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Lorlatinib is a small molecule inhibitor of anaplastic ymphoma kinase (ALK) and c-ROS oncogene 1 (ROS1) tyrosine
kinases and is approved for the treatment of patients with ALK-positive advanced non-small cell lung cancer
(NSCLC). In the phase I/1l study (NCT01970865), potential exposure-response (E-R) relationships between lorlatinib
and selected safety and efficacy end points were evaluated in patients with NSCLC. E-R relationships were assessed
for safety end points with incidence > 10% in all treated patients (n = 328). In total, 4 safety end points were
assessed: hypercholesterolemia grade > 3, hypertriglyceridemia grade > 3, weight gain grade > 2, and treatment-
emergent adverse events (TEAEs) grade > 3. Using logistic regression, significant relationships were identified
between lorlatinib plasma exposure and risk of hypercholesterolemia grade > 3 (odds ratio (OR) 5.256) and risk

of TEAE grade > 3 (OR 3.214). The covariates baseline cholesterol and time on study prior to the event (TE) were
associated with the probability of hypercholesterolemia grade > 3. Baseline cholesterol and TE were found to have a
statistically significant correlation with TEAE grade > 3. Exposure-efficacy relationships were assessed for objective
response rate (ORR; n = 197) and intracranial objective response rate (IC-ORR; n = 132). Lorlatinib plasma exposure
was not identified as a statistically significant factor related to either efficacy end point. The only significant E-R
relationships identified for efficacy were between baseline alkaline phosphatase and baseline amylase with IC-ORR
(ORs 0.363 and 1.015, respectively). These findings support the lorlatinib indicated dose and dose modification
guidelines regarding the management of lorlatinib-related AEs.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Lorlatinib is an anaplastic lymphoma kinase/c-ROS onco-
gene 1 (ALK/ROSI) receptor tyrosine kinase inhibitor (TKI)
indicated for ALK-positive metastatic non-small cell lung

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

[ Lorlatinib has an exposure-response relationship with the
safety end points hypercholesterolemia grade > 3 and treatment-
emergent adverse events (AEs) grade > 3. No exposure-cfficacy
relationship was identified for objective response or intracranial
objective response at the indicated dose.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

[ These data will aid the identification of AEs that are exposure-
related and hence likely to be better managed by dose modifications.

cancer after progression on one or more second-generation
ALK TKIs.

WHAT QUESTION DID THIS STUDY ADDRESS?

M This analysis investigated the relationships between lorlat-
inib exposure and relevant safety and efficacy end points using
data from a phase I/II trial.

Lung cancer is the leading cause of cancer-related mortality
worldwide, with non-small cell lung cancer (NSCLC) consti-
tuting ~ 85% of all cases.' Rearrangements of the anaplastic
lymphoma kinase (ALK) or ¢-ROS oncogene 1 (ROSI) genes
are present in ~ 3-5% and 1-2% of patients with NSCLC,

respectively, and provide opportunities for targeted therapeu-
tic intervention.” The clinical effectiveness of tyrosine kinase
inhibitor (TKI) therapies in NSCLC, however, has been lim-
ited by the development of resistance to first-generation and
second-generation TKIs.®
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Lorlatinib is a third-generation, adenosine triphosphate-
competitive, small molecule inhibitor of ALK and ROSI recep-
tor tyrosine kinases.” Broad TKI activity has been demonstrated
across a range of clinically acquired ALK mutations, including
those associated with resistance to first-generation or second-
generation ALK inhibitors.” Lorlatinib has been shown to be
capable of penetrating the blood—-brain barrier in animal mod-
els,”® and has both systemic and intracranial activity in patients
with advanced ALK-positive or ROSI-positive NSCLC.” M The
most common treatment-related adverse events (TRAEs) re-
ported in phase IT trials were hypertriglyceridemia and hypercho-
lesterolemia.'®!! Recently, lorlatinib received regulatory approval
in Japan, the United States, the European Union, and other coun-
tries for the treatment of patients with ALK-positive metastatic
NSCLC."”

The recommended clinical dose of lorlatinib (100 mg q.d.) was
established based on data from the first-in-human phase I/1I study
B7461001 (Clinical Trials.gov: NCT01970865). Although a max-
imum tolerated dose was not formally identified in the phase I
portion of this study, 100 mg q.d. was chosen as the recommended
phase II dose based on the entirety of the safety, efficacy, and clin-
ical pharmacology data.’” The phase IT portion of the study eval-
uated the anticancer activity of single agent lorlatinib at 100 mg
q.d. in subpopulations of patients with advanced ALK-positive or
ROS1-positive NscLc.oH Among patients with NSCLC previ-
ously treated with at least one ALK TKI, lorlatinib demonstrated
an objective response rate (ORR) of 47% and an intracranial objec-
tive response rate (IC-ORR) of 63%."” The most common TRAEs
across all patients were hypercholesterolemia (81% overall; 16%
grade 3—4) and hypertriglyceridemia (60% overall; 16% grade 3
4).1 These data further established the clinical safety and efficacy
of single agent lorlatinib at 100 mgand were the basis for regulatory
approval.

The purpose of this analysis was to assess potential relationships
between lorlatinib exposure with safety and efficacy end points,
utilizing data from the phase I/II study, in order to support the
approved clinical dose of lorlatinib (i.e., 100 mg q.d.), and recom-
mendations for dose modifications.

METHODS

B7461001 study design

Study B7461001 was a phase I/II, open-label, dose-escalation study
(ClinicalTrials.gov: NCT01970865) conducted in patients with
advanced ALK- or ROSI-positive NSCLC. Patients were aged > 18 years
with at least one measurable target extracranial lesion according to
RECIST version 1.1 and had baseline Eastern Cooperative Oncology
Group-Performance Status (ECOG-PS) of 0-2. The phase I portion of
the study aimed to estimate the maximum tolerated dose for lorlatinib
in dose-escalation cohorts in patients with advanced ALK-positive or
ROSI-positive NSCLC with or without asymptomatic central nervous
system (CNS) metastases. The phase II portion of the study evaluated
ORR and IC-ORR in multiple subpopulations of patients with advanced
ALK-positive or ROSI-positive NSCLC treated with single agent lorlati-
nib (Table S1). Primary efficacy and safety data from the trial have been
previously published.”™! The trial was conducted in accordance with
Good Clinical Practice Guidelines and the ethical principles that have
their origin in the Declaration of Helsinki, and all patients provided
written informed consent.
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Study population

For the safety analysis, all patients who received at least one dose of
lorlatinib were evaluated (7 = 328). The exposure-response (E-R) for
efficacy analysis population comprised a subset of the safety analysis
population and included only patients who had received prior treatment
with > 1 ALK inhibitors (i.c., patients from phase II expansion cohorts
2-5; n = 197). Within the efficacy analysis population, only patients
with baseline CNS metastasis per independent central review were eval-
uated for the [C-ORR efficacy end point (z = 132).

Assessments and end points

Individual lorlatinib plasma exposure estimates were used to assess
potential E-R relationships. Lorlatinib exposure metrics were calculated
using the previously reported population pharmacokinetic (PK) model,
which was a two-compartment model with time-varying clearance.!
For the PK/pharmacodynamic (PK/PD) safety analysis, PK data were
missing for two patients in the safety analysis and the typical population
parameters combined with the covariate effects were used to generate
exposure estimates for these patients. For the PK/PD efficacy analysis,
only patients with available PK data were included. The B7461001 PK
sampling schedule is presented in Table S2.

The adverse event (AE) end points (hypercholesterolemia, hypertri-
glyceridemia, weight gain, and TEAEs grade > 3), efficacy end points (ORR
and IC-ORR), and additional intrinsic and extrinsic factors evaluated were
selected based on scientific rationale, availability of data, and input from
the clinical pharmacologist and study clinician. All AEs were defined and
graded per the National Cancer Institute Common Terminology Criteria
for Adverse Events (NCI CTCAE) version 4.03."> ORR and IC-ORR were
both assessed by ICR. Presented in Table S3 is the incidence of the safety
and efficacy end points considered in these analyses.

Overview of modeling

The E-R modeling analyses were performed using generalized binomial
logistic regression as implemented in the glm(), glm(family="binomial")
functions, respectively, in the R programminglanguage, version 3.0 or later. ¢
To assess the E-R relationship between lorlatinib exposure and each of the
safety and efficacy end points, the probability of response was modeled as
a linear function of exposure. A logistic regression model with a logit link
function of the following form was used for the univariate screen (Eq. 1).

logit (p;) = 0, + 0, - lorlatinib exposure 0

where 6, hypothetically represents the odds of the event occurring without
any exposure and 0, represents a linear effect of the exposure, and lorlati-
nib exposure is the lorlatinib exposure metric on the probability of the event
occurring.

Base model development

For cach safety and efficacy end point, an initial base model was
developed to describe the overall probability of a response (e.g., typical
change from baseline value or overall probability of an event). Only
safety end points that had a frequency of > 10% were considered for
the analysis.

Any parameter included in the base model was not removed during
development of the final model. Because the safety end points hypercholes-
terolemia grade > 3, hypertriglyceridemia grade > 3, weight gain grade > 2,
and TEAEs grade > 3 can take time to develop in a patient (i.c., the longer
the patient is on therapy, the more blood cholesterol will accumulate, until
reaching hypercholesterolemia grade > 3), time on study prior to the event
(TE) was included in these base models. For patients in whom the AE
never occurs, the TE would be the entire length of on-study treatment. In
addition, the baseline laboratory parameters associated with the respective
safety end point (e.g., baseline cholesterol (BCHOL) for hypercholesterol-
emia grade > 3) were also included in the E-R safety base models.
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Selection of lorlatinib exposure metrics
For both the safety and the efficacy analyses, a univariate forward screen was
performed to identify the most statistically significant lorlatinib plasma ex-
posure metric. The exposure metric and functional form (log or linear) that
yielded a better fitting model and a statistically significant E-R relationship
(@ = 0.05) were selected for evaluation in the full model. If no lorlatinib
plasma exposure metric was significant, modeling analysis was carried for-
ward without an exposure metric. If the lorlatinib exposure metric had an
estimated coefficient that was significantly different from the null, it was se-
lected to be included in the model. If multiple lorlatinib exposure metrics were
significant, the metric with the greatest change in deviance (D) was selected.
The following lorlatinib plasma exposure metrics were explored in the
linear and log-transformed scale: maximum concentration over the first
cycle (C, | e 1)» cumulative area under the curve (AUC) over the first
cycle (CAUC, e s> AUC after a single dose of lorlatinib (AUC
trough concentration at the end of the first cycle (Ctrough eyele 1)> Maximum
concentration prior to the event (C___. ), CAUC over the cycle im-
mediately prior to the event (CAUC rlor) 24-hour AUC at steady-state
(AUC_), trough concentration at steady—state (C ), and highest
CAUC overa steady-state cycle (CAUC

single dose)’

trough ss

complete/*

Covariates
In both the safety and the efficacy E-R analyses, intrinsic and extrinsic
factors (potential covariates) that might influence the selected safety and
cfficacy end points were tested in the model. These included baseline de-
mographic characteristics, bascline laboratory values, concomitant and
prior treatments, and disease characteristics (a full list of all evaluated
potential covariates is provided in Table $4).

Logistic regression was used to assess the relationship between each of
the safety and efficacy end points and potential covariates (Eq. 2).

logit ( i) = base model + 6, - covariates (2)

where 6, represents the estimate of the effect of an additional covariate on
the base model.

Final model development

Final model development began with the full model and was subjected to
a backward elimination algorithm with a significance level for removal of
o = 0.01. Significance was dctermmed using change in D. Values of D can
be shown to be approximately %> distributed with degrees of freedom equal
to the difference in the number of parameters estimated. Smaller values of
D indicate a better fit. To compare two nested models, the difference in the
deviance of each of the models also follows approximately y* distributed
with degrees of freedom equal to the difference in the number of parame-
ters estimated. This difference was used to judge whether a covariate should
remain in the model during the backward elimination using a significance
level of o= 0.01. This corresponds to a change in the deviance greater than
X 099 = 6.63. When the removal of any of the remaining covariates resulted
in a significant increase in deviance difference between null and residual
(AD), the elimination process was stopped, and the model was consid-
ered final. Hosmer-Lemeshow test and area under the receiver-operating
characteristic curve were utilized to evaluate the final model for adequacy
and predictive performance. The final model estimation re-incorporated
all the excluded patients for whom complete data were available with the
final covariates. The odds ratio (OR) was calculated by exponentiating the
parameter estimates. The odds of success were defined as the ratio of the
probability of success over the probability of failure.

RESULTS

Study population

A total of 328 patients enrolled in the B7461001 phase I/11 study
who received at least one dose of lorlatinib were included in the

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 110 NUMBER 5 | November 2021

E-R safety analysis population. Among these, phase IT expansion
cohorts 2—5 were included in the E-R efficacy analysis population
(n = 197), and patients with CNS metastatic disease at baseline
were included in the IC-ORR analysis population (» = 132). At
baseline, the median age for the E-R safety analysis population was
53 years, 42% were men, and the median body weight was 67 kg.
Summaries of the demographics and baseline covariate character-
istics of the analysis populations are presented in Tables 1 and 2.

Exposure-safety analysis
Four safety end points, hypercholesterolemia grade > 3, hypertri-
glyceridemia grade > 3, weight gain grade > 2, and TEAEs grade
> 3, had a frequency of > 10% and were tested in this analysis. Note
that the safety end point TEAEs grade > 3 included patients with
hypercholesterolemia grade > 3 and hypertriglyceridemia grade > 3.
A significant E-R relationship was identified between lorlatinib
plasma exposure (log[C_ 1) and the safety end point hyper-
cholesterolemia grade > 3 (OR 5.256). Note that the significantly

related exposure metric, log[C is a natural log transformed

max CVCnt]
exposure metric; and thus, the increases are on the log scale. With

every unit increase in log[C ], there is a 5.256 increase in the

OR for experiencing hyper:}il:)ieesrgerolemia grade > 3. In addition,
BCHOL and TE were included in the final model for hypercho-
lesterolemia grade > 3 (ORs 1.029 and 1.004, respectively). Final
model parameter estimates are shown in Table 3; the logistic re-

gression equation is presented in Eq. 3.

logit (») —log<1pp>

= —18.82940.029-BCHOL+0.004- TE+1.659 - log (C

max cven[)

3)

To better illustrate the probability of experiencing hypercho-
lesterolemia grade > 3 in relation to lorlatinib exposure, Figure 1
presents the predicted probability of experiencing hypercholes-
terolemia grade > 3 vs. C___  with TE fixed to the analysis
population median of 41 days and BCHOL fixed to the analysis
population median of 193 mg/dL. At the lorlatinib C____  90th
percentile, the upper limit of the 95% confidence interval for pre-
dicted probability of hypercholesterolemia grade > 3 is below 25%.

A significant E-R relationship was also identified between lor-
latinib exposure (log[C cough .J)and TEAE grade > 3 (OR 3.214).
Note that the significantly related exposure metric, log(Cmugh )
is natural log transformed; and thus, the increases are on the log
rough ) there is a 3.214
increase in the OR for experiencing TEAE grade > 3. In the final
model, baseline cholesterol (OR 1.012), and TE (OR 1.012) were
statistically significant factors related to the probability of TEAE
grade > 3. Table 3 presents the final TEAE grade > 3 model pa-

rameter estimates; the logistic regression is presented in Eq. 4,

logit (») =log ( 1pp>

=—-7.995+0.012-BCHOL (4)
+0.012- TE+1.167 -log (cmmghss)

scale. With every unit increase of log(C
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Table 1 Baseline patient demographics and disease characteristics

Population

Safety
Variable

(N = 328)

Efficacy-ORR

(N =197) Efficacy-IC-ORR (N = 132)

Age, years, median (range)

53.00 (19.00-85.00)

53.00 (29.00-85.00) 51.00 (29.00-77.00)

Weight, kg, median (range)

66.79 (31.80-155.50)

64.10 (31.80-124.70) 64.25 (31.80-124.70)

Sex, male, n (%) 139 (42) 80 (41) 53 (40)
Race, n (%) White 168 (51) 97 (49) 72 (55)
Black 6 (2) 1(1) 0 (0)
Asian 110 (34) 70 (36) 40 (30)
Other 13 (4) 7(4) 43
Missing 31 (9) 22 (11) 16 (12)
Baseline ECOG PS, n (%) 0 138 (42) 88 (45) 61 (46)
1 178 (54) 102 (52) 66 (50)
2 11 (3) 7 (4) 5 (4)
3 1 (0) 0 (0) 0 (0)
Prior treatment with ALK inhibitors, n (%) 279 (85 193 (98) 128 (97)
Prior treatment with chemotherapy, n (%) 205 (62 123 (62) 84 (64)
Prior CNS radiotherapy, n (%) 127 (39 83 (42) 76 (58)
Prior treatment with crizotinib, n (%) 241 (73 165 (84) 118 (89)
CNS metastasis prior to or any time on study, n (%) 227 (69 83 (42) 76 (58)
Concomitant statin therapy, n (%) 266 (81 162 (82) 109 (83)
Concomitant steroid therapy, n (%) 139 (42 NA NA
Concomitant narcotics, n (%) 164 (50) NA NA

ALK, anaplastic lymphoma kinase; CNS, central nervous system; ECOG-PS, Eastern Cooperative Oncology Group Performance Status; IC-ORR, intracranial

objective response rate; NA, not applicable; ORR, objective response rate.

To illustrate the probability of experiencing TEAE grade > 3 in
relation to lorlatinib exposure only, Figure 2 presents the predicted
probability of experiencing TEAE grade > 3 vs. lorlatinibC__ |
with the TE fixed to the analysis population median of 38.75 (fays
and BCHOL fixed to the analysis population median of 193 mg/
dL. At the 90th percentile of lorlatinib Ctrough . the upper bound
of the TEAE grade > 3 predicted probability 95% confidence in-
terval is approximately 75%.

For the safety end points weight gain grade > 2 and hypertri-
glyceridemia grade > 3, no significant E-R relationships were iden-
tified for lorlatinib.

Exposure-efficacy
For the E-R efficacy analyses conducted in patients who received
> 1 prior ALK inhibitor, the best lorlatinib exposure predic-
tor to be evaluated in the final model was the logarithmic value
of C,.P1 for the ORR analysis, and the logarithmic value of
C_,ouetyP1 for the IC-ORR analysis. The mean (SD) of lorlatinib
C,,.oP1 was 687.11 ng/mL (141.09) in patients who received > 1
prior ALK inhibitor and the mean (SD) Ctrough,Pl in patients
with baseline CNS metastasis who received > 1 prior ALK inhib-
itor was 114.97 ng/mL (40.28).

In the final E-R model for ORR, none of the tested parameters,
including the lorlatinib exposure metric C,.oP1L, were significant
predictors of achieving ORR. Similarly, in the E-R efficacy analysis
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for IC-ORR, lorlatinib exposure using the metric C P1, was

trough’
not a statistically significant predictor of achieving IC-ORR.
However, in the final E-R model for IC-ORR, the logarithmic
value of baseline alkaline phosphatase (BAP) and baseline amylase
(BAMY) were identified as statistically significant predictors of
IC-ORR (ORs 0.363 and 1.015, respectively). The final model is
shown in Eq. 5. Table 4 shows the parameter estimates, or coeffi-

cients, and the ORs for this analysis.

logit (p) = log- f I 3.929 — 1.015 - Log (BAP) + 0.015 - BAMY (5)

DISCUSSION

These E-R analyses identified two significant relationships
between lorlatinib plasma exposure and safety end points, which
were modeled separately. First, patients with higherlorlatinib C,.
evens Were more likely to experience hypercholesterolemia gradé
> 3. Second, patients with higher cumulative lorlatinib AUC over
a complete steady-state cycle of therapy were more likely to expe-
rience TEAE grade > 3. On the basis of these safety E-R models
(with covariates other than lorlatinib exposure fixed to the pop-
ulation median), the predicted probability was relatively low for
hypercholesterolemia grade > 3 (below 25%) at the expected expo-
sure range for 100 mg q.d. On the basis of the final TEAE grade
> 3 E-R model, the upper bound of the 95% confidence interval of
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Table 2 Baseline covariate characteristics

Population
Safety Efficacy-ORR Efficacy-IC-ORR
Variables (N =328) (N =197) (N=132)
Creatinine clearance, mL/min Mean (SD) 93.37 (33.33) 92.33 (31.16) 92.74 (30.29)
Median (range) 88.68 (24.54-235.39) 88.36 (24.54-195.18) 87.59 (31.58-195.18)
Gamma glutamyl transferase, Mean (SD) 51.00 (25.61) 67.00 (21.21) NA
u/L Median (range) 52.00 (13.00-82.00) 67.00 (52.00-82.00) NA
Missing data n =323 n=195 n=132
Albumin, g/dL Mean (SD) 3.76 (0.55) 3.77 (0.51) 3.77 (0.52)
Median (range) 3.80 (1.80-5.20) 3.90 (1.80-4.80) 3.90 (1.80-4.70)
Alkaline phosphatase, U/L Mean (SD) 135.27 (119.08) 143.18 (135.19) 142.66 (153.63)

Median (range) 98.00 (13.00-1,552.00) 103.00 100.50 (13.00-1,552.00)
(13.00-1,552.00)
Alanine aminotransferase, Mean (SD) 29.56 (27.17) 28.47 (23.24) 31.66 (25.79)
u/L Median (min-max) 21.00 (3.00-252.00) 20.00 (3.00-172.00) 21.50 (3.00-172.00)
Aspartate aminotransferase, Mean (SD) 26.19 (14.81) 26.14 (13.70) 27.30 (15.39)
u/L Median (min-max) 22.00 (10.00-141.00) 22.00 (10.00-141.00) 23.00 (10.00-141.00)
Bilirubin, mg/dL Mean (SD) 0.55 (0.27) 0.56 (0.28) 0.55 (0.25)
Median (min-max) 0.50 (0.10-1.81) 0.50 (0.19-1.81) 0.50 (0.19-1.81)
Serum amylase, U/L Mean (SD) 71.95 (35.80) 70.85 (34.75) 70.32 (35.86)
Median (min-max) 64.00 (11.00-259.00) 63.00 (13.00-218.00) 62.00 (13.00-218.00)
Missing data n=17 n=4 n=4
Hemoglobin, g/dL Mean (SD) 12.59 (1.66) 12.61 (1.69) 12.75 (1.71)
Median (min-max) 12.60 (8.60-16.90) 12.50 (8.90-16.90) 12.70 (9.00-16.90)
HDL, mg/dL Mean (SD) 55.97 (28.30) NA NA
Median (min-max) 52.00 (0.58-361.00) NA NA
Missing data n=36 NA NA
LDL, mg/dL Mean (SD) 114.04 (35.02) NA NA
Median (min-max) 111.50 (38.61-226.00) NA NA
Missing data n =36 NA NA
Total cholesterol, mg/dL Mean (SD) 192.95 (44.06) 195.85 (45.10) 203.19 (45.61)
Median (min-max) 193.00 (3.00-321.00) 195.00 (3.00-321.00) 201.00 (88.00-321.00)
Missing data n=28 n=1 n=0
Triglycerides, mg/dL Mean (SD) 123.98 (66.59) 126.18 (66.50) 125.19 (61.43)
Median (min-max) 107.50 (28.00-451.40) 108.45 (36.00-451.40) 113.50 (36.00-451.40)
Missing data n =30 n=1 n=0
Serum lipase, U/L Mean (SD) 43.20 (48.24) 43.46 (50.93) 47.96 (57.74)
Median (min-max) 30.00 (3.00-450.00) 30.00 (3.00-450.00) 31.00 (3.00-450.00)
Tumor size, mm Mean (SD) NA 71.40 (51.50) 72.73 (47.91)
Median (min-max) NA 63.00 (10.00-348.00) 63.60 (10.00-284.00)
Missing data NA n=12 n=4
Intracranial tumor size, mm Mean (SD) NA 40.52 (27.06) 40.52 (27.06)
Median (min-max) NA 31.95 (5.50-129.00) 31.95 (5.50-129.00)
Missing data NA n=117 n=52

HDL, high-density lipoprotein; IC-ORR, intracranial objective response rate; LDL, low-density lipoprotein; N, total patient number; NA, not applicable; ORR,

objective response rate.

the predicted probability was approximately 75% at the 90th per-
(with covariates other than lorlatinib

centile of lorlatinib C

trough ss
exposure fixed to the population median). Note that since this end
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point included all TEAE Grade 2 3, safety end points that were
reasonably managed, such as hypertriglyceridemia and hypercho-
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Table 3 Exposure-response safety final model results

End point n/N Coefficients Estimate 95% ClI P> |z| AD
Hypercholesterolemia grade > 3 298/328 Intercept -18.829 (=30.4373--8.1449) 0.0009 53.361
BCHOL 1.029 0.029 (0.0199-0.0386) < 0.0001
TE 1.004 0.004 (0.0001-0.0069) 0.0413
108(C oy cvert) 5256 1.659 (0.0762-3.3330) 0.0452
TEAE grade > 3 328/328 Intercept -7.995 (-12.2153--4.0263) 0.0001 55.680
BCHOL 1.012 0.012 (0.0058-0.0191) 0.0003
TE 1.012 0.012 (0.0078-0.0177) < 0.0001
08(Cyougnss)  3-214 1.167 (0.4012-1.9725) 0.0035
Weight gain grade > 2 328/328 Intercept -4.757 (—6.3244--3.3327) < 0.0001 22.529
BWT 1.030 0.029 (0.0108-0.0482) 0.0021
TE 1.003 0.003 (0.0013-0.0050) 0.0007
Hypertriglyceridemia grade > 3 298/328 Intercept -5.113 (-6.4219--3.9792) < 0.0001 62.215
ASN1 2.749 1.011 (0.2592-1.7841) 0.0089
TE 1.003 0.003 (0.0004-0.0055) 0.0196
BTG 1.018 0.018 (0.0130-0.0243) < 0.0001

ASN1, Asian; BCHOL, baseline cholesterol; BTG, baseline triglycerides; BWT, baseline body weight; C

interval; C

max event’

trough s’ trough concentration at steady-state; Cl, confidence

maximum observed concentration prior to the AE; AD, deviance difference between null and residual; Estimate, coefficient estimate; n/N,

number of patients used in the final model/total number of patients; OR, the odds ratio determined by exponentiating the coefficient estimate; P > |z, the tail
area in a 2-tail test; TE, time from first dose up to the event (days); TEAE, treatment-emergent adverse event; z, Wald statistic for testing the hypothesis that the

corresponding parameter (regression coefficient) is zero.

The variable TE was included in the final models for both hy-
percholesterolemia grade > 3 and TEAE grade > 3 with the ratio-
nale that the longer patients were on study, the greater the risk of
experiencing either of these safety end points, independent of the
level of lorlatinib exposure. In the case of hypercholesterolemia,
at a given BCHOL, even with increasing lorlatinib exposure, it
will take time for an individual’s serum cholesterol to accumulate

1.00

0.75

0.50

Predicted probability

0.25

0.00 - I I I
T : : — T
400 800 1200
C_. Prior to the event (ng/mL)

Figure 1 Predicted probability of hypercholesterolemia grade > 3
vs. C,., prior to the AE. The dashed lines represent the 10th, 50th,
and 90th percentiles of C_ . ... fOr patients in the safety analysis
population dosed at 100 mg qg.d. The black line is the median
predicted probability and the gray ribbon is the 95% confidence
interval of the predicted probability. Note that C_ . . ... IS presented
instead of 10g(C, ., c.ent) fOr €ase of interpretation. Time on study
prior to the event was fixed to the analysis population median

of 41 days and baseline cholesterol was fixed to the analysis
population median of 193 mg/day. AE, adverse event; C_.. . onts
maximum observed concentration prior to the adverse event; qg.d.,
once daily.
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before experiencing hypercholesterolemia grade > 3. Because hy-
percholesterolemia was a common AE during the trial, many of the
TEAE grade > 3 events were hypercholesterolemia.

During the clinical trial, these safety end points were well managed
with statin/lipid-lowering therapy and/or lorlatinib dose modifi-
cations. It should be noted that the median time of onset of hyper-
lipidemia AEs (hypercholesterolemia or hypertriglyceridemia) was
22 days and 15 days for phase I and phase II, respectively (data on
file). The median time to onset for lipid-lowering medications (such
as statins) was 28 days (range 8-580 days) and 18 days (range 1-
190 days), for phases I and I1, respectively (data on file). This confirms
that the approved dose of lorlatinib (100 mg q.d.) and the associated
dose modification guidelines are appropriate.

Current approved lorlatinib dose modifications allow for dose
reductions in case of occurrence of CNS effects, hypercholesterol-
emia, hypertriglyceridemia, atrioventricular block, interstitial lung
disease/pneumonitis, and “other AEs” based primarily on clinical
trial experience. Although this safety analysis was not able to iden-
tify exposure-safety relationships to support all reccommendations
for dose modifications, the identified exposure-safety relationships
for hypercholesterolemia grade > 3 and TEAE grade > 3 are in
agreement with the recommended dose reductions for hypercho-
lesterolemia and “other AEs”

There are several potential reasons why the exposure-safety re-
lationships for some of the approved lorlatinib AE-related dose
reductions could not be identified in this analysis, such as those re-
lated to CNS effects, hypertriglyceridemia, atrioventricular block,
and interstitial lung disease/pneumonitis. Although the study
included a phase I dose-escalation portion, 100 mg q.d. was the
predominant dose level in this analysis, which could have limited
the range of plasma exposures tested in the analysis. Furthermore,
the incidence of many of these AEs were too low to allow for a
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Figure 2 Predicted probability of TEAE grade > 3 vs. Ctrough s+ 1he dashed lines represent the 10th, 50th, and 90th percentiles of Ctrough o for
patients in the safety analysis population dosed at 100 mg q.d. The black line is the median predicted probability and the gray ribbon is the
95% prediction interval of the predicted probability. Note that Ctmugh <s IS presented instead of Iog(CUOugh <) for ease of interpretation. Time

on study prior to the event was fixed to the analysis population median of 38.75 days and age fixed to the analysis population median of 193

mg/dL. C

trough ss’

robust analysis; only AEs that had an incidence of > 10% could be
evaluated.

E-R analyses for the efficacy end points ORR and IC-ORR,
which were conducted to support the original new drug applica-
tion submission, did not identify significant E-R relationships
with lorlatinib exposure. Additional E-R analyses for secondary ef-
ficacy end points, such as progression-free survival (PFS), were not

trough concentration at steady-state; g.d., once daily; TEAE, treatment-emergent adverse event.

conducted at this time and will be evaluated separately using data
from the phase III confirmatory trial with the active comparator
crizotinib.

In the exposure-efficacy analysis for ORR, none of the variables
tested, including lorlatinib exposure (Ctmu h,Pl), were identified
as significant predictors of ORR in the final model. This was not
surprising given the homogeneity of the data; all the patients had

Table 4 Final model for exposure-response analysis: IC-ORR > 1 prior ALK inhibitors

Variables Estimate 95% Cl z-value P> |z|
Intercept 3.929 (1.0210-7.0845) 2.553 0.0107
Log(BAP) (IU/L) -1.015 (-1.7145 to 0.3889) -3.015 0.0026
BAMY (IU/L) 0.015 (0.0037-0.0268) 2.506 0.0122
OR
Intercept 50.863 (2.7759-1,193.3282) NA NA
Log(BAP) (IU/L) 0.363 (0.1801-0.6778) NA NA
BAMY (IU/L) 1.015 (1.0037-1.0272) NA NA
AD 15.15341 NA NA NA
AlC 167.510 NA NA NA
df 2 NA NA NA
1-P value 0.0005122 NA NA NA
Log-likelihood -80.75511 NA NA NA

If the 95% CI did not cross O, the parameter estimate was statistically significant.

ALK, anaplastic lymphoma kinase; AIC, Akaike information criterion; BAMY, baseline amylase; BAP, baseline alkaline phosphatase; Cl, confidence interval; df,
degrees of freedom; AD, deviance difference between null and residual; IC-ORR, intracranial objective response rate; NA, not applicable; OR, odds ratio; P value,
level of marginal significance within a statistical hypothesis test; P > |z, represents the tail area in a 2-tail test; z, Wald statistic for testing the hypothesis that
the corresponding parameter (regression coefficient) is zero.
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received at least one prior ALK inhibitor and were treated with a
100 mg q.d. dose of lorlatinib. The absence of an E-R relationship
between ORR or IC-ORR and lorlatinib plasma exposure may
be due to one or more of the following reasons: (i) as mentioned
above, in the phase I portion of study B7461001, there were a lim-
ited number of patients who were assigned dose levels above and
below the 100 mg dose level (90% of patients reccived lorlatinib
100 mg q.d.). In addition, it should be noted that in the phase I
portion of the study, intrapatient dose escalation was permitted
such that patients in lower dose groups could have increased their
dose to higher doses approaching 100 mg q.d., and this could have
confounded the ability to discern the E-R relationship; (ii) the
100 mg q.d. dosing regimen may have already represented a pla-
teau of the dose-response relationship; (iii) the preclinically pre-
dicted effective target plasma concentrations of lorlatinib, which
were required to inhibit the ALK gene arrangement and/or related
resistance mutations, had been reached at the range of exposures
achieved at the 100 mg q.d. dose (or possibly even lower doses).”
Once the concentration targets have been reached, higher expo-
sures may not result in additional improvements in efficacy.

Shaw et al. (2017) reported several exposure thresholds for dif-
ferent ALK gene re-arrangement and resistance mutations based
on preclinical data (i.e., 7.6 ng/mL for wildtype, 62 ng/mL for
L1196M, and 150 ng/mL for G1202R).9 The average (median
[range]) concentration of lorlatinib in this analysis was 250 ng/mL
(140-441 ng/ mL). Therefore, 100% of patients had average lorla-
tinib exposure above the exposure threshold for the wildtype and
L1196M mutations, and 98% of patients were above the exposure
threshold for the G1202R mutation. This result is consistent with
our finding that plasma exposure was not associated with clinical
response in this analysis.

Comparing lorlatinib with other ALK TKIs such as crizotinib,
alectinib, brigatinib, and ceritinib may be helpful in understand-
ing the E-R analysis results and limitations in context with other
agents of a similar class. For crizotinib, based on the E-R analysis
for efficacy and safety end points in patients with ALK-positive
advanced NSCLC using data from the randomized phase 3 trial
PROFILE-1007 and the single-arm phase 2 trial PROFILE-1005,
there were statistically significant E-R relationships for ORR
and PFS, with higher crizotinib exposure being associated with
higher ORR and longer PFS in PROFILE-1005."” The E-R re-
lationship in PROFILE-1007 showed similar trends seen with
PROFILE-1005; however, this relationship was not statistically
significant. The crizotinib combined safety E-R analyses revealed a
statistically significant relationship for neutropenia and renal cyst
with increasing crizotinib exposure resulting in higher incidence
rates.!”

The second-generation ALK inhibitor alectinib is indicated for
the treatment of NSCLC at a dose of 600 mg b.i.d. as determined
by the dose-finding portion of a phase I/1I trial.'® Like lorlatinib,
alectinib showed no exposure-efficacy or exposure-safety rela-
tionships in patients previously treated with crizotinib, although
baseline tumor size and duration of prior crizotinib treatment
were identified as significant covariates affecting 0S8.”” In an up-
dated E-R analysis in ALK-inhibitor naive patients with NSCLC,
Cox proportional hazard analysis found a significant relationship
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between alectinib exposure and PES across three phase III stud-
ies.”’ Similar results were seen in the aforementioned observational
study, in which patients (with median C,,,;, greater than the previ-
ously treated and treatment-naive) with median C_; greater than
that in the previously proposed efficacy threshold of 435 ng/mL
had longer PFS than those below this threshold.”!

Similarly, no exposure-efficacy relationships have been identified
for the second-generation ALK inhibitors ceritinib or brigatinib at
the indicated doses.”> 2> However, an exploratory analysis of briga-
tinib at either 90 mg q.d. or 90 mg q.d. for 7 days, and then 180 mg
q.d., showed a potential positive exposure-response relationship
for PFS and 0S.%° In addition, a possible relationship was identi-
fied between ceritinib exposure and serious AEs, early time to first
dose modification, higher incidence of transaminitis and hypergly-
cemia,? and a trend of increased probability of serious AEs, carly
onset pulmonary events, and discontinuations was seen with higher
brigatinib C___
associated with a trend of increased probability of serious AEs and
grade > 3 AEs”?

In conclusion, the presented E-R analysis of data from the
lorlatinib phase I/II study B7461001 identified significant
exposure-safety relationships between lorlatinib and risk of hy-
percholesterolemia grade > 3 and risk of TEAEs grade > 3; no
significant exposure-efficacy relationships were found for ORR
or IC-ORR. These E-R safety findings confirm that lorlatinib
100 mg q.d. is tolerable and support the approved guidance on

, and higher brigatinib geometric mean trough was

dose modifications. Furthermore, E-R efficacy findings show that
lorlatinib 100 mg q.d. possibly provides systemic exposures at the
plateau of response for ORR and IC-ORR, which supports the

current dose recommendations of lorlatinib 100 mg q.d.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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