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ARTICLE INFO ABSTRACT

Lorlatinib, a novel generation oral anaplastic lymphoma kinase (ALK) and ROS1 inhibitor with high membrane
and blood-brain barrier permeability, recently received accelerated approval for treatment of ALK-rearranged
non-small-cell lung cancer (NSCLC), and its further clinical development is ongoing. We previously found that
the efflux transporter P-glycoprotein (MDR1/ABCB1) restricts lorlatinib brain accumulation and that the drug-
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Eit(lm::h;otem metabolizing enzyme cytochrome P450-3A (CYP3A) limits its oral availability. Using genetically modified
Oftglaﬁlb mouse models, we investigated the impact of targeted pharmacological inhibitors on lorlatinib pharmacokinetics

and bioavailability. Upon oral administration of lorlatinib, the plasma AUCy.g;, in CYP3A4-humanized mice was
~1.8-fold lower than in wild-type and Cyp3a~~ mice. Oral coadministration of the CYP3A inhibitor ritonavir
caused reversion to the AUGy.gy, levels seen in wild-type and Cyp3a™~ mice, without altering the relative tissue
distribution of lorlatinib. Moreover, simultaneous pharmacological inhibition of P-glycoprotein and CYP3A4
with oral elacridar and ritonavir in CYP3A4-humanized mice profoundly increased lorlatinib brain concentra-
tions, but not its oral availability or other relative tissue distribution. Oral lorlatinib pharmacokinetics was not
significantly affected by absence of the multispecific Oatpla/1b drug uptake transporters. The absolute oral
bioavailability of lorlatinib over 8 h in wild-type, Cyp3a’/ ~, and CYP3A4-humanized mice was 81.6%, 72.9%,
and 58.5%, respectively. Lorlatinib thus has good oral bioavailability, which is markedly restricted by human
CYP3A4 but not by mouse Cyp3a. Pharmacological inhibition of CYP3A4 reversed these effects, and simulta-
neous P-gp inhibition with elacridar boosted absolute brain levels of lorlatinib by 16-fold without obvious
toxicity. These insights may help to optimize the clinical application of lorlatinib.

1. Introduction

Lung cancer is the leading cause of cancer death worldwide, with
non-small cell lung cancer (NSCLC) being the predominant form [1,2].
The identification of anaplastic lymphoma kinase (ALK) gene re-
arrangement as a promising molecular target for treatment heralded a
new era of molecular therapy for NSCLC [3,4]. Several ALK inhibitors

were developed and applied in the clinic, including crizotinib, ceritinib,
alectinib and brigatinib [5-8]. However, most ALK-positive tumors
eventually become resistant to these drugs through, for instance, sec-
ondary ALK kinase domain mutations, ALK gene amplification, in-
tracellular bypass signaling via EGFR, KIT, SRC, or IGF-1R, disease
progression in the brain, and/or pharmacological resistance due to sub-
optimal central nervous system (CNS) distribution of the drugs [9-13].

Abbreviations: ABC, ATP-binding cassette; ALK, anaplastic lymphoma kinase; ANOVA, analysis of variance; AUC, area under plasma concentration-time curve; BBB,
blood-brain barrier; BCRP, breast cancer resistance protein; Cpyain, brain concentration; Cp,ay, maximum drug concentration in plasma; Cyesis, testis concentration;

CNS, central nervous system; CYP, Cytochrome P450; Cyp3a’/ ~

, Cyp3a knockout mice; Cyp3aXAV, Cyp3a knockout mice with specific expression of human CYP3A4

in liver and intestine; LC-MS/MS, liquid chromatography coupled with tandem mass spectrometry; NSCLC, non-small cell lung cancer; P-gp, P-glycoprotein; SD,

standard deviation; T,.x, time to reach maximum drug concentration in plasma

* Corresponding author at: Division of Pharmacology, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam, the Netherlands.

E-mail address: a.schinkel@nki.nl (A.H. Schinkel).

https://doi.org/10.1016/j.ejpb.2019.01.016

Received 24 October 2018; Received in revised form 9 January 2019; Accepted 16 January 2019

Available online 17 January 2019
0939-6411/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09396411
https://www.elsevier.com/locate/ejpb
https://doi.org/10.1016/j.ejpb.2019.01.016
https://doi.org/10.1016/j.ejpb.2019.01.016
mailto:a.schinkel@nki.nl
https://doi.org/10.1016/j.ejpb.2019.01.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2019.01.016&domain=pdf

W. Liet al.

The potential importance of CNS penetration of the drugs was further
suggested by Gadgeel et al., who found in an alectinib study that ALK-
positive NSCLC shows a high prevalence of brain/meningeal disease of
up to 40% at diagnosis, which further increased during treatment [14].

Lorlatinib (PF-06463922), a third-generation ALK inhibitor, was
developed utilizing structure-based drug design, lipophilic efficacy and
physical-property-based optimization (Supplemental Fig. 1) [15]. This
unique macrocyclic ALK inhibitor possesses significantly increased li-
pophilic efficacy and showed broad-spectrum potency and desirable
absorption, distribution, metabolism, and excretion properties, in-
cluding CNS availability. Moreover, lorlatinib shows promising activity
against ALK-rearranged tumors in vitro and in clinical trials [16,17].
Importantly, lorlatinib was highly active in the CNS, inducing in-
tracranial responses in 42% and 60% of ALK-positive and ROS1-positive
patients with baseline measureable CNS disease, respectively [18].
Moreover, the promising intracranial activity of lorlatinib was further
confirmed in a recent global phase 2 study with 63% objective in-
tracranial responses in ALK-positive patients [19].

Using genetically modified cell lines and mouse models, we recently
demonstrated that P-glycoprotein (P-gp) limits the brain accumulation
of lorlatinib without affecting lorlatinib oral plasma exposure, and that
CYP3A restricts its systemic exposure [20]. Otherwise very little is
currently known about lorlatinib metabolism based on publicly avail-
able data. P-gp is a member of the ATP-binding cassette efflux trans-
porter family expressed in multiple tissues, such as liver, kidney, in-
testine, as well as BBB [21,22]. Members of the CYP superfamily of
enzymes are responsible for most phase I drug metabolism [23]. Many
drugs are metabolized by CYP3A4/5, the most abundant CYP enzymes
in human liver and intestine, leading to either inactivation or some-
times activation [24]. We previously found that knockout of the Cyp3a
gene resulted in 1.3-fold increased plasma exposure of lorlatinib, which
was then 2-fold reduced by transgenic overexpression of human
CYP3A4 in liver and intestine, without affecting the relative tissue
distribution of lorlatinib. This suggests that human CYP3A4 limits
systemic exposure of lorlatinib more efficiently than the mouse Cyp3a
enzyme [20].

In view of the potential benefits of further enhancing lorlatinib
brain accumulation to better treat brain metastases or of enhancing
lorlatinib oral availability, the use of targeted pharmacological in-
hibitors of drug transporters and drug-metabolizing enzymes can be
considered. Therefore, a promising strategy to boost the brain dis-
tribution and systemic exposure of lorlatinib would be to combine oral
formulations of lorlatinib with inhibitors elacridar or ritonavir alone, or
a combination of both. We previously studied the effects of elacridar, a
strong ABCB1/ABCG2 inhibitor, on pharmacokinetics and tissue dis-
tribution of lorlatinib [20]. We found that concomitant administration
of elacridar to wild-type mice increased the brain-to-plasma ratio of
lorlatinib 4.0-fold, to levels similar to those seen in the Abcbla/
1b;Abcg2~/~ mice, without altering the systemic exposure of lorlatinib.

The HIV protease inhibitor ritonavir, a highly efficient CYP3A in-
hibitor, can boost systemic exposure of many drugs, such as docetaxel,
paclitaxel, and lopinavir, by extensive inhibition of CYP3A [25,26]. It is
yet unclear whether lorlatinib oral availability could also be sub-
stantially increased by coadministration of ritonavir. Moreover, si-
multaneous inhibition of P-gp and CYP3A by drugs co-administered
with orally administered lorlatinib may have the potential benefit of
boosting both brain distribution and systemic exposure to enhance the
overall therapeutic efficacy of lorlatinib. However, the further in-
creased exposure of lorlatinib in brain and systemic circulation might
also result in increased toxicity risks.

In the present preclinical study, we firstly examined whether we
could substantially increase oral availability of lorlatinib by inhibition
of CYP3A using oral co-administration of ritonavir. We subsequently
investigated whether exposure of lorlatinib in brain and systemic cir-
culation could be further safely boosted by the simultaneous inhibition
of P-gp and CYP3A with both elacridar and ritonavir. The impact of
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mouse and human CYP3A4 on oral bioavailability of lorlatinib was also
studied and clarified. Finally, in a pilot experiment we assessed a pos-
sible role of Oatpla/1b drug uptake transporters in lorlatinib oral
availability and liver distribution.

2. Materials and methods
2.1. Chemicals

Lorlatinib was purchased from TargetMol (Boston, MA, USA).
Ritonavir and elacridar HCl were obtained from Sequoia Research
Products (Pangbourne, United Kingdom). Bovine Serum Albumin (BSA)
Fraction V was obtained from Roche Diagnostics GmbH (Mannheim,
Germany). Glucose water (5%, w/v) was supplied by B. Braun Medical
Supplies (Melsungen, Germany). Isoflurane was purchased from
Pharmachemie (Haarlem, The Netherlands), heparin (5000 IU ml™ Y
was from Leo Pharma (Breda, The Netherlands). Other chemicals used
in the lorlatinib assays were described before [27,28] and all other
chemicals and reagents were obtained from Sigma-Aldrich (Steinheim,
Germany).

2.2. Animals

Mice were housed and handled according to institutional guidelines
complying with Dutch and EU legislation. All experiments were ap-
proved by the institutional board for the care and use of laboratory
animals. Wild-type, Cyp3a~~ and Cyp3aXAV mice [29], all of a > 99%
FVB genetic background, were used between 10 and 15 weeks of age.
Animals were kept in a temperature-controlled environment with a 12-
h light and 12-h dark cycle and received a standard diet (Transbreed,
SDS Diets, Technilab — BMI, Someren, The Netherlands) and acidified
water ad libitum.

2.3. Drug solutions

For oral and intravenous administration, lorlatinib was dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 50 mg/ml and further
diluted with a mixture of polysorbate 80/ethanol (1:1, v/v), and then
5% (w/v) glucose in water to yield a concentration of 1.0 mg/ml. Final
concentrations for DMSO, polysorbate 80, ethanol and glucose in the
dosing solution were 2%, 1.5%, 1.5% and 4.75% (v/v/v/w), respec-
tively. Elacridar hydrochloride was dissolved in DMSO (106 mg/ml) in
order to get 100 mg elacridar base per ml DMSO. The stock solution was
further diluted with a mixture of polysorbate 80, ethanol and water
[20:13:67, (v/v/V)] to yield a concentration of 10 mg/ml elacridar, and
orally administered at a dose of 100 mg/kg body weight. For the rito-
navir boosting experiment, 15mg/ml ritonavir in polysorbate 80/
ethanol (1:1, v/v) was made and stored at — 30 °C, which was then
further diluted with water (1:5, v/v) to obtain 2.5 mg/ml working so-
lution for administration. To obtain the coadministration formulation
for the double-booster experiment, 12.5 mg/ml ritonavir and 56 mg/ml
elacridar were dissolved in DMSO, then further diluted with poly-
sorbate 80 and water to yield concentrations of 2.5 mg/ml ritonavir and
10 mg/ml elacridar (final solvent ratios, DMSO: polysorbate 80: water,
1:1:3, v/v/v). All dosing solutions were prepared freshly on the day of
experiment.

2.4. Lorlatinib administration schedules with targeted inhibitors

Wild-type, Cyp3a™~ and Cyp3aXAV mice were fasted for 3h before
oral drug administration to minimize variation in absorption. Lorlatinib
was administered orally at dose of 10 mg/kg, elacridar was adminis-
tered orally at a dose of 100 mg/kg, and ritonavir was administered
orally at 25 mg/kg of bodyweight. Oral administration was performed
by gavage into the stomach, using a blunt-ended needle, at 10 pl/g of
body weight. In case of coadministration with elacridar, ritonavir or
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elacridar and ritonavir, the booster(s) solutions were orally adminis-
tered 15 min prior to oral lorlatinib administration.

2.5. Lorlatinib administration schedules for oral bioavailability study

Wild-type, Cyp3a~~ and Cyp3aXAV mice were fasted for around 3 h
before drug administration. Lorlatinib was administered either orally
by gavage into the stomach or intravenously into the tail vein, at do-
sages of 10 mg/kg and 5 mg/kg, respectively.

2.6. Sample collection

For boosting experiments, tail vein blood (~50pul per sample)
sampling was performed at 0.25, 0.5, 1, 2, and 4 h time points after oral
administration using microvettes containing heparin.

For the oral bioavailability study, tail vein blood (~50ul per
sample) sampling was performed at 0.125, 0.25, 0.5, 1, 2, and 4 h time
points after oral or intravenous administration using microvettes con-
taining heparin.

Eight hours after oral or intravenous administration, mice were
anesthetized with isoflurane and blood was collected by cardiac punc-
ture. Blood samples were collected in Eppendorf tubes containing he-
parin as an anticoagulant. The mice were then sacrificed by cervical
dislocation and organs were rapidly removed. The contents of the small
intestine were removed, and the tissue quickly rinsed with saline to
remove any residual feces before homogenization of the tissue. Plasma
was isolated from the blood by centrifugation at 9000g for 6 min at 4 °C,
and the plasma fraction was collected and stored at —30 °C until ana-
lysis. Brain, liver, small intestinal tissue, and testis were weighed and
then homogenized with 1, 3, 3, or 1 ml of 4% (w/v) bovine serum al-
bumin, respectively. All samples were stored at —30 °C until analysis.

2.7. Bioanalytical analysis

Lorlatinib concentrations in plasma samples and organ homo-
genates were determined using sensitive and specific liquid chromato-
graphy-tandem mass spectrometry assays [27,28].

2.8. Pharmacokinetic calculations and statistical analysis

The area under the plasma concentration-time curve (AUC) was
calculated using the trapezoidal rule, without extrapolating to infinity.
The peak plasma concentration (Cp.,) and the time of maximum
plasma concentration (Ty,,x) Were estimated from the original data. The
absolute oral bioavailability was calculated as the ratio of the (dose-
normalized) plasma AUCy_gy, after oral and intravenous administration.
The standard deviation for the oral bioavailability was estimated using
the following formulae [30]:

CV = SD/Mean

CVb = {/CVo? + CVi?

where CVb, CVo, and CVi are the coefficients of variation (CV) of oral
bioavailability, oral plasma AUCy.g, and intravenous plasma AUCg. gy,
respectively.

Pharmacokinetic parameters were calculated by non-compart-
mental methods using the software package of PK solutions 2.0.2
(SUMMIT, Research Service, Ashland, OH, USA). One-way analysis of
variance (ANOVA) was used when multiple groups were compared and
the Bonferroni post hoc correction was used to accommodate multiple
testing. Tukey’s post hoc correction was also applied, and yielded es-
sentially identical results. Differences were considered statistically
significant when P < 0.05. All data are presented as geometric
mean * SD.
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Fig. 1. Plasma concentration-time curves and AUCq.g of lorlatinib in male
wild-type, Cyp3a”~ and Cyp3aXAV mice over 8 h after oral administration of
10 mg/kg lorlatinib (n = 5-7). Vehicle or 25 mg/kg ritonavir was orally ad-
ministered 15min prior to lorlatinib administration. Panel A: plasma con-
centration-time curves of lorlatinib in the mouse strains with or without rito-
navir treatment. RIT = ritonavir. Panel B: plasma AUGCq g, of lorlatinib. ",
P < 0.05; ", P < 0.01; ", P < 0.001 compared to vehicle-treated wild-type
mice; ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 comparing Cyp3aXAV
mice with or without ritonavir.

3. Results
3.1. Lorlatinib exposure after coadministration with ritonavir

In order to optimize the pharmacokinetics of lorlatinib and examine
whether we could substantially increase the oral availability of lorla-
tinib by inhibition of CYP3A, we administered ritonavir (25 mg/kg) or
vehicle orally 15 min prior to oral lorlatinib (10 mg/kg) to male wild-
type, Cyp3a~~, and Cyp3aXAV mice. Cyp3aXAV mice are Cyp3a™~ mice
with transgenic overexpression of human CYP3A4 in liver and intestine
(CYP3A4-humanized mice). In vehicle-treated mice, plasma AUCy g
were not significantly different between wild-type and Cyp3a™~ mice,
but they were markedly (1.8-fold) lower in Cyp3aXAV mice (Fig. 1A
and B; Table 1). Pretreatment with ritonavir did not result in a sig-
nificant increase in plasma AUCgg, in wild-type or Cyp3a™~ mice
(Table 1). In contrast, a strong increase (1.9-fold) in the plasma AUCy.g
was observed in Cyp3aXAV mice in the presence of ritonavir, to levels
equal to those seen in wild-type and Cyp3a~”~ mice (Fig. 1A and B;
Table 1).

In the absence of ritonavir, brain-to-plasma ratios of lorlatinib were
similar among wild-type, Cyp3a™~, and Cyp3aXAV mice (Fig. 2A and
B). In contrast to the obvious effects on plasma exposure of lorlatinib,
ritonavir had no substantial influence on the brain-to-plasma ratios in
these three mouse strains. A similar situation was observed for liver,
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Table 1
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Plasma, brain and testis pharmacokinetic parameters of lorlatinib over 8 h after oral administration of 10 mg/kg lorlatinib to male wild-type, Cyp3a™~ and Cyp3aXAV

mice without or with ritonavir coadministration.

Parameter Genotype and type of pre-treatment

Vehicle Ritonavir

Wild-type Cyp3a”’~ Cyp3aXAV Wild-type Cyp3a™’~ Cyp3aXAV
AUGCq_gn, ng/ml h 10542 + 1067 10842 + 1912 5792 + 8717 12558 + 2089 9971 + 1941 11013 + 2023 ***
Fold change AUC,_gp 1.00 1.03 0.55 1.19 0.95 1.04
Crnax, Ng/ml 1654 + 332 2234 + 719 1145 + 327 1774 + 404 1537 + 432 1628 + 386
Tinaxs h 0.5-2.0 0.25-4.0 0.5-4.0 0.5-4.0 0.25-2.0 0.5-4.0
Chrain, N/ 312 + 44 303 * 48 150 + 207 556 + 1257 385 + 73 345 + 57 *+*
Fold change Cprain 1.00 0.97 0.48 1.78 1.23 1.11
Brain-to-plasma ratio 0.46 + 0.04 0.47 + 0.08 0.47 + 0.05 0.48 + 0.07 0.48 + 0.07 0.43 + 0.06
Fold change ratio 1.00 1.02 1.02 1.04 1.04 0.93
Crestiss N8/ 633 * 85 548 + 113 250 + 117" 1049 + 146" 705 + 153 750 + 223 ***
Fold change Ciegis 1.00 0.86 0.40 1.66 1.11 1.12
Testis-to-plasma ratio 0.93 + 0.10 0.85 + 0.10 0.79 + 0.10 0.91 * 0.09 0.88 + 0.21 0.94 + 0.26
Fold change ratio 1.00 0.91 0.81 0.98 0.95 1.01

Data are presented as mean * S.D. (n = 5-7). Lorlatinib was administered alone or coadministered with 25 mg/kg oral ritonavir 15 min before lorlatinib admin-
istration. AUC_gp, area under plasma concentration-time curve; Cy,.y, maximum concentration in plasma; Ty,,y, time point (h) of maximum plasma concentration
(range for individual mice); Cprain/testis, Drain/testis concentration; Ppyain testiss Drain/testis accumulation. *, P < 0.05; ", P < 0.01; ", P < 0.001 compared to
vehicle-treated wild-type mice; *, P < 0.05; **, P < 0.01; ***, P < 0.001 comparing Cyp3aXAV mice with or without ritonavir treatment.

small intestinal tissue, and testis (Fig. 2C-H; Table 1).

As shown by us previously, these data confirm that transgenic
human CYP3A4 has a more substantial impact on lorlatinib pharma-
cokinetics than endogenous mouse Cyp3a [20]. We now found that oral
ritonavir treatment could extensively inhibit the in vivo activity of
human CYP3A4, leading to markedly increased lorlatinib plasma con-
centrations and overall tissue exposure in Cyp3aXAV mice. However,
mouse and human CYP3A4 activity appeared to have no significant
effect on the relative tissue distribution of lorlatinib. Moreover, the lack
of effect of ritonavir on lorlatinib exposure in the Cyp3a™~ mice sug-
gests that no other lorlatinib-metabolizing enzymes (or lorlatinib
transporters, for that matter) were noticeably affected by ritonavir at
this dose (Figs. 1 and 2; Table 1).

3.2. Lorlatinib exposure after combined coadministration of elacridar and
ritonavir

To further investigate to what extent we could enhance plasma and
brain exposure of lorlatinib by simultaneous pharmacological inhibi-
tion of P-gp and CYP3A, we performed a double-boosting experiment.
Based on the ritonavir boosting experiment described above, there is a
species difference for lorlatinib in CYP3A substrate specificity or en-
zyme activity between endogenous mouse Cyp3a and human CYP3A4.
We therefore used Cyp3a knockout mice with specific expression of
human CYP3A4 in liver and intestine to better model the human
CYP3A4 situation in lorlatinib metabolism. We observed a 2.0-fold in-
crease in plasma AUCy gy, of lorlatinib in mice with coadministration of
combined elacridar and ritonavir compared to vehicle-treated mice
(Fig. 3; Table 2), but this increased plasma exposure of lorlatinib was
not significantly higher than that in mice with coadministration of ri-
tonavir alone (Table 2; P > 0.05). Moreover, in elacridar-cotreated
mice, the lorlatinib plasma AUC_g;, was not significantly different from
that in vehicle-treated mice. These data suggest that elacridar did not
significantly affect the oral availability of lorlatinib, consistent with
what we previously observed in a 2h elacridar/lorlatinib boosting ex-
periment [13]. The increase after the chemical inhibition with ritonavir
was clear and comparable to the increase in oral AUCy gy, in the com-
plete absence of mouse Cyp3a and human CYP3A4 (compare Fig. 3 and
Table 2 with Fig. 1 and Table 1). These data therefore suggest that for
lorlatinib in transgenic mice, the inhibition of intestinal and hepatic
CYP3A4 by ritonavir was virtually complete.

In single elacridar-cotreated Cyp3aXAV mice,

the brain

123

concentrations were markedly increased by 8.1-fold compared to ve-
hicle-treated mice, which could be further increased by additional
coadministration of ritonavir to 16.4-fold higher absolute brain con-
centrations (Fig. 4A; Table 2). Correcting for the increased plasma le-
vels due to the boosting agents (primarily ritonavir), lorlatinib brain-to-
plasma ratios were substantially increased by 3.8-fold and 4.3-fold in
Cyp3aXAV mice upon coadministration of elacridar alone or elacridar
and ritonavir combined, respectively (Fig. 4B; Table 2). Qualitatively
similar results were obtained for testis (Fig. 4G and H; Table 2). In
contrast, lorlatinib relative tissue distribution in the liver and small
intestinal tissue was not noticeably altered by coadministration of ei-
ther elacridar alone or elacridar plus ritonavir (Fig. 4C-F).

Collectively, the data indicate that elacridar had no noticeable ef-
fects on boosting oral availability or plasma exposure of lorlatinib, but
could substantially increase lorlatinib distribution into the brain and
testis, both in the absence and presence of ritonavir boosting. Oral
coadministration of elacridar and ritonavir did not substantially further
increase either plasma exposure of lorlatinib compared to single rito-
navir-treated mice, or the relative tissue distribution to liver and small
intestinal tissue compared to single elacridar-treated mice. Importantly,
no signs of toxicity were observed in this experiment, suggesting that
double boosting with elacridar and ritonavir does not uncover un-
expected toxicities of this ALK inhibitor, at least in mice, which con-
trasts with what we have observed with some other ALK inhibitor drugs
[31].

3.3. Oral bioavailability of lorlatinib

To date, very little information is publicly available on the oral
bioavailability of lorlatinib, a macrocyclic ALK inhibitor with high
hydrophobicity and membrane permeability properties. To assess the
possible impact of mouse Cyp3a or human CYP3A4 on lorlatinib oral
availability, wild-type, Cyp3a~~, and Cyp3aXAV mice received lorla-
tinib either orally or intravenously, at dosages of 10 mg/kg and 5 mg/
kg, respectively. In the intravenous administration group, no significant
differences were observed in the lorlatinib plasma AUCy.g, in Cyp3a™~
and Cyp3aXAV mice compared to wild-type mice (Fig. 5A; Table 3).
However, the lorlatinib systemic exposure was 1.3-fold higher (Table 3;
P < 0.05) in Cyp3a™~ mice compared to humanized Cyp3aXAV mice.
These data suggest that human CYP3A4 has some impact on lorlatinib
metabolism, inducing somewhat lower plasma exposure of lorlatinib
upon intravenous administration.
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Fig. 2. Tissue distribution of lorlatinib in male wild-type, Cyp3a~~ and Cyp3aXAV mice 8h after oral administration of 10 mg/kg lorlatinib. Vehicle or 25 mg/kg
ritonavir was orally administered 15 min prior to lorlatinib administration. Panels reflect brain, liver, small intestinal tissue (SI), or testis concentrations (Panel A, C,
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P < 0.01; ***, P < 0.001 comparing Cyp3aXAV mice with or without ritonavir. Data are presented as mean * S.D. (n = 5-7).
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8h after oral administration of 10 mg/kg lorlatinib to male Cyp3aXAV mice
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cridar (100 mg/kg) and ritonavir (25mg/kg) coadministration (n = 5-7).
Vehicle or boosters were orally administered 15min prior to lorlatinib ad-
ministration. Panel A: plasma concentration-time curves of lorlatinib. Panel B:
plasma AUC,_gy, of lorlatinib. *, P < 0.05; ™", P < 0.01; "™, P < 0.001 com-
pared to vehicle-treated Cyp3aXAV mice.

In the oral administration group, we did observe a clear, 1.6-fold
(P < 0.001) lower oral plasma AUCyg;, in Cyp3aXAV mice compared
to wild-type and Cyp3a™~ mice (Fig. 5B; Table 3), whereas wild-type
and Cyp3a™~ mice displayed similar plasma exposure levels. These data
are in line with the results of our preceding ritonavir experiment
(Fig. 1). The relative tissue distribution of lorlatinib at 8 h was not at all
affected by oral or intravenous administration, or in any of the mouse
strains, as illustrated by virtually equal tissue-to-plasma ratios in all the
tested mouse strains (Supplemental Fig. 2).

The absolute oral bioavailability values of lorlatinib calculated from
the i.v. and oral plasma exposure data over 8 h in wild-type, Cyp3a™",
and Cyp3aXAV mice were 81.6%, 72.9%, and 58.5%, respectively
(Fig. 6; Table 3). This indicates that lorlatinib has good oral bioavail-
ability, as would be expected based on its highly hydrophobic and
membrane permeability properties. There was no significant difference
between wild-type and Cyp3a™~ mice, indicating again that mouse
Cyp3a has little impact on restricting oral availability of lorlatinib.
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However, the oral bioavailability of lorlatinib in Cyp3aXAV mice was
significantly lower than that in wild-type mice (P < 0.05), but not than
that in Cyp3a™~ mice (P = 0.126). Since mouse Cyp3a does not limit
the oral bioavailability, the impact of human CYP3A4 on restricting
bioavailability was clear based on our data. Qualitatively similar results
were obtained when using the AUCg ;¢ for these three mouse strains.
This supports our previous demonstration that human CYP3A4 plays an
important role in limiting plasma exposure of lorlatinib. Lorlatinib thus
has a relatively good oral bioavailability, which could be significantly
restricted by human CYP3A4, but not by mouse Cyp3a.

OATP-mediated liver uptake can also affect the oral bioavailability
of drugs [32,33]. Very little is known about possible lorlatinib inter-
actions with OATP/SLCO uptake transporters. We therefore performed
a pilot experiment administering oral lorlatinib (10 mg/kg) to wild-type
and Oatpla/1b-deficient mice, and analyzed plasma concentrations up
till 8h and the liver-to-plasma ratio at 8 h. The results were not sig-
nificantly different between wild-type and Oatpla/1b-deficient mice
(data not shown), suggesting that there is no meaningful impact of
mouse Oatpla/lb transporters on lorlatinib oral availability. This
project line was therefore not further pursued.

4. Discussion

We demonstrate here that the lorlatinib plasma AUC_g}, in CYP3A4-
humanized mice could be increased 1.9-fold by oral coadministration of
the CYP3A inhibitor ritonavir, reverting to levels seen in Cyp3a™~ (and
wild-type) mice, without altering the relative tissue distribution of
lorlatinib (Figs. 1 and 2; Table 1). Furthermore, simultaneous phar-
macological inhibition of both P-gp and CYP3A4 by coadministration of
elacridar and ritonavir together to CYP3A4-humanized mice increased
the absolute brain concentrations of lorlatinib at 8 h by 16-fold, and the
relative brain concentration by 4-fold, whereas the plasma AUCy g, was
2-fold increased (Figs. 3 and 4; Table 2). The relative tissue distribution
to most other organs was not affected by ritonavir and/or elacridar
coadministration, except for testis, which qualitatively followed the
brain behavior. The oral bioavailability of lorlatinib was quite high
(55.8-81.6%), but still significantly restricted by human CYP3A4 ac-
tivity (Fig. 6; Table 3). We further found that the multispecific Oatpla/
1b drug uptake transporters had no significant impact on the oral
availability or liver distribution of lorlatinib.

Oral administration of ritonavir, a highly potent CYP3A inhibitor,
caused a 1.9-fold increase in plasma AUC of oral lorlatinib in CYP3A4-
humanized mice, but had no marked impact in wild-type and Cyp3a™~
mice. This suggests that mouse Cyp3a, in contrast to human CYP3A4,
plays little or no role in limiting the oral availability of lorlatinib. It also
suggests that no other lorlatinib-metabolizing enzymes were affected by
ritonavir. Given our demonstration that pharmacological inhibition of
human CYP3A4 could substantially alter the pharmacokinetics of lor-
latinib, this might also affect the therapeutic efficacy and toxicity of
lorlatinib in human patients. Deliberate or coincidental coadministra-
tion of CYP3A-inhibiting drugs may increase the effective exposure of
lorlatinib in patients. Conversely, CYP3A inducers, such as rifampicin
[34] and carbamazepine [35], can increase the activity of CYP3A4, thus
resulting in lower plasma exposure of lorlatinib in patients. Of note, the
relative tissue distribution of lorlatinib was not substantially affected by
ritonavir. This suggests that ritonavir coadministration may be a way to
boost systemic exposure of oral lorlatinib in patients without invoking
the risk of altering tissue distribution, which might result in altered
toxicity or other side effects of this drug. In fact, given the usually high
cost of novel anticancer drugs, one could even consider to deliberately
co-administer lorlatinib with ritonavir in order to reduce the dose of
lorlatinib necessary to achieve therapeutic plasma levels of the drug in
patients. For instance, halving the dose and therefore cost of lorlatinib
therapy might already yield substantial savings in health care costs.
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Table 2
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Plasma, brain and testis pharmacokinetic parameters of lorlatinib over 8 h after oral administration of 10 mg/kg lorlatinib to male Cyp3aXAV mice with vehicle,

elacridar, ritonavir, or combined elacridar and ritonavir coadministration.

Parameter Type of pre-treatment

Vehicle Elacridar Ritonavir Elacridar and Ritonavir
AUCy.gp, ng/ml h 5792 * 871 7295 * 633 11013 + 2023™" 11500 + 1548"""
Fold increase AUCy_gy, 1.00 1.26 1.90 1.99
Cinax, Ng/ml 1145 + 327 1155 + 129 1766 + 345 1759 + 221
Tiaxo h 0.5-4.0 0.5-4.0 0.5-4.0 0.25-4.0
Chrain, N8/ 150 + 22 1211 + 977 345 + 57 2466 + 3027 ##H
Fold increase Cprain 1.00 8.07 2.30 16.44
Brain-to-plasma ratio 0.47 + 0.05 1.78 = 0.08"" 0.43 + 0.06 2.04 * 0.1577*»
Fold change ratio 1.00 3.79 0.91 4.34
Crestiss N8/ 250 + 11 1101 + 96" 750 + 223 2337 + 7127 F#H
Fold increase Ciegtis 1.00 4.40 3.00 9.35
Testis-to-plasma ratio 0.79 * 0.10 1.63 + 0.16"™" 0.94 + 0.26 1.90 = 0.30""
Fold increase ratio 1.00 2.06 1.19 2.41

+

Data are presented as mean

S.D. (n = 5-7). Lorlatinib was administered alone or orally coadministered with 100 mg/kg elacridar, 25 mg/kg ritonavir, or 100 mg/

kg elacridar and 25 mg/kg ritonavir combined 15 min before lorlatinib administration. AUCo.g,, area under plasma concentration-time curve; Cpay, maximum
concentration in plasma; Ty, time point (h) of maximum plasma concentration (range for individual mice); Cprain,testis, Prain/testis concentration; Pyrain testiss Drain/
testis accumulation. , P < 0.05; ", P < 0.01; ", P < 0.001 compared to vehicle-treated Cyp3aXAV mice; # p < 0.05;*# P < 0.01; **# P < 0.001 comparing
Cyp3aXAV mice with coadministration of both elacridar and ritonavir to Cyp3aXAV mice with coadministration of only elacridar.

In our preceding study, we found that the oral plasma AUCg_gy, of
lorlatinib was slightly but significantly higher (1.3-fold) in female
Cyp3a~~ mice compared to wild-type mice [20]. However, in the cur-
rent study with male mice we did not observe a significant increase in
lorlatinib plasma exposure due to either knockout or targeted inhibition
of mouse Cyp3a. The difference in mouse gender is the most probable
cause of this modest difference. It may be that in mice lorlatinib is
primarily metabolized or eliminated by some other enzymes than
Cyp3a.

Utilizing drug-structure based design, lorlatinib was developed as a
macrocyclic ALK inhibitor with high lipophilicity and good CNS pene-
tration [15,20]. Lorlatinib was reported to be only slightly transported
by ABCBL in vitro, as demonstrated in an ABCB1-overexpressing MDCK
cell line (active efflux ratio r =1.5) [15]. Moreover, P-gp over-
expression in ceritinib-resistant patient-derived cells did not confer
lorlatinib resistance [36]. However, we previously showed that genetic
knockout or pharmacological inhibition with elacridar of ABCB1 could
still substantially boost lorlatinib penetration into the brain in wild-type
mice [20]. This clearly demonstrated that P-gp can still play an im-
portant role in limiting lorlatinib brain distribution, at least in mice.
Some patients can show progression of brain metastases after an initial
positive response to lorlatinib [37]. Although speculative at this time,
one could consider the possibility that there might be a physiological
“adaptation” at or around the tumor, with up-regulated expression of
ABCB1 at the BBB or in the tumor cells themselves, resulting in limited
therapeutic efficacy due to reduced local concentrations of lorlatinib.

In the present study, we used CYP3A4-humanized mice to mimic a
patient situation in order to investigate to what extent the pharmaco-
kinetics of lorlatinib can be altered by simultaneous chemical inhibition
of both P-gp and CYP3A4 using elacridar and ritonavir. We found here
that upon treatment with combined elacridar and ritonavir absolute
brain concentrations of lorlatinib were increased by 16-fold compared
to untreated mice, and by 2-fold compared to single-elacridar treated
mice. Adding ritonavir to the treatment left the brain-to-plasma ratios
not much changed, indicating that the increased brain concentrations
due to ritonavir were primarily a consequence of the increased plasma
concentrations. Also liver, small intestinal tissue, and testis showed
qualitatively similar results of the added ritonavir, reflecting the in-
crease in plasma concentrations. Furthermore, the brain-to-plasma ra-
tios in both elacridar-treated groups (with or without ritonavir) were
compatible with those we observed previously in Abcbla/1b;Abcg2”’~
mice [20], suggesting complete inhibition of ABCB1 and ABCG2 in the
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BBB, resulting in highly increased brain concentrations of lorlatinib.
Moreover, addition of elacridar to the ritonavir treatment did not fur-
ther increase the plasma exposure of lorlatinib. These data thus suggest
a relatively specific action of each of the booster drugs. In case it would
turn out that it is desirable to increase the brain penetration of lorla-
tinib, especially for NSCLC patients with brain metastases, elacridar
would likely allow this without inducing additional systemic toxicity
due to higher plasma exposure.

Our data suggest a clear impact of drug-drug interactions on the
pharmacokinetics of lorlatinib. However, unlike the 7-fold increase in
plasma exposure of docetaxel observed upon oral ritonavir coadminis-
tration [26], ritonavir only boosted the oral availability of lorlatinib by
2-fold. Moreover, elacridar also did not show as strong an impact on
increasing the brain penetration of lorlatinib (4-fold) as for the first-
generation ALK inhibitor crizotinib (12-fold) [38]. These comparatively
modest interactions between the P-gp and CYP3A4 inhibitors and lor-
latinib also reduce the chance of dramatic changes in possible toxicity
of lorlatinib. However, variation in P-gp and CYP3A4 activity, in view
of this clear drug-drug interaction, should still be an element that will
need to be considered in the clinical dosing of lorlatinib.

It is worth noting that we did not observe any signs of toxicity of
lorlatinib in any of the mouse strains that we tested with oral lorlatinib
at 10 mg/kg or intravenous lorlatinib at 5 mg/kg, either in the absence
or in the presence of boosters. This suggests that lorlatinib may have a
better safety profile than some other ALK inhibitors. We recently found
that brigatinib, a second-generation ALK inhibitor, showed severe, and
sometimes even lethal toxicity in Abcbla/1b~~ and Abcbla/1b;Abcg2”~
mice, or in wild-type mice treated with lower doses of brigatinib (5 mg/
kg) and elacridar (50 mg/kg) [31]. Although no signs of toxicity were
observed in mice in the present lorlatinib study, modest cognitive
toxicity emerged in lorlatinib-treated patients [19], potentially related
to a relatively high capacity of lorlatinib to cross the BBB. Therefore,
potential toxicity and dose adjustment should first be very carefully
monitored in patients when they receive lorlatinib coadministered with
P-gp and/or CYP3A4 inhibitors in order to optimize its pharmacokinetic
behavior.

Oral administration is usually the preferred administration route in
terms of its convenience in administration, cost, ease of design, the
option to use a variety of formulations, and most importantly, better
patient compliance especially for chronic treatments [39]. However,
many anticancer drugs are limited due to first-pass effect [40], poor
solubility [41], low intrinsic permeability of drug barriers,
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bioavailability and so on [42]. Lorlatinib is recommended to be ad-
ministered orally in the clinic. We found that lorlatinib has good oral
bioavailability, although it could be modestly but significantly re-
stricted by human CYP3A4, but not by mouse Cyp3a. This high bioa-
vailability is in line with what would be expected based on the bio-
physical properties of lorlatinib, and likely supports limited inter- and
intra-patient variation in availability of this drug. Overall, it therefore
appears that lorlatinib shows a number of positive pharmacokinetic
characteristics that validate the effort that was put into designing this
drug as a highly membrane-permeable compound [15]. The absence of
a noticeable impact of Oatpla/1b transporters on lorlatinib pharma-
cokinetics may also relate to these properties.

In summary, we demonstrated drug-drug interactions between lor-
latinib and inhibitors of P-gp and CYP3A4. Ritonavir could markedly
enhance the systemic exposure without altering the relative tissue
distribution of lorlatinib. Coadministration of combined elacridar and
ritonavir could further markedly increase the absolute brain con-
centrations of lorlatinib. Furthermore, we found that lorlatinib has a
quite high oral bioavailability. While the findings in this study will
obviously need to be tested in their own right for their validity in pa-
tients, we expect that they will help to optimize the clinical application
of lorlatinib.
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Fig. 6. Oral and intravenous (IV) plasma AUC and oral bioavailability of lor-
latinib in male wild-type, Cyp3a™~, and Cyp3aXAV mice over 8 h. Percentage
values indicate AUCq,,;/AUC;y for each strain. The dose-normalized oral and
i.v. plasma AUCy_g, Was used. Data are presented as mean * S.D. (n = 5-8).

P < 0.05 comparing oral bioavailability to that in wild-type mice.

Table 3
Plasma pharmacokinetic parameters over 8 h after intravenous (5 mg/kg) or oral (10 mg/kg) administration of lorlatinib to male wild-type, Cyp3a”~ and Cyp3aXAV
mice.
Treatment Parameter Genotype
Wild-type Cyp3a”’~ Cyp3aXAV
Intravenous injection (5 mg/kg) AUCy_gp, ng/ml h 8726 + 1137 9865 + 1091 7510 + 14937
Fold change AUCy_gn 1.00 1.13 0.86
Ty/2 h 3.0 = 0.3 3.4 + 0.4 2.6 = 0.5
Oral administration (10 mg/kg) AUCo.gh, ng/ml h 14242 + 1540 14377 + 2050 8788 + 1446 ##H)
Fold change AUCy_gn 1.00 1.01 0.62
Crmax, Ng/ml 2679 * 308 3193 + 952 2406 * 613
Tmax h 0.25-4 0.25-2 0.125-0.5
Oral bioavailability (%) 81.6 72.9 58.5"

Data are presented as mean =*

plasma; Tp,ay , time point (h) of maximum plasma concentration (range for individual mice). , P < 0.05; P < 0.01

S.D. (n = 5-8). AUCy.gp, area under plasma concentration-time curve; Ty o, elimination half-life; Cp,ax, maximum concentration in

", P < 0.001 compared to wild-type mice.

# P < 0.05; *#, P < 0.01; *## P < 0.001 comparing Cyp3aXAV to Cyp3a~~ mice.
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