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Abstract

Lorlatinib is a third-generation, brain-penetrant anaplastic lymphoma kinase (ALK) and c-ros oncogene 1 (ROS1) tyrosine kinase inhibitor (TKI) with
robust intracranial activity in patients with ALK- or ROS1-positive non-small cell lung cancer (NSCLC). Data from the ongoing open-label, single-arm,
multicenter, phase-1/2 study of lorlatinib in patients with metastatic ALK- or ROS1-positive NSCLC were used to further investigate the potential
brain penetration of lorlatinib. Patients received escalating lorlatinib doses (10–200 mg once daily or 35–100 mg twice daily) or the approved dosing
(100 mg daily). Plasma was collected from all patients, and cerebrospinal fluid (CSF) was collected at baseline and during the study from 5 patients
with suspected or confirmed leptomeningeal carcinomatosis or carcinomatous meningitis. For those 5 patients, lorlatinib concentrations ranged from
2.64 to 125 ng/mL in the CSF and from 12.7 to 457 ng/mL in the plasma; free plasma concentrations ranged from 4.318 to 155.385 ng/mL. The
CSF/free plasma ratio was 0.77 (R2 = 0.96 and P < .001). Using a post-hoc population pharmacokinetic model, the average steady-state unbound
plasma concentration of lorlatinib was derived and the CSF concentration was estimated for all patients. Known minimum efficacy concentrations
(Ceff) for wild-type and mutated (L1196M and G1202R) ALK were used to derive central nervous system (CNS) Ceff. Estimated CNS concentrations
exceeded the derived CNS Ceff values in all patients for wild-type ALK and the ALK L1196M mutation, and in 35.8% of patients for the ALK G1202R
mutation. Projected lorlatinib CNS concentrations were consistent with the high intracranial response rates reported in clinical trials and provide
further evidence of the potent CNS penetration of lorlatinib.

Keywords

central nervous system, clinical pharmacology, clinical research, clinical trials, oncology

Anaplastic lymphoma kinase (ALK)-positive and c-
ros oncogene 1 (ROS1)-positive non-small cell lung
cancers (NSCLCs) have been shown to be sensitive
to targeted tyrosine kinase inhibitors (TKIs) such as
the first-generation ALK/ROS1 TKI crizotinib and
the additional second-generation ALK TKIs ceritinib
and alectinib.1–6 These earlier generation ALK TKIs
demonstrated strong clinical potency against the
ALK-rearranged oncogene in the lung. However, these
ALK TKIs demonstrated a relatively low intracranial
response rate as first-line and later treatment,7

probably because of the relatively low intracranial
concentrations achieved by these drugs. The ratio of
the concentration of alectinib in cerebral spinal fluid
(CSF) and in plasma is reported to be between 0.002
and 0.005.8 This ratio was also low for crizotinib (range:
0.0006–0.026).9–11 The low levels of central nervous
system (CNS) penetration from these early-generation
ALK TKIs likely made patients prone to disease
progression, resulting from the eventual development
of metastases of the CNS or through the acquisition
of resistance to second-generation TKIs.12 Progression
in this setting affects the longer-term efficacy of treat-

ments and survival, which prompted the development
of lorlatinib, a third-generation ALK and ROS1 TKI
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specifically designed to cross the blood–brain barrier
(BBB) and exhibit potent CNS activity.12–14

P-glycoprotein 1 (P-gp), also known as multidrug
resistance protein 1 (MDR1), and breast cancer
resistance protein (BCRP) are among the main efflux
transporters involved in limiting drug penetration
into the brain.15 Results of nonclinical permeability
studies in MDCKII-MDR1 and MDCKII-LE-BCRP
cells showed a lorlatinib efflux ratio of 1.8 and 1.32
with P-gp and BCRP, respectively, after 90 minutes of
incubation (unpublished data). Hence, lorlatinib was
designed and optimized (from crizotinib) for increased
potency against ALK mutants as well as for brain
penetration to treat brain metastases (ie, specifically
designed to not be a substrate of P-gp).

Lorlatinib has shown potent overall and intracranial
antitumor activity in a phase-1/2 study of patients
with advanced ALK- or ROS1-positive NSCLC having
progressed after previous TKIs or who were naïve to
treatment (NCT01970865),12,16 and in a phase-3 study
versus crizotinib in patients withALK-positive NSCLC
who were naïve to treatment in the metastatic setting
(NCT03052608).17 In animal studies, lorlatinib has
demonstrated the capability to cross the BBB,18,19 and,
in phase-1/2 and phase-3 studies, it has demonstrated
robust intracranial efficacy.12,17,20,21

Here, data from the phase-1/2 study have been
analyzed to further investigate the brain penetration
potential of lorlatinib, through an evaluation of the
relationship between free drug concentration in plasma
and total drug concentration in CSF, in a subset of
patients that was then modeled to predict CSF concen-
trations for the entire study population.

At diagnosis, brain metastases are present in around
25% of patients with ALK-positive NSCLC and in
nearly 60% of patients 3 years after diagnosis.22 Higher
frequencies of alterations in known cancer genes have
been observed in brain metastases compared with
primary lung adenocarcinoma.23 Molecular charac-
teristics of brain metastases that occur after treat-
ment is initiated may differ from those of the pri-
mary tumor. Natural therapeutic selection may drive
tumor heterogeneity.24 With systemic therapy, drugs
may achieve high potency in the systemic compart-
ment, which can create selective pressure through the
elimination of sensitive cellular clones with specific
genomic and epigenetic alterations or microenviron-
mental features (in a specific stromal niche). However,
these same drugs might achieve subpar exposure in the
brain,24 leading to a very different selective pressure on
brainmetastases. The differential selective pressuremay
contribute to the high level of heterogeneity between
primary tumors and brain metastases.25 This hetero-
geneity has been documented in both melanoma and
breast cancer.26,27

Lorlatinib has also demonstrated the broadest cov-
erage of ALK resistance mutations among the ALK
TKIs identified to date.14 Here we utilized the esti-
mated CSF/free plasma ratio determined from previ-
ously published CSF pharmacokinetic (PK) samples,
as well as the predicted average concentrations from a
previously published population PK model, to predict
lorlatinib CSF concentrations for all patients receiving
100 mg lorlatinib once daily (QD) enrolled in this
registrational study. The projected lorlatinib CSF levels
were evaluated in relation to the unbound effective
target concentration for the inhibition of wild-type
ALK and 2 key resistance mutations: L1196M, which
is the most common resistance mutation to the first-
generation ALK TKI crizotinib28; and G1202R, which
has been associated with high-level resistance to crizo-
tinib and second-generationALKTKIs.14 This analysis
was undertaken with the goal of further exploring the
use of lorlatinib in patients with NSCLC and brain
metastases.

Methods
Study Design
The institutional review board or independent ethics
committee at each participating center approved the
protocol, which complied with the International Eth-
ical Guidelines for Biomedical Research Involving Hu-
man Subjects, Good Clinical Practice guidelines, the
Declaration of Helsinki, and local laws. All patients
provided written, informed consent before participa-
tion.

The study design, objectives, and eligibility criteria
for the lorlatinib phase-1/2 study have been published
previously.12,16,29 In brief, this ongoing, open-label,
single-arm, multicentered study enrolled patients with
ALK-positive or ROS1-positive metastatic NSCLC.
Patients (n = 54) enrolled in phase 1 received lorlatinib
in escalating doses of 10–200 mg QD or 35–100 mg
twice daily, whereas patients (n = 276) in phase 2
received the approved dose of lorlatinib 100 mg QD
administered in continuous 21-day cycles.12,16

Evaluation of the CSF concentration of lorlatinib,
where possible, was a prespecified exploratory pro-
tocol end point. In patients with suspected or con-
firmed leptomeningeal carcinomatosis, not visualized
onmagnetic resonance imaging, or with carcinomatous
meningitis, CSF was to be collected at baseline and
during the study. In those instances, CSF was also used
to determine lorlatinib concentrations, and a blood
sample for PK analysis was collected at approximately
the same time as the postdose CSF sample. Plasma
samples for lorlatinib PK were also collected from
all other patients and analyzed according to methods
previously published.30
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For ALK molecular profiling, the extraction and
analysis of cell-free DNA (cfDNA) was performed
using a validated, commercially available 73-gene
cfDNA next-generation sequencing (NGS) assay
(Guardant360, panel version 2.10, bioinformatics
pipeline version 3.0; Guardant Health, Inc., Redwood
City, California), as previously described.31,32

Statistical Analysis
For an evaluation of the relationship between unbound
plasma concentrations and CSF concentrations of lor-
latinib, a linear regression model via the generalized
linear models function in R version 3.5.1 (R Founda-
tion for Statistical Computing, Vienna, Austria) was
applied. The slope for the plasma/CSF concentration
curve that reflected the study populationCSF to plasma
ratio was then utilized to estimate the average steady-
state CSF concentration (CSFss,avg) for the entire study
population of enrolled patients.

Post hoc population PK model estimates of average
lorlatinib steady-state plasma concentration (Css,avg)
were used to derive the average steady-state unbound
plasma concentration (Css,avg,u) based on the known
lorlatinib human protein binding (fraction unbound of
0.34).30,33,34 The CSF concentration in each patient was
then estimated as the product of plasmaCss,avg,u and the
study-specific CSF to unbound plasma concentration
ratio derived earlier by linear regression. The known
minimum efficacy concentrations (Ceff ) for wild-type
ALK and the L1196M and G1202R ALK resistance
mutations were multiplied by the fraction of unbound
value (0.34) to derive the effective Ceff in the CNS.16,30

The projected CSF concentrations were compared with
the CNS Ceff to evaluate the ratio of patients achieving
coverage of these mutations.16

Results
Patients
Among all enrolled patients in the lorlatinib phase-
1/2 study, 5 underwent lumbar puncture as part of

their clinical treatment and lorlatinib concentrations
were measured in the CSF. The demographics of the
group of 5 patients with available CSF samples are
summarized in Table S1. Four patients had ALK-
positive NSCLC and 1 had ROS1-positive NSCLC.
Four patients were assigned to the 100 mg QD dose
and 1 patient was part of the 150 mg QD lorlatinib
cohort.

Lorlatinib CSF and Plasma Concentrations
The concentrations of lorlatinib in the CSF and blood
plasma from the 5 patients showed CSF concentrations
ranging from 2.64 to 125 ng/mL and plasma concen-
trations ranging from 12.7 to 457 ng/mL. Free plasma
concentrations ranged from 4.318 to 155.385 ng/mL.
The CSF/free plasma ratios were relatively consistent,
ranging from 0.6114 to 0.9574 (Table 1). Patient 1
had stopped taking lorlatinib 8 days before the lumbar
puncture and patient 5 had stopped taking lorlatinib
2 days before the lumbar puncture. The ratio of
CSF/free plasma concentration was considered reliable
in these individuals and their data were included in the
analysis.

CSF/Free Plasma Ratio Model
The regression analysis based on the sample of 5
patients with available CSF and estimated unbound
plasma concentration data showed a CSF/free plasma
concentration ratio of 0.77, with an adjusted R2 = 0.96
and P < .001 (Figure 1).

Intracranial Response
Among the 5 patients with available CSF concentra-
tions, the intracranial objective response reported for
each was a complete response for patients 2, 3, and 4,
stable disease for patient 1, and non-evaluable response
for patient 5.

Table 1. Observed Clinical Lorlatinib CSF and Plasma Concentrations

Patient

Assigned Dose
Regimen (mg

QD)

Dose on Date
of CSF

Collection
(mg)

CSF
Concentration

(ng/mL)

Plasma
Concentration

(ng/mL)

Free (Unbound)
Plasma

Concentration
(ng/mL)

CSF/Free
Plasma
Ratio

1 150 0 2.64a 12.7 4.318a 0.6114a

2 100 100 125a 384 130.562a 0.9574a

3 100 100 101a 457 155.385a 0.65a

4 100 100 81.8a 311 105.739a 0.7736a

5 100 0 38.1 165 56.104 0.6791

CSF, cerebrospinal fluid; QD, once daily.
Note that patient 1 was on a drug holiday at the time of CSF collection, and patient 5 had discontinued lorlatinib 2 days before the collection of the CSF sample
via lumbar puncture.
a
Data previously published.16
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Figure 1. Linear regression analysis for the prediction of overall
CSF/free (unbound) plasma ratio for patients with measured CSF
concentrations of lorlatinib. CSF, cerebrospinal fluid.
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Figure 2. Coverage of estimated CSF Css,avg over ALK inhibition targets
in patients receiving 100 mg QD lorlatinib dosing. The blue line indicates
the unbound (free) target concentration for the inhibition of wild-type
ALK (2.58 ng/mL). The green line indicates the unbound (free) target
concentration for the inhibition of L1196M (21.08 ng/mL). The red line
indicates the unbound (free) target concentration for the inhibition
of G1202R (67.06 ng/mL).29 ALK, anaplastic lymphoma kinase; CSF,
cerebrospinal fluid; Css,avg, average steady-state plasma concentration;
QD, once daily.

Projected Wild-Type ALK and Resistance Mutation Cov-
erage
The analysis of coverage over wild-type ALK and
the 2 main ALK resistance mutations of interest,
L1196M and G1202R, showed that the estimated
CSFss,avg for lorlatinib would achieve CNS coverage
for the inhibition of wild-type ALK (unbound target
concentration of 2.58 ng/mL) and the L1196M ALK
resistance mutation (unbound target concentration
of 21.08 ng/mL) in all patients enrolled in the study
(Figures 2 and 3A). According to the projection from
the model, the estimated CSFss,avg would exceed the
target coverage for the G1202R ALK resistance muta-
tion (unbound target concentration of 67.06 ng/mL)
in 35.8% of all patients (Figure 2). Based on plasma
cfDNA analysis, all patients with confirmed L1196M
mutation and 26.3% of those with confirmed G1202R
mutation had an estimated CSFss,avg for lorlatinib
that would achieve CNS coverage for the inhibition
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Figure 3. Coverage of estimated CSF Css,avg over ALK inhibition targets
in patients receiving 100 mg QD lorlatinib dosing and a confirmed
L1196M (a) or G1202R (b) mutation. The green line shows the unbound
target concentrations for L1196M (21.08 ng/mL) inhibition. The red line
shows the unbound target concentrations for G1202R (67.06 ng/mL)
inhibition.29 ALK, anaplastic lymphoma kinase; CSF, cerebrospinal fluid;
Css,avg, average steady-state plasma concentration; QD, once daily.

of L1196M (Figure 3A) or G1202R (Figure 3B),
respectively.

Discussion
In the current analysis, we observed a relationship
between concentrations of lorlatinib in the CSF
and plasma in patients with ALK- or ROS1-positive
NSCLC in this phase-1/2 study. The projected ratio of
CSF and free plasma lorlatinib concentration of 0.77
(R2 = 0.96 and P < .001) based on the regression
model indicates potent brain penetration, with 77%
of systemic unbound lorlatinib penetrating the brain
(Figure 1). The robustness of the regression model war-
ranted the extrapolation of the results to estimate the
CSFss,avg for all remaining patients in the current anal-
ysis receiving lorlatinib doses of 100 mg QD (and with
only plasma samples available). The CSF/free plasma
ratios observed in this analysis (range: 0.61–0.96) were
much higher than the CSF/plasma ratios observed with
the first-generation ALK/ROS1 TKI crizotinib (range:
0.0006–0.026)9–11 and the second-generation ALKTKI
alectinib (0.002–0.005).8 Lorlatinib PK at single dose
and at steady state are largely dose proportional.30
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Lorlatinib has a plasma elimination half-life of approx-
imately 24 hours after a single dose.34

One patient (patient 1) had low concentrations of
lorlatinib in both the CSF and plasma because of a
dosing holiday. The patient had been off their lor-
latinib dose for 8 days before having an unplanned
lumbar puncture. Despite this, because of a presumed
concurrent drop of lorlatinib concentrations in both
the CSF and the plasma, the patient had a CSF/free
plasma ratio of around 0.6, which is consistent with the
other patients in the analysis. Of note, another patient
(patient 5) was off drug for 2 days before the unplanned
lumbar puncture and had a CSF/free plasma ratio of
around 0.7, also consistent with the other patients in
the analysis.

Our projected lorlatinib concentration results are
consistent with the high clinical intracranial response
rates (intracranial objective response rate, IC-ORR) ob-
served in patients with CNS lesions at baseline receiving
lorlatinib 100 mg QD in phase 2 of this phase-1/2 trial
who were either treated previously with ALK TKIs
with/without chemotherapy (IC-ORR 63.0%; 95% CI
51.5–73.4%) or naïve to treatment (IC-ORR 66.7%;
95% CI 9.4–99.2%).12

Further, our analysis showed that the estimated
CNS concentrations exceed the minimum Ceff in all
patients for both wild-type ALK and the L1196M
ALK resistance mutation, supporting broad coverage
of both, and in 35.8% of patients for the G1202R ALK
resistancemutation. This supports earlier findings high-
lighting the potent penetration of lorlatinib into the
CNS as well as robust intracranial clinical responses.
However, it should be noted that the mutation status
of patients was determined in plasma and may not
reflect the mutation status of brain metastases. In fact,
brain metastases established before ALK treatment are
likely to be harboring ALK fusion mutations only,
whereas metastases that develop on treatment as part
of a resistance mechanism are more likely to harbor
additional mutations, including ALK kinase domain
mutations.35

There are several limitations to this analysis. First,
this is an unplanned post hoc analysis of data from
the clinical trial. Second, the analysis was limited
by the low number of patients with available CSF
samples, including 4 of 5 measurements that have
been previously published; however, an analysis of
alectinib has been reported with similar sample sizes
(CSF samples from 5 patients),8,36 and the high R2

value (0.96) suggests a robust CSF/free plasma ratio.
Per protocol, patients with suspected or confirmed
leptomeningeal carcinomatosis for whom a CSF draw
wasmedically indicatedwere to provide a portion of the
CSF for the measurement of lorlatinib; few patients in
this large study actually progressed via the development

of leptomeningeal carcinomatosis, and this is reflected
by the measurement of lorlatinib from the CSF of 5
patients only. Third, the true shape of the (potentially
nonlinear) relationship between CSF and plasma
concentrations across a wide range of concentra-
tions/doses is unknown. Despite the confirmation of a
linear relationship for concentration/dose in the current
analysis (100–150 mg QD), a less linear relationship
could exist at higher doses. Fourth, the current analysis
is based on plasma levels as the sole driver for lorlatinib
CSF levels. Arguably, this assumption ignores the
potential additional contributions from individual
patient factors such as the expression of transporters
at the BBB (P-gp and BCRP), brain metastases tumor
load, and other pharmacodynamic parameters. As
previously mentioned, molecular profiling of the brain
metastases was not performed, and the only available
molecular information was derived from cfDNA
analysis. Finally, this analysis assumes that the CNS
Ceff , after correction for protein binding, is the same
as the known systemic Ceff (ie, Ceff = CNS Ceff ). This
assumption also ignores the potential overexpression
of numerous functional polymorphisms of multidrug
resistance proteins, similar to the aforementioned
point.

Conclusions
This analysis provides additional evidence for the
ability of lorlatinib to markedly cross the BBB. This
key property differentiates lorlatinib from the first-
generation ALK/ROS1 TKI crizotinib, which can cross
the BBB but to a much lesser degree.9 Alectinib also
demonstrated intracranial activity both in first-line and
in pretreated settings,3,36–38 but it has a lower reported
CSF/plasma ratio than that demonstrated in the current
analysis of lorlatinib.8 The high intracranial response
rate observed in clinical trials investigating lorlatinib
is mirrored by the current results, demonstrating the
highest CSF/plasma ratio among currently approved
ALK TKIs.12,17,20,21 This potent CNS penetration
paired with the coverage of 2 key ALK resistance
mutations (L1196M and G1202R) in a meaningful
percentage of patients offers additional support for
its current indication in patients with ALK-positive
NSCLC.
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