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Abstract

Background. Studies evaluating the CNS penetration of a novel tyrosine kinase inhibitor, entrectinib, proved chal-
lenging, particularly due to discrepancies across earlier experiments regarding P-glycoprotein (P-gp) interaction
and brain distribution. To address this question, we used a novel “apical efflux ratio” (AP-ER) model to assess P-gp
interaction with entrectinib, crizotinib, and larotrectinib, and compared their brain-penetration properties.
Methods. AP-ER was designed to calculate P-gp interaction with the 3 drugs in vitro using P-gp—-overexpressing
cells. Brain penetration was studied in rat plasma, brain, and cerebrospinal fluid (CSF) samples after intravenous
drug infusion. Unbound brain concentrations were estimated through kinetic lipid membrane binding assays and
ex vivo experiments, while the antitumor activity of entrectinib was evaluated in a clinically relevant setting using
an intracranial tumor mouse model.

Results. Entrectinib showed lower AP-ER (1.1-1.15) than crizotinib and larotrectinib (>2.8). Despite not reaching
steady-state brain exposures in rats after 6 hours, entrectinib presented a more favorable CSF-to-unbound con-
centration in plasma (CSF/Cu,p) ratio (>0.2) than crizotinib and larotrectinib at steady state (both: CSF/Cu’p ~0.03). In
vivo experiments validated the AP-ER approach. Entrectinib treatment resulted in strong tumor inhibition and full
survival benefit in the intracranial tumor model at clinically relevant systemic exposures.

Conclusions. Entrectinib, unlike crizotinib and larotrectinib, is a weak P-gp substrate that can sustain CNS ex-
posure based on our novel in vitro and in vivo experiments. This is consistent with the observed preclinical and
clinical efficacy of entrectinib in neurotrophic tropomyosin receptor kinase (NTRK) and ROS1 fusion-positive CNS
tumors and secondary CNS metastases.

Key Points
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Importance of the Study

Unmet needs exist for the treatment of CNS metas-
tases expressing gene fusions of ROS 7 or NTRK; most
anticancer drugs cannot achieve adequate exposure in
the CNS mainly because they are substrates of P-gp, a
key effluxtransporter of the blood—brain barrier. Here, we
used a novel approach to demonstrate that entrectinib, a
potent inhibitor of tropomyosin-related kinase A/B/C and
ROS1, is a weak substrate of P-gp and achieves thera-
peutic levels in the CNS, associated with strong efficacy

Fusions involving tyrosine kinase genes such as ROST,
neurotrophic tropomyosin receptor kinase (NTRK), and
anaplastic lymphoma kinase (ALK) result in the expres-
sion of constitutively active chimeric proteins. These pro-
teins can act as oncogenic drivers across a broad range of
tumor types, including extracranial solid tumors associ-
ated with high rates of metastasis to the CNS." Up to 40%
of patients with cancer develop brain metastases?; for ex-
ample, incidences of brain metastases of up to 50% have
been reported in patients with non-small-cell lung cancer
(NSCLC).2

Developing effective treatments for CNS metastases
in ROS1 or NTRK fusion-positive cancers has been chal-
lenging, partially due to a lack of available CNS-penetrant
anticancer agents. Many tyrosine kinase inhibitors (TKls)
are strong substrates of P-glycoprotein (P-gp), a key ef-
flux transporter located at the blood-brain barrier that
actively transports them out of the brain.*% As a result,
these TKls have poor CNS efficacy, consistent with their
limited capacity to sustain sufficient exposure in the
brain.”

Crizotinib was the first-in-class treatment for ROS7 and
ALK fusion-positive NSCLC but it has not demonstrated
intracranial efficacy in these settings, suggesting that the
CNS exposure of this drug may be inadequate to control
CNS disease.?® Similarly, the US prescribing information
for larotrectinib, the first tropomyosin-related kinase (TRK)
inhibitor approved by the FDA, does not describe any in-
tracranial efficacy,’® and intracranial benefit following
larotrectinib treatment has only been reported in a few pa-
tients with NTRK fusion-positive tumors and CNS involve-
ment.5" Importantly, crizotinib and larotrectinib are both
known substrates for P-gp.'%'3

Therefore, an unmet medical need exists for effec-
tive treatments with CNS activity for patients with ROS1
fusion-positive NSCLC and NTRK fusion-positive tumors.

Entrectinib is a novel, potent, and orally bioavailable
inhibitor of TRKA/B/C, ROS1, and ALK that received ac-
celerated approval by the US FDA in August 2019 for the
treatment of adults with ROS 7-positive, metastatic NSCLC,
and >12-year-old patients with solid tumors harboring an
NTRK gene fusion.'™" In an integrated analysis of 3 phase
I/l trials, entrectinib yielded strong and durable responses
in patients with ROST1 fusion-positive NSCLC and NTRK
fusion-positive solid tumors.'®'7 Importantly, entrectinib
treatment was associated with clinically meaningful

in brain tumor models. Crizotinib and larotrectinib (inhibi-
tors of the same class), on the contrary, are strong P-gp
substrates with poor CNS exposure. These results can
provide a scientific rationale to physicians when consid-
ering therapeutic options for patients with primary CNS
tumors or CNS metastases harboring ROS7 or NTRK
fusions. Additionally, our findings have broad implica-
tions for the preclinical characterization of new molec-
ular entities for treating CNS cancers.

intracranial responses, with an intracranial objective re-
sponse rate of 55% in both patient groups.

While the mechanism of action of entrectinib on TRK
and ROS1 is known, conflicting early information was re-
ported on the distribution of this compound to the brain
and its interaction with P-gp."® For example, initial data
using classical bidirectional efflux ratio (ER) assays sug-
gested that entrectinib and other molecules in its class
(crizotinib and larotrectinib) are all strong substrates
for P-gp, predicting poor brain penetration (see below).
However, although entrectinib displayed low brain and
cerebrospinal fluid (CSF) exposure in rats after a single
oral dose, it achieved high brain-to-plasma concentra-
tion ratios (0.6-1.5) following repeated high daily doses
in rat toxicology studies.’ Therefore, clear evidence is
needed to demonstrate that entrectinib can achieve clin-
ically meaningful CNS exposures, associated with phar-
macological activity and efficacy in CNS models, in order
to support the scientific rationale for entrectinib as a
treatment for brain tumors harboring ROS7 and NTRK
rearrangements.

In this study, we defined a novel ER calculation, apical
efflux ratio (AP-ER), with the aim of obtaining a model
that correlated better with in vivo brain distribution prop-
erties. We consider the AP-ER as a more physiologically
relevant assessment, since it principally accounts for the
polarized localization of P-gp (apical membrane). Using
this new model, we characterized the interaction between
entrectinib and P-gp in vitro and investigated the brain pen-
etration, pharmacodynamic (PD) properties (via pathway
biomarker signals), and antitumor activity of entrectinib in
preclinical CNS models of cancer. The ability of entrectinib
to penetrate the brain and its interaction with P-gp were
compared with TKls of a similar class, crizotinib (first-gen-
eration TKI for the treatment of ROS7 fusion-positive
NSCLC) and larotrectinib (first-generation TKI for the treat-
ment of NTRK fusion-positive solid tumors).

Materials and Methods

Determination of P-gp Efflux Ratio by In Vitro
Transcellular Studies

The substrate evaluations for P-gp presented in this ar-
ticle were all obtained from experiments performed
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at FE Hoffmann-La Roche Ltd (Basel, Switzerland).
Bidirectional permeability and P-gp efflux were meas-
ured using porcine kidney epithelial cells (LLC-PK1; used
under a license agreement from the Schinkel group [The
Netherlands Cancer Institute, Amsterdam]) stably trans-
fected with human or murine P-gp (multidrug resistance
protein 1, ATP binding cassette subfamily B member 1),
as previously described.?’ These cell lines were cultured
using standardized procedures (including mycoplasma
testing), and each batch of cells was used within a 20-pas-
sage limit before resuscitation of new vials.The apparent
permeability (Papp) related to transcellular transport, bi-
directional ER, AP-ER, and mean bidirectional passive
permeability in the presence of a P-gp inhibitor (Papp’inh)
were calculated for entrectinib, crizotinib, larotrectinib,
and digoxin (an in vitro benchmark P-gp substrate used
as a control).

Briefly, on day 5 after plating, cell monolayers
were evaluated for drug permeability in the apical-to-
basolateral (A—B) and basolateral-to-apical (B—A) direc-
tions using a liquid handling robot (Tecan Group). Unless
otherwise stated, test compounds were dosed at 1 pM.
Samples were collected from triplicate wells of donor
and receiver compartments after a 3.5-hour incubation in
the presence or absence of a P-gp inhibitor (zosuquidar,
1 pM). Drug concentrations were measured by high-
performance liquid chromatography-tandem mass spec-
trometry (LC-MS/MS).

Papp related to transcellular transport was calculated as
follows:

AQ 1
Papp—E'R (1)

where AQ/At, C, and S represent the amount transported
per time period, the initial concentration, and the transwell
insert surface area, respectively.

The bidirectional (classic) ER was calculated as follows
(see Fig. 1):

PB*}A

_ "app
ER = 5t (2)

where Papp is the apparent permeability in the basolateral-
to-apical (B—A) direction and in the apical-to-basolateral
(A—B) direction.

The newly designed AP-ER was calculated based on
the permeability rates in the presence of a P-gp inhibitor
PS;,ﬁnh or without a P-gp inhibitor PEPT;A at the apical site:
when a P-gp inhibitor was introduced, PS, %, was con-

sidered equivalent to P522%

A—B "
app,in (3)
A—B
Papp

AP-ER =

Determination of Nonspecific Brain Tissue
Binding In Vitro by Kinetic LIMBA

The kinetic lipid membrane binding assay (LIMBA) used
in this study was based on the LIMBA screen assay as
described by Assmus et al?’ and Belli et al.??2 The original
setup was modified with the aims of reaching equilibrium
faster by continuous stirring (particularly since entrectinib
takes a long time to reach equilibrium), observing the ki-
netic properties of each drug, and calculating their half-
lives to reach equilibrium and logDg,, (drug distribution
coefficient between the aqueous phase and the porcine
brain polar lipids extract) from the available ultraviolet
(UV) data and a first-order kinetic model.

Briefly, a polyvinylidene fluoride filter disc coated with
porcine brain polar lipids extract was inserted in a glass
vial containing a 10 pM compound solution. The UV spectra
of the compound in buffer, corresponding to the sample

A B C
Classical ER In vivo AP-ER
BSA (e.g., BBB) ASB
P
ER = a‘ppA—>B A—B
Papp P
Apical A—B
1 o =
A—B B—A appnh
Papp Papp =
B—A
Basolateral Papp,inh

Fig. 1

In vitro P-gp transport assay: classic ER calculation versus the novel AP-ER approach. (A) The classic ER model is bidirectional and cal-

culated as described. (B) In vivo, compounds reach the brain from the blood via the apical side only (unidirectional flow). (C) The novel AP-ER is
calculated based on the permeability rates in the presence of a P-gp inhibitor or without a P-gp inhibitor at the apical site: when a P-gp inhibitor
is introduced, the permeability rates in both directions are considered equivalent, mimicking in vitro conditions. AP-ER, apical efflux ratio; BBB,

blood-brain barrier; ER, efflux ratio; P
direction; P

app’
app,inh’

apparent permeability in the basolateral-to-apical (B—A) direction and in the apical-to-basolateral (A—B)
apparent permeability in the presence of an inhibitor; P-gp, P-glycoprotein.
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concentration in the aqueous phase, were measured under
controlled conditions (eg, continuous stirring to help reach the
equilibrium much faster compared with the standard LIMBA)
every 30 seconds. After the equilibrium was reached, the half-
life (t,,; minutes) and logDg,, were derived from UV data and
a first-order kinetic model. Unbound fraction (F ) values in
the brain were calculated as follows: F . = wﬁ.

A more detailed description of methods can be found in
the Supplementary Materials section and Supplementary
Figure 1.

Determination of Entrectinib Binding to Plasma
Proteins from Rat, Mouse, and Human

Plasma protein binding was determined using equilibrium di-
alysis as described by Banker et al?® and Zamek-Gliszczynski
et al.?* Briefly, dialysis sides of the 96-well high-throughput dial-
ysis block (HTDialysis) were loaded with 0.15 mL of Sgerensen
phosphate buffer (pH 75). An equal volume of plasma spiked
with the test compound was added to the sample side of each
well, and the dialysis unit was sealed with a semipermeable
adhesive cover and incubated at 37°C (5% CO,) for 5 hours.
At the end of dialysis, plasma and buffer samples were re-
trieved and drug concentrations quantified using LC-MS/MS.
F, values were calculated as a ratio of concentration in buffer
after analysis to concentration in plasma after dialysis.

Animal Experiments

All animal studies were performed in adherence to the
National Research Council Guidelines for the Care and Use
of Laboratory Animals.The experimental preclinical testing
protocols were approved by the Institutional Animal Care
and Use Committee of the Cantonal Veterinary Office
Basel, Switzerland. The animal facility was accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care.

Brain Distribution Study Following Intravenous
Infusion in Rats

Male Sprague Dawley rats (n = 4 per time point) received
a single i.v. bolus dose followed by i.v. infusion of the drug
dissolved in vehicle (10 mM lactic acid and 5% glucose at
pH 5.0). Animals were sacrificed 4-6 hours after the start
of the infusion, and CSF, plasma, and brain samples were
collected.The maximum feasible infusion time was 6 hours
because entrectinib is a poorly soluble compound at the
desired dose and needs to be dissolved in a vehicle with
limited long-term tolerability. A detailed description of ex-
perimental design and collection schedule for plasma, CSF,
and brain samples can be found in the Supplementary
Materials and SupplementaryTable 1.

Quantification of concentrations of entrectinib,
crizotinib, and larotrectinib in plasma, brain, and CSF
samples from rats

The drugs were extracted from 10 pL (entrectinib, crizotinib,
and their internal standards) or 5 uL (larotrectinib and its

internal standard) of either rat CSF/plasma, plasma, or brain
homogenate samples by a protein precipitation procedure.
Brain samples were homogenized with a 3-fold volume of
blank rat plasma and quantified against a rat plasma cali-
bration curve. For entrectinib and crizotinib, CSF samples
were diluted with an equal volume of blank rat plasma im-
mediately after collection and were quantified against a
calibration curve in CSF/plasma (1:1). For larotrectinib, the
CSF samples were diluted with an equal volume of bovine
serum albumin immediately after collection. The samples
were further diluted with blank rat plasma and quantified
against a calibration curve in rat plasma.

All extracts were analyzed using reverse-phase liquid
chromatography with gradient elusion. The compounds
were detected and quantified by tandem mass spectrom-
etry. Calibration curves were obtained by performing a
linear regression (weighted 1/x2) on the calibration stand-
ards with lower limits of quantification (LLOQ) of 0.05 ng/
mL for entrectinib and crizotinib CSF/plasma samples,
1.00 ng/mL for entrectinib and crizotinib plasma samples,
and 0.25 ng/mL for larotrectinib CSF and plasma samples.

In Vivo PD, Efficacy, and Pharmacokinetics
in KM12-Luc Intracranial Tumor Xenograft
Mouse Model

PD and efficacy analyses

KM12 cells were labeled with a lentivirus expression
vector under the promoter EF1a, and a stable pool (named
hereafter as KM12-Luc) was generated after antibiotic se-
lection. Thirty thousand KM12-Luc cells were then micro-
injected into the right lobe (caudate nucleus) of the brain
of treatment-naive female athymic nu/nu mice. Eleven (PD
experiment) or 5 (efficacy experiment) days after cell in-
oculation, bioluminescence was measured by a Xenogen
IVIS Lumina Il Imaging System (Caliper Life Sciences).
Mice were subsequently randomized based on biolumi-
nescence intensity (BLI) and body weight. In the PD study,
entrectinib was administered at 5, 15, 30, or 60 mg/kg twice
daily (b.i.d.) for 3 doses. Terminal blood samples and in-
tracranial (ITC) tumors were collected and snap-frozen 3,
8, and 12 hours after the last dose. Frozen tumors were
lysed and quantitative western blotting was performed
for phospho- and total phospholipase C gamma 1 (PLCy1),
AKT1, and S6 (see Supplementary Materials).

In the efficacy experiment, entrectinib was adminis-
tered orally at a range of doses (1, 5, 15, 60 mg/kg b.i.d.
or 10, 30 mg/kg once daily [g.d.]; n = 10/dose group) for
28 days. The bioluminescence signal and body weights
were measured twice weekly. Plasma was collected from
terminal bleeds and pharmacokinetic (PK) analyses were
performed.

Quantification of entrectinib plasma concentrations in
mice for PK analyses

Entrectinib and its stable isotopically labeled internal
standard were extracted from 5 uL of mouse plasma by a
protein precipitation procedure.The extracts were analyzed
by LC-MS/MS using a gradient system. The compounds
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were quantified by a triple quadrupole tandem mass spec-
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Fig. 2 In vitro P-gp AP-ER of entrectinib, larotrectinib, and

crizotinib in LLC-PK1 cells stably transfected with human or
mouse P-gp. Graphical representation of AP-ER (see Table 1) for
entrectinib, larotrectinib, and crizotinib in human and mouse P-gp
models. Based on this novel AP-ER model, entrectinib was shown to
be a weak P-gp substrate, whereas larotrectinib and crizotinib were
strong P-gp substrates. *Digoxin is an in vitro benchmark P-gp sub-
strate, used as a control for the assay. AP-ER was calculated from
P{:,;’B and P:p;ﬁh (Equation 3). AP-ER, apical efflux ratio; P-gp,
P-glycoprotein.

corresponding unbound concentration in plasma (Cu'p), un-
bound concentration in brain (Cu'b), and CSF/Cule ratios.

At steady state (SS), there should be no difference (6)
in concentrations between 2 different time points. For
entrectinib, 6 in plasma was 140 nM; as this was within the
SD values at each time point (109-430 nM), it was deemed
to be close to SS. In brain, however, 6 was large (276 nM)
and greater than the SD (71.2-186), suggesting that SS in
brain tissue had not been reached by 6 hours. This implies
that the brain concentration of entrectinib measured at 6
hours may still be underestimated relative to SS. In con-
trast, for both crizotinib and larotrectinib, 6 values in both
plasma and brain were small and below or within their
SDs, suggesting that SS was achieved.

Entrectinib presented the highest measured CSF/Cu’p
ratio at the measured time points: ~0.22 for entrectinib,
compared with ~0.03 for crizotinib and larotrectinib, based
on the average of 2 time points. All drugs in this rat infu-
sion study achieved clinically relevant plasma exposure
at efficacious dose (within 2-fold of the reported clinical
concentrations): C_ ... = 2000 nM (entrectinib), 874 nM
(crizotinib), 423 nM (larotrectinib).'0.12.15

In Vivo PD, Efficacy, and PK Study in KM12-Luc
Intracranial Tumor Xenograft Mice

The PD effects on key signal pathway markers are pre-
sented in Supplementary Figure 2. In the KM12-Luc ITC
mice, entrectinib treatment resulted in a potent and dose-
dependent suppression of all key signaling nodes down-
stream of TRKA, including p-PLCy1, pAKT, and pS6 with
strong potency observed at doses >5 mg/kg b.i.d. Maximal
inhibition was achieved at a dose level of 15 mg/kg b.i.d.

and was well maintained with minimal reactivation
through 8-12 hours.

Consistent with the brain penetration and expected
antitumor activity of entrectinib, oral administration of
1 mg/kg b.i.d. of entrectinib resulted in a 35% inhibition
of BLI relative to vehicle control at day 14, as shown in
Fig. 3 and Supplementary Figure 3A. Tumor inhibition im-
proved at 5 mg/kg b.i.d. and 10 mg/kg g.d., resulting in an
82.1% and 85.7% reduction, respectively, in BLI relative to
control. Entrectinib demonstrated a strong antitumor ac-
tivity at doses of 15 mg/kg b.i.d. (98.7% inhibition of BLI
relative to control), 30 mg/kg g.d. (99.4% inhibition), and
60 mg/kg b.i.d. (100% inhibition). The reduction in tumor
BLI signal was associated with improved survival of
entrectinib-treated animals throughout the 28-day dosing
window. Entrectinib was well tolerated at all dose levels
tested (Supplementary Figure 3B). No vehicle-treated an-
imals (0%; 0/9) survived through the dosing window, with
all mice reaching terminal endpoints requiring euthanasia
before day 21 (Fig. 3). At intermediate-to-low dose levels
of entrectinib, there was improved survival; however, an-
imals still succumbed to disease within the 28-day dosing
window, with 0% (0/9) of mice at 1 mg/kg b.i.d., 11% (1/9)
of mice at 5 mg/kg b.i.d., and 67% (6/9) mice at 10 mg/kg
g.d. surviving through day 28. At higher doses of 15 mg/
kg b.i.d., 30 mg/kg g.d., and 60 mg/kg b.i.d. of entrectinib,
100% of the mice survived throughout the dosing window.

The PK parameters of entrectinib across the range
of doses studied are summarized in Table 3 and
Supplementary Figure 4. To assess variability and dose-
exposure relationship, the PK parameters (area under
the curve [AUC], maximum concentration) from different
dosing groups and dosing days were plotted. The expo-
sure increased with increasing dose, and there was no
apparent accumulation on day 2 or day 8 compared with
day 1. Because the efficacy was independent of dosing
schedule (ie, b.i.d. vs q.d.), the AUC was evaluated based
on total daily dose. At a daily dose of 30 mg/kg—for which
robust tumor inhibition, high survival rates, and maximum
inhibition of TRK pathway biomarkers were observed —the
AUC,,, ranged from 24.5 to 54.8 pM-h (mean of 38.3 pM-h),
resulting in an average plasma concentration of ~1.6 pM
(AUC,,, /24 hours).

Discussion

Entrectinib was specifically selected during the discovery
stage because it has the potential to achieve high brain-
to-plasma concentration ratios.”® However, in a single
oral-dose, in vivo PK study of rats treated with 20 mg/kg
entrectinib, the concentrations of this compound in the
CSF were inferior to the LLOQ (1 nM), with a brain-to-
plasma concentration ratio of 0.185 (data not shown). As
the free plasma concentration C_  at this time point was
around 5 nM, the results of this in vivo study seemed in-
consistent with the expectation of a high brain penetration
property. Contrary to what was observed in the single-dose
studies, entrectinib distributed well into the brain in sev-
eral in vivo repeated-dose studies: the brain-to-plasma
concentration ratios of entrectinib were higher, at ~0.4 in
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Table2 Mean concentrations (n = 4) of entrectinib, crizotinib and larotrectinib in plasma, CSF and brain from rats after single i.v. bolus followed by

i.v. infusion

Parameters Entrectinib

5h

Crizotinib Larotrectinib

5h

Plasma concentration, nM + SD 1260 + 430 1400 + 109 477 +£53.7 489 + 47.9 330 +46.3 332 +82.2
5 plasma concentration at SS, nM (SD) 140 (109-430) 12 (47.9-53.7) 2 (46.3-82.2)

Brain concentration, nM + SD 567 +71.2 843 + 186 390 +12.1 477 £ 131 21.4+3.74 23.0 £5.60
S brain concentration at SS, nM (SD) 276 (71.2-186) 87 (12.1-131) 1.6 (3.74-5.60)

CSF concentration, nM + SD 0.99+0.2 0.81+0.2 1.1+0.36 0.78 +0.18 3.16 £ 0.76 3.56 + 0.87
Unbound plasma concentration (Culp), nM? 4.0 4.5 27 28 115 116
Unbound brain concentration (C, ), nM® 0.28 0.42 0.94 1.1 9.9 1
Measured CSF/C, | ratio 0.25 0.18¢ 0.041 0.028¢ 0.027 0.031¢

°C, value initially calculated as product of mean plasma concentration by plasma F , and later determined using equilibrium dialysis in vitro.
l’C vaIue was initially calculated as the product of mean brain concentration by bram F,. and later determined using kinetic LIMBA.

cSS not reached after 6 hours.
dNear SS after 6 hours.
eNear SS after 5 hours.

9, difference in concentrations between two different time points; CSF, cerebrospinal fluid; C

unbound drug concentration in brain; C, , unbound

u,b’

drug concentration in plasma; F , unbound fraction; i.v., intravenous; LIMBA, lipid membrane binding assay; SD, standard deviation; SS, steady state.

mice, 0.6-1.5 in rats, and 1.4-2.2 in dogs at 24 hours post
last dose following repeated oral daily dosing of the com-
pound.' A possible explanation for this apparent discrep-
ancy is that entrectinib takes a long time to reach SS and
was, therefore, not apparent following single doses. In our
brain infusion experiment, entrectinib had not reached SS
by 6 hours (6 hours is the maximum feasible time for infu-
sions using this vehicle, see Methods) while in the kinetic
LIMBA with brain tissue, entrectinib had a longer t, , of 9.6
minutes to reach equilibrium compared with other kinase
inhibitors tested in the present work.

Because total brain-to-plasma concentration ratios are
not sufficient to support good brain penetration of basic
compounds in particular, P-gp ERs were measured for
entrectinib, crizotinib, and larotrectinib. The high ER ob-
served for the 3 drugs using a classic P-gp model sug-
gested that they are all strong P-gp substrates and should
be unlikely to have sustained exposure in the brain based
on previous modeling.?’ Due to the discrepancy between in
vivo data and the classic bidirectional permeability model,
we designed an alternative, unidirectional Papp model.

This model used the AP-ER to assess P-gp substrate inter-
action for entrectinib, crizotinib, larotrectinib, and digoxin
using P-gp—expressing LLC-PK1 cell lines. In this model,

AP-ER was defined as the ratio of PaApT,,?nh in the presence

of a P-gp inhibitor versus Papp in the absence of a P-gp in-
hibitor. In vivo, compounds reach the brain from the blood
via the apical side only; hence, the AP-ER was used to more
closely mimic in vivo conditions, since P-gp is located on
the apical side only. Interestingly, our in vitro data showed
that entrectinib P’:@B was not sensitive to P-gp activity,
with similar values observed in the presence or absence
of a P-gp inhibitor. Moreover, entrectinib demonstrated
a distinctively lower AP-ER compared with crizotinib,
larotrectinib, and digoxin, indicating a weaker interaction

of entrectinib with P-gp. As AP-ER for entrectinib was <2
for both the mouse and human P-gp assays, we concluded
that entrectinib is a weak P-gp substrate. The discrepancy
between the classical ER and AP-ER for entrectinib is likely
related to its “atypical” physicochemical properties, in-
cluding a very high lipophilicity/amphiphilicity that leads
to strong membrane partitioning and a lower than normal
recovery from the assay. These properties may contribute
to an asymmetric interaction with the cell membrane and
P-gp, depending on whether the compound is dosed from
the apical-to-basolateral (A—B) or basolateral-to-apical
(B—A\) direction.

The AP-ER approach is not only superior for the assess-
ment of brain penetration, it is also less experimentally
demanding without compromising discriminatory power,
when applied as a broad screening model for P-gp sub-
strate testing, as demonstrated recently by Ohashi et al.?®
In their study, Ohashi et al developed a nearly identical
approach to ours, using an inhibitor of P-gp (cyclosporin
A) to calculate a unidirectional flux ratio (UFR), a measure
that is essentially equivalent to the AP-ER we used. In their
UFR model, compounds with a UFR (AP-ER) <2.6 were
considered non-substrates or weak substrates of P-gp,
which is consistent with our findings and interpretation
that entrectinib (AP-ER <2) interacts weakly with the P-gp
transporter.

Importantly, the differences observed between the 3TKls
based on the novel AP-ER model were confirmed in the in
vivo brain distribution study following i.v. infusion of these
compounds. Indeed, entrectinib showed a more favorable
CSF/C, , ratio (>0.2) than crizotinib and larotrectinib (both
~0. 03) under SS conditions. These in vivo CSF/C  ratios
are mostly consistent with the low AP-ER observed for
entrectinib (1.1-1.5) compared with the high AP-ER meas-
ured for crizotinib and larotrectinib (both >2.8). Of note, the
CSF/Cu'p ratio for entrectinib may still be underestimated
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A ----O---- Vehicle, p.o., b.i.d.
- -A- - Entrectinib, 1 mg/kg, p.o., b.i.d.
---{}--- Entrectinib, 5 mg/kg, p.o., b.i.d.
---<>---- Entrectinib, 10 mg/kg, p.o., q.d.
—O— Entrectinib, 15 mg/kg, p.o., b.i.d.
—>— Entrectinib, 30 mg/kg, p.o., g.d.
—k— Entrectinib, 60 mg/kg, p.o., b.i.d.
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Fig. 3 Antitumor efficacy of entrectinib in the ITC-inoculated KM12-Luc tumor model. Thirty thousand KM12-Luc cells were micro-injected into
the right lobe of the brain of treatment-naive female athymic nu/nu mice. Entrectinib was administered orally for 28 days at a range of doses.
(A) Percentage of animals alive over time after treatment with vehicle or entrectinib at doses of 1, 5, 15, 60 mg/kg b.i.d. or 10 or 30 mg/kg g.d. (B)
Bioluminescence signal observed in animals treated with vehicle or entrectinib at doses of 1, 5, 15, 60 mg/kg b.i.d., or 10, 30 mg/kg q.d. for 28 days. All
vehicle-treated animals died by day 17. b.i.d., twice daily; BLI, bioluminescence inhibition; ITC, intracranial; p.o., orally; g.d., once daily.

because SS in brain was not achieved; nevertheless, total concentration in whole brain homogenate and the
it was ~7-fold higher than the ratio for crizotinib and F, estimated by the novel kinetic LIMBA were remarkably
larotrectinib. Moreover, the estimated C_ , based on the similar to directly measured CSF concentrations (<3-fold
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Table3 Mean AUC,,, of entrectinib in plasma after oral administration to KM12-Luc ITC tumor-bearing Balb/c nude mice

Total daily dose (mg/kg/day) Mean AUC,,,, (1M-h) n? Range (uM-h)
2 (1 mg/kg b.i.d.) 1.3 2 1.06-1.50

10 (5 mg/kg b.i.d. and 10 mg/kg q.d.) 1.3 5 6.3-18.3

30 (15 mg/kg b.i.d. and 30 mg/kg q.d.) 38.3 5 24.5-54.8

60 (30 mg/kg b.i.d.) 45.3 1 45.3

120 (60 mg/kg b.i.d.) 99.9 8 90.1-113.0

@Number of treatment groups across experiments and evaluation days; each group had 3 or 4 animals per time point.
AUC,,,, area under the curve over 24 hours; b.i.d., twice daily; ITC, intracranial; g.d., once daily.

variation), considering the variables affecting the different
assays. This consistency supports the use of CSF concen-
trations as a reasonable surrogate of active exposures in
the brain for the molecules tested in this study.

Although entrectinib is described as a weak P-gp sub-
strate in this report based on preclinical studies, it is highly
likely not a human P-gp substrate at all, in line with what
was described by the US prescribing information."® This
prediction is based on the AP-ER of 1.1 (human P-gp assay),
a good oral bioavailability in humans (>50%, data on file),
and the limited effects of co-administrating intraconazole,
an inhibitor of CYP3A and P-gp, on entrectinib absorp-
tion after a single oral dose of entrectinib at 100 mg in
patients.'®

Consistent with its good brain distribution and weak
P-gp interaction, entrectinib demonstrated strong PD ef-
fects associated with TRK pathway biomarkers, namely,
p-PLCy1, pAKT, and pS6, in brain tumor tissues, and robust
efficacy as determined by tumor growth inhibition and sur-
vival rates in an intracranial KM12-Luc colorectal tumor
(expressing TPM3-NTRK1) mouse model. These results are
in line with previous reports that entrectinib demonstrated
tumor growth inhibition and full survival benefit in an in-
tracranial NTRK1 fusion-positive model of primary CNS
tumor (BNN2 and BNN4; gliomas) at clinically relevant
systemic exposures.?’ Importantly, following daily oral ad-
ministration of entrectinib for 28 days in the intracranial
KM12-Luc tumor model, a similar efficacy was achieved
when animals were given the same total daily dose regard-
less of dosing frequency, suggesting that antitumor ac-
tivity is dependent on only total daily exposure, rather than
on peak or trough concentrations of entrectinib.

The plasma concentration of entrectinib, which is the
major circulating drug-related component in rodent spe-
cies (data not shown), was measured at multiple time
points to determine PK parameters in both the efficacy and
PD studies in mice bearing intracranial KM12-Luc tumors.
As a very limited volume of blood could be collected from
each mouse, a sparse sampling approach was used. Only
one AUC value could be obtained in each treatment group
on each sampling day, and the AUC was evaluated based
on a total daily dose, as efficacy was independent of dosing
schedule. Interestingly, at the recommended human oral
dose of 600 mg/kg q.d., the observed AUC,,, of entrectinib at
SS in patients was reported to be 48 uM-h with an estimated
average plasma concentration of approximately 2.0 uM,'
which encompasses the level of exposure needed to observe
a response in the intracranial KM12-Luc tumor xenograft

mouse model. This is 43% higher than what was achieved
(1.4 nM) after a 6-hour infusion of entrectinib in rats.

Based on the conservative assumption of a similar
CSF/C, , ratio for rat and human, the CSF concentration
of entrectinib in patients should be >0.9 nM following re-
peated oral dose of 600 mg entrectinib. Furthermore, the
predicted CSF concentration of entrectinib is ~4 nM at SS
in humans (Fischer et al, in preparation), taking into ac-
count the human plasma F of 0.0022 and the human AP-ER
of 1.1, based on a new in-house model developed by using
a large number of molecules with measured AP-ER and in
vivo brain distribution values. The CSF value of entrectinib
is approximately greater than or equal to the half-maximal
inhibitory concentration (IC,)) of entrectinib for TRKA/B/C
and ROS1 (0.1-1.7 nM; Supplementary Materials and
SupplementaryTable 3). For comparison, the expected CSF
levels for crizotinib and larotrectinib in patients are lower
than the targeted IC,; the IC,, of crizotinib against ROS1 ki-
nase was 40-60 nM,% while the IC,, of larotrectinib against
TRKA/B/C was 5-11 nM.® Importantly, larotrectinib is also
a substrate of breast cancer resistance protein (BCRP; an-
other known efflux transporter of the blood-brain barrier),
whereas entrectinib and crizotinib are not.’%'52% BCRP
(along with P-gp) may, therefore, also be contributing to
the poor brain penetration of larotrectinib.

In conclusion, entrectinib is an effective brain pene-
trant and a weak P-gp substrate, contrary to crizotinib and
larotrectinib, which achieved limited brain penetration
and were strong P-gp substrates. Furthermore, entrectinib
showed strong CNS efficacy in our brain tumor model,
consistent with the clinical efficacy observed in patients
with NTRK fusion-positive solid tumors or ROST fusion-
positive NSCLC who presented with brain metastases or
primary CNS tumors."617

Overall, entrectinib is different from other currently
available TKls of the same class, because it is expected to
enable selective targeting of brain tumors (either primary
or metastatic) harboring NTRK or ROS1 gene fusions. Our
findings also have broad implications for the preclinical
characterization of new molecular entities for treating CNS
cancers.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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