho-
genesis of CNS-only progression on crizotinib would
translate to enhanced sensitivity to subsequent treat-
ment with lorlatinib, a more potent ROS1 TKI with
established CNS penetration.

In this investigator-initiated, single-arm, phase 2
study, lorlatinib was found to have robust intracranial
activity in patients with CNS-only progression on crizo-
tinib, with an intracranial ORR and intracranial disease
control rate of 87% and 100%, respectively. During the
study, a complete intracranial response was observed in
60% of patients. Our findings suggest that introducing
the CNS-penetrant, next-generation ROS1 TKI lorlatinib
is an effective strategy for overcoming isolated CNS
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progression on crizotinib. The CNS efficacy outcomes of
lorlatinib in our study are more encouraging than the
intracranial activity of entrectinib in a similar patient
population (ORR 11%, median PFS 4.7 mo).15 In the
global phase 1/2 study that initially established the ac-
tivity of lorlatinib in ROS1þ NSCLC, the intracranial ORR
among 24 patients with measurable or nonmeasurable
baseline CNS metastases who had progressed on crizo-
tinib was 50%, with an intracranial complete response
rate of 38%, which is lower than what we have observed
in our study.5 Although our study was not designed to
compare outcomes of patients with mixed site progres-
sion versus those with CNS-only progression, our find-
ings combined with the global phase 1/2 study findings
confirm that lorlatinib is an efficacious therapy in either
context, with some suggestion that intracranial activity
may be even more pronounced in patients with CNS-only
relapse. Although we did not characterize the molecular
profile of enlarging or new brain metastases in patients
enrolling in our study, the high intracranial ORR (87%)
in our study relative to the systemic ORR (35%) among
crizotinib-pretreated patients in the global phase 1/2
trial raises the possibility that brain metastases that
arise in the setting of isolated CNS relapse on crizotinib
may remain ROS1 dependent.

The safety profile of lorlatinib in our study was
consistent with previous studies.5,16 Specifically, the
most common treatment-related AEs were lipid abnor-
malities, edema, alanine aminotransferase and aspartate
aminotransferase elevation, peripheral neuropathy,
cognitive effects, and mood effects. Nevertheless, the
overall rate of dose reduction for treatment-related AEs
was higher in our study (69%) than the global phase 1/2
study (25%).5 Neurocognitive toxicity and neuropathy
were the most common reasons for dose reduction. The
median interval between initiating lorlatinib and dose
reduction was 42 days (range: 10–566 d). As 57% of
patients in the global study had baseline brain metas-
tases,5 it is unlikely that the differences in treatment
tolerance were primarily driven by the decision to
exclusively enroll patients with CNS involvement. Of
note, the global study excluded patients with symptom-
atic brain metastases whereas approximately one-third
of patients in our study had symptomatic CNS disease
at study entry. As patients with baseline symptomatic
disease may have increased difficulty tolerating addi-
tional neurologic side effects and treating providers may
have a lower threshold to reduce lorlatinib dose in this
context, it is possible that the higher rate of dose
reduction reflects differences in baseline functioning of
the patients enrolled in each study. It is also possible
that different approaches to dose reduction in general
(i.e., greater enthusiasm for dose reduction in our study
compared with the global studies) may have contributed
to this discrepancy. Larger studies conducted at multiple
institutions with a variety of investigators are overall
better positioned to weather potential imbalances that
can arise in smaller studies such as ours.

Our study has several limitations, including its design
as a single-arm, phase 2 trial that enrolled a small
number of patients. We intentionally targeted a small
sample size as we were primarily recruiting a subset of
patients belonging to a rare molecular subtype of NSCLC.
To overcome this limitation, we sought a dramatic effect
size (intracranial ORR ¼ 85%) that could be captured in
a smaller study. Unfortunately, the target sample size
was not achieved owing to slow accrual in the setting of
off-label access to the study drug on its approval for
ALK-rearranged NSCLC. Central to the concept of this
study was the desire to gain additional insights into the
disease biology of CNS-specific relapses on crizotinib. To
this end, our study design incorporated optional cere-
brospinal fluid sampling before treatment and serially
during treatment. Nevertheless, none of the patients
elected to undergo this procedure. Thus, the molecular
analyses included in this study only pertain to sampling
of extracranial lesions. As a result, although the clinical
outcomes reported in this study are encouraging, the
underlying biology of progressive brain metastases on
crizotinib remains poorly elucidated. Finally, patients in
our study did not receive entrectinib or investigational
next-generation ROS1 TKIs before initiating lorlatinib. As
a result, our study design limits drawing conclusions
about the intracranial activity of lorlatinib in patients
who experience intracranial progression on ROS1 TKIs
other than crizotinib.

In summary, our phase 2 trial reveals that lorlatinib
has substantial and durable intracranial activity in pa-
tients with isolated CNS progression on crizotinib. The
intracranial disease control rate of 100% and intracra-
nial complete response rate of 60% found with lorlatinib
in this context support the notion that isolated CNS
progression events on crizotinib can be overcome by
introducing a more potent, CNS-penetrant ROS1 TKI.
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