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Abstract

P-glycoprotein (ABCBI) and breast cancer resistance protein (ABCG2) restrict at the blood—brain barrier (BBB) the
brain distribution of the majority of currently known molecularly targeted anticancer drugs. To improve brain delivery of
dual ABCBI/ABCG2 substrates, both ABCB| and ABCG2 need to be inhibited simultaneously at the BBB. We examined
the feasibility of simultaneous ABCBI/ABCG?2 inhibition with i.v. co-infusion of erlotinib and tariquidar by studying brain
distribution of the model ABCBI/ABCG2 substrate [''Clerlotinib in mice and rhesus macaques with PET. Tolerability of
the erlotinib/tariquidar combination was assessed in human embryonic stem cell-derived cerebral organoids. In mice and
macaques, baseline brain distribution of [I IC]erlotinib was low (brain distribution volume, Vtpi, <0.3 mL/cm3).
Co-infusion of erlotinib and tariquidar increased Vi, in mice by 3.0-fold and in macaques by 3.4- to 5.0-fold, while
infusion of erlotinib alone or tariquidar alone led to less pronounced Vr,.i, increases in both species. Treatment of
cerebral organoids with erlotinib/tariquidar led to an induction of Caspase-3-dependent apoptosis. Co-infusion of
erlotinib/tariquidar may potentially allow for complete ABCBI/ABCG2 inhibition at the BBB, while simultaneously
achieving brain-targeted EGFR inhibition. Our protocol may be applicable to enhance brain delivery of molecularly
targeted anticancer drugs for a more effective treatment of brain tumors.
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Introduction

Despite great progress in the design of brain-penetrant,
small-molecule therapeutics, the achievement of high
and prolonged central nervous system (CNS) exposure
of drug molecules still remains a major challenge, in
particular for certain drug classes, such as molecularly
targeted anticancer drugs.' One important reason for
low and sub-therapeutic CNS exposure is efflux trans-
port by P-glycoprotein (ATP-binding cassette subfam-
ily B member 1, ABCBI1) and breast cancer resistance
protein (ATP-binding cassette subfamily G member 2,
ABCG?2). These two transporters are co-localized in the
luminal (blood-facing) membrane of brain capillary
endothelial cells which are part of the blood—brain bar-
rier (BBB).? They possess an exceptionally broad and
largely overlapping substrate spectrum and act as gate-
keepers in preventing the brain entry of many small-
molecule drugs.®* Moreover, there is ample evidence
for functional redundancy between ABCBI1 and
ABCG?2 at the BBB, i.e. in absence of either ABCBI
activity or ABCG2 activity (e.g. due to genetic knock-
out or pharmacological transporter inhibition), the
remaining transport capacity of the other transporter
often suffices to largely restrict CNS exposure of shared
(dual) ABCB1/ABCG2 substrate drugs.>” Although
major efforts have focused on the design of molecularly
targeted anticancer drugs with lack of or diminished
ABCBI/ABCG2 efflux liability, this endeavor has
only been successful in certain cases (e.g. osimertinib,
AZD3759).® The majority of currently known and
newly developed molecularly targeted anticancer
drugs is hindered from entering the brain by ABCBI1/
ABCG?2 efflux.**? This most often results in lack of
efficacy for the treatment of primary or secondary
brain tumors, for which a desperate and unmet medical
need exists.

The pharmacological inhibition of ABCBI1 and
ABCG?2 has been proposed as a strategy to improve
brain access of dual ABCBI/ABCG2 substrate
drugs.”!® Such an approach may not be without
risks, as off-target inhibition of ABCB1 and ABCG2
in other organs than the brain, such as excretory organs
or the bone marrow, may lead to unwanted side effects
and toxicity. Nevertheless, in absence of other effective
therapies, such risks may be justified in case of hospi-
talized, terminally ill patients, for whom controlled
transporter inhibition at the BBB may be a viable
option for improved treatment of CNS malignancies.

Building on earlier experience with agents developed
for the reversal of tumor multidrug resistance,'"'? sev-
eral academic research groups have attempted to repur-
pose these agents for effective transporter inhibition at
the BBB. From these efforts, two third-generation
transporter inhibitors have emerged as promising

agents, i.e. tariquidar and elacridar. While tariquidar
mainly achieves ABCBI1 (and not ABCG?2) inhibition
at clinically feasible doses'*'* and is therefore consid-
ered unsuitable to significantly enhance the brain dis-
tribution of dual ABCBI/ABCG2 substrates in
humans,'>'¢ elacridar appears to be equipotent in
inhibiting ABCB1 and ABCG2. Several preclinical
studies showed that elacridar can effectively increase
brain penetration of dual ABCB1/ABCG2 substrates,’
such as the epidermal growth factor receptor (EGFR)-
targeted tyrosine kinase inhibitor erlotinib.!” "
However, elacridar possesses very low oral bioavail-
ability in humans, so that plasma concentrations
attained after oral administration were far below the
concentrations needed to inhibit ABCB1 and ABCG?2
at the human BBB.>” We have recently shown that
continuous intravenous (i.v.) infusion of elacridar can
inhibit ABCB1 and ABCG?2 at the BBB of non-human
primates (NHPs) and increase in Papio anubis baboons
brain concentrations of [''Clerlotinib, measured with
positron emission tomography (PET), to similar levels
as muscle tissue surrounding the skull, which points
to complete transporter inhibition at the BBB.'®
However, elacridar has very poor water solubility and
formulation of the drug for i.v. administration required
unacceptably high concentrations of organic solvent
(tetrahydrofuran) for human use.?' In comparison to
elacridar, tariquidar possesses better water solubility
and can be formulated for i.v. administration in a sol-
vent suitable for human use.'* '>*>2* PET studies in
healthy volunteers showed that tariquidar at i.v. doses
up to 6 mg/kg is well tolerated and leads to 4- to 5-fold
increases in the brain penetration of the model ABCBI
substrates (R)-[''C]verapamil and [''C]N-desmethyl-
loperamide.'*'*?223 Erlotinib is a potent ABCG2
inhibitor’*? and we have shown that single-dose oral
administration of high-dose erlotinib (650 mg) signifi-
cantly increased the brain penetration of [''Clerlotinib
in healthy volunteers, although inhibition/saturation of
efflux transport at the BBB was not maximal.'® We
hypothesize that a combination of erlotinib and tari-
quidar may overcome the limitations of tariquidar, ela-
cridar or erlotinib and provide a clinically feasible
strategy to achieve complete inhibition of both
ABCBI and ABCG2 at the BBB resulting in increased
brain penetration of ABCB1/ABCG?2 substrate drugs,
while simultaneously achieving EGFR inhibition in the
brain.

In the present work, we used PET imaging with [''C]
erlotinib in mice and NHPs (Macaca mulatta) to exam-
ine the feasibility of dual ABCB1 and ABCG?2 inhibi-
tion with a combination of erlotinib and tariquidar.
Moreover, the tolerability of combined treatment
with erlotinib/tariquidar was assessed in human embry-
onic stem cell (hESC)-derived cerebral organoids.
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Material and methods

Chemicals and drugs

Unless otherwise stated, all chemicals were purchased
from Sigma-Aldrich (Schnelldorf, Germany) or Merck
(Darmstadt, Germany). Tariquidar dimesylate was
purchased from Haoyuan Chemexpress Co., Ltd
(Shanghai, PRC) or from Eras Labo (Saint-Nazaire-
Les-Eymes, France). Erlotinib hydrochloride was pur-
chased from Apollo Scientific (Bredbury, UK).
Captisol® was obtained from Cydex Pharmaceuticals
or Ligand Pharmaceuticals, Inc. (San Diego, CA,
USA). For in vitro experiments in cerebral organoids,
stock solutions of tariquidar dimesylate (5 mg/mL) and
erlotinib hydrochloride (10mg/mL) in DMSO were
prepared.

Radiotracer synthesis

[''C]Erlotinib was synthesized as described elsewhere.?®
For i.v. injection into mice, [''Clerlotinib was formu-
lated in 0.1 mM hydrochloric acid in physiological
saline (0.9%, w/v). Molar activity at the time of injec-
tion was 73 +29 GBq/umol (n =26) and radiochemical
purity was >98%. For experiments in macaques, [''C]
erlotinib was formulated in 0.9% aqueous saline with
10% ethanol (v/v). The radiochemical purity of [''C]
erlotinib was >98% and the molar activity at the time
of injection was 22 +3 GBq/umol (n=06).

Animals

Female Friend leukemia virus B (FVB) mice were
obtained from Charles River (Sulzfeld, Germany). At
the time of experiment, animals were 7-15weeks old
and weighed 23.1+1.6g. In total, 26 mice were used
in the experiments and each animal was used for only
one PET scan. All animals were housed in type III IVC
cages under controlled environmental conditions
(21.8 £ 1.0°C, 40% to 70% humidity, 12-h light/dark
cycle) with free access to standard laboratory rodent
diet (LASQCdiet™, LASvendi, Soest, Germany) and
water. An acclimatization period of at least 1 week was
allowed before the animals were used in the experi-
ments. The study was approved by the national author-
ities (Amt der Niederosterreichischen Landesregierung)
and study procedures were in accordance with the
European Communities Council Directive  of
22 September 2010 (2010/63/EU).

Experiments in NHPs were conducted using two
adult male rhesus macaques (Macaca mulatta; weight
M1: 8.77+0.74kg and M2: 13.54 +0.84 kg during the
course of the study) obtained from Silabe, France.
A minimum interval of twoweeks was respected
between two scans in the same monkey to allow for

complete recovery. Animal use procedures were in
accordance with the recommendations of the
European Community for the care and use of labora-
tory animals (2010/63/EU) and the French National
Committees (French Decret 2013-118). The experimen-
tal protocol (reference n°17-050) was validated by a
local ethics committee for animal use (Comité
d’Ethique en Expérimentation Animale, CEtEA-044)
and approved by the French government (reference
APAFIS N°19200-2017121312309702 v4). The animal
experimental data reported in this study are in compli-
ance with the ARRIVE (Animal Research: Reporting
in Vivo Experiments) guidelines.

PET imaging in mice

Drug administration protocol. We investigated four groups
of mice. (1) One group was treated with vehicle, (2) one
group with a bolus injection and continuous infusion of
erlotinib, (3) one group with a bolus injection of tar-
iquidar, and (4) one group with a bolus injection and
continuous infusion of erlotinib plus a bolus injection
of tariquidar. Table 1 gives an overview of examined
animal groups and numbers and administered inhibitor
doses. Doses of erlotinib and tariquidar were chosen
based on previous studies in mice.”’*® A half-
maximum inhibitory concentration (ICso) of 1052nM
(corresponding to an i.v. dose of approximately 6 mg/
kg) was reported for tariquidar to increase brain
uptake of the ABCBI substrate (R)-[''C]verapamil in
mice.?’” In rats, the half-maximum inhibitory dose of
tariquidar for ABCB1 was in the same range (3 to
5mg/kg).”>>° For i.v. administration, tariquidar dime-
sylate was dissolved in 2.5% (w/v) aqueous glucose
solution. Erlotinib hydrochloride was dissolved in
2.5% (w/v) aqueous glucose solution containing 3%
(w/v) Captisol®.

Imaging procedure. Imaging experiments were performed
under isoflurane/oxygen anesthesia. Animals were

Table 1. Overview of inhibitor doses, examined mouse groups
and numbers.

Bolus dose Infusion Total dose
Inhibitor (mglkg)* (mglkg/h)®  (mglkg)®  n
Vehicle - - - 10
Erlotinib 8.6 8.6 21.5 4
Tariquidar 10 - 10 4
Erlotinib/tariquidar  8.6/10 8.6/— 21.5/10 8

?Given in a volume of 100 pL as an i.v. bolus over | min at 30 or |5min
before start of the PET scan.

®Given in a volume of 150 L as an i.v. infusion over 90 min until the end
of the PET scan.

“Total dose from bolus and continuous infusion.

YTotal volume 250 puL (100 pL bolus + 150 puL continuous infusion).
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warmed throughout the experiment and body temper-
ature (36.5-38.0°C) and respiratory rate (30-60
breaths/s) were constantly monitored. Mice were
placed in an imaging chamber (m2m imaging Corp,
Cleveland, Ohio, USA) and both lateral tail veins
were cannulated for i.v. administration. A microPET
Focus220 scanner (Siemens Medical Solutions,
Knoxville, TN, USA) was used for PET imaging. At
30 min before start of the PET scan, animals received
via one of the catheters erlotinib (8.6 mg/kg) or vehicle
solution (total volume: 100 pL) as an i.v. bolus over
I min followed by a continuous infusion of erlotinib
(8.6 mg/kg/h) or vehicle solution until the end of the
PET scan (Harvard Apparatus Syringe pump 11 Elite,
total duration: 90 min, total volume: 150 uL). At 15 min
before start of the PET scan, animals in the tariquidar
groups received via the other catheter an i.v. bolus
injection (volume: 100puL) of tariquidar (10mg/kg)
over 1min. Dynamic emission scans (60min) were
started with the i.v. injection of ['!'Clerlotinib (2747
MBq in a volume of 100 pL, corresponding to 0.5+
0.2nmol of unlabeled erlotinib). List-mode data were
acquired with a timing window of 6ns and an energy
window of 250-750keV. At the end of the PET scan, a
terminal blood sample was withdrawn from the retro-
bulbar plexus and animals were sacrificed by cervical
dislocation while still under deep anesthesia and whole
brains were removed. Blood was centrifuged to obtain
plasma and radioactivity in blood, plasma and brain
was measured in a gamma counter (Wizard 1470,
Perkin Elmer or Hidex Model#425, Hidex, Turku,
Finland). Radioactivity counts were normalized to
sample weight, corrected for radioactive decay and
used to determine brain-to-blood (Ky, prain) and brain-
to-plasma (K, prain) ratios.

Mouse data analysis. The dynamic PET data were binned
into 23 frames, which incrementally increased in time
length. PET images were reconstructed using Fourier
re-binning of the three-dimensional sinograms followed
by a two-dimensional filtered back-projection with a
ramp filter giving a voxel size of 0.4 x 0.4 x 0.796 mm®.
Using AMIDE software,>’ whole brain and the left
ventricle of the heart (to obtain an image-derived
blood curve) were manually outlined on the PET
images to derive time-activity curves (TACs) expressed
in units of standardized uptake value (SUV = (radioac-
tivity per g/injected radioactivity). body weight). From
the brain TACs, the area under the curve from 0 to
60min (AUCyin, SUV.min) was determined as a
measure of the brain exposure to [''Clerlotinib. The
image-derived blood curve was converted into the cor-
responding plasma curve by multiplying the blood
values with the plasma-to-blood radioactivity ratio
measured for each animal in the gamma counter.

Total distribution volume in the brain (VT prain, mL/
cm’) was estimated by performing Logan graphical
analysis using the image-derived plasma curve.*’ Vr,
brain COTresponds to the brain-to-plasma ratio of radio-
activity at steady state. In addition, integration plot
analysis was performed as described previously? to
estimate the rate constant for initial transfer of radio-
activity from plasma into brain (Kuptake,brain, mL/min/g
brain) using data measured from 0.3min to 1.8 min
after radiotracer injection.

PET imaging in non-human primates

Drug administration protocol. Two rhesus macaques
underwent [''Clerlotinib PET scans before (baseline)
and during infusion of the erlotinib/tariquidar combi-
nation. For comparison, one animal received either
erlotinib alone or tariquidar alone using infusion pro-
tocols, which have been previously used and validated
in baboons.'®** Doses of erlotinib and tariquidar were
selected based on available tolerance data and dose-
response data (for tariquidar) obtained from previous
work performed in baboons'®*® and humans.'*!¢
Tariquidar solution for i.v infusion (4mg/kgh) was
prepared on the day of the experiment by dissolving
tariquidar dimesylate in a 5% (w/v) glucose solution
as described previously.®® Tariquidar solution was
infused at a rate of 6.7mL/h during 90 min starting
30 min before injection of [''Clerlotinib. Erlotinib solu-
tion for i.v infusion (10 mg/kg/h) was prepared on the
day of the experiment by dissolving erlotinib hydro-
chloride in sterile water containing 6% (w/v)
Captisol® followed by 1:1 dilution with 5% (w/v) glu-
cose solution.'® The erlotinib solution was infused at a
rate of 20mL/h during 120 min, starting 60 min before
injection of [''Clerlotinib.

Imaging procedure. PET acquisitions were performed on
an HR+ Tomograph (Siemens Healthcare, Knoxville,
TN, USA) in anesthetized animals in supine position
under suitable monitoring as described previously.'®
Briefly, the animal received ketamine (10mg/kg) to
induce anesthesia. Once the animal was intubated,
venous catheters were inserted for radiotracer injection
(sural vein), propofol infusion (sural vein) and drug
injection (right or left brachial vein or both for com-
bined erlotinib/tariquidar infusion). Another catheter
was inserted into the femoral artery for arterial blood
sampling. The animal was positioned under the camera
before administration of a 2mL i.v. bolus of propofol
(Aspen Pharma, Paris, France) followed by a 1 mL/kg/
h i.v. infusion under oxygen ventilation. Animals were
injected i.v. with [''Clerlotinib (22819 MBq in a
volume of SmL, corresponding to 10.3 4+ 1.6 nmol of
unlabeled erlotinib). A dynamic PET acquisition
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(60 min) in three-dimensional mode was then started to
measure the brain kinetics of [''CJerlotinib. Animals
were extubated approximately 15min after end of
PET scanning. Animals were then continuously moni-
tored for at least 60 min.

Arterial input function and metabolism. During PET acqui-
sition, arterial blood samples (approximately 0.2mL)
were withdrawn for assessment of the arterial input
function of total radioactivity. Blood samples were cen-
trifuged and counted using a calibrated gamma-
counter (Cobra, Perkin-Elmer, France). Additional
plasma samples (0.5mL) were collected at 0, 5, 10,
15, 30 and 60 min after radiotracer injection to estimate
the percentage of unmetabolized [''Clerlotinib by
radio-high performance liquid chromatography analy-
sis as described previously.'® For each animal, a 1-
exponential decay function was fitted to the percentage
of unmetabolized [''Clerlotinib versus time and then
applied to the corresponding total radioactivity TAC
in plasma. TACs of unmetabolized [''Clerlotinib in
plasma were expressed in SUV units versus time.
Unmetabolized [''Clerlotinib plasma exposure was
estimated under all tested conditions by calculating
the AUC from 0 to 60 min.

Non-human primate data analysis. Measured attenuation
and scatter corrections were applied to the emission
data. Data were reconstructed using the 3D re-
projection algorithm with an axial and transaxial
Hanning filter with the cutoff set to the Nyquist fre-
quency. Image analysis was performed using PMOD®
software (version 3.8, PMOD Technologies Ltd,
Zirich, Switzerland). For each animal, summed PET
images were co-registered to previously acquired T1-
weighted brain magnetic resonance images. The
whole brain and temporal muscle surrounding the
skull were outlined and applied to dynamic PET
images to generate TACs. Brain and muscle tissue
exposure was estimated as the AUC from 0 to
60 min. The BBB penetration of [''Clerlotinib was esti-
mated either as the brain-to-plasma AUC ratio
(AUCRprain/plasma) Or as the brain-to-muscle AUC
ratio  (AUCRpygin/muscle), assuming negligible ABC
transporter activity at the blood-muscle interface.*
Moreover, kinetic modeling was performed using
Logan plot analysis with the corresponding
metabolite-corrected arterial plasma input function to
estimate Vor,prain. > Compartmental models (1- or 2-
tissue compartment) did not provide accurate estimates
of outcome parameters to describe the brain kinetics of
[''Clerlotinib. Therefore, integration plot analysis was
used as for the mouse data to estimate Kyptake, brain (ML/
min/g brain) using data measured from 0.75min to
3min after radiotracer injection.?®

Human embryonic stem cell-derived cerebral
organoids

Multicell cerebral organoids of hESCs were cultivated
in StemFlex media for 60days.”> The hESCs were
seeded into 6-well plates coated with matrigel. After
three days, cells were dissociated into single cells and
seeded into 96 ultra-low attachment plates for the next
three to fourdays to form an embryonic body. At the
size of 420 um, they were induced with neural induction
media. After several rounds of neural inductions, gen-
erated embryonic bodies with large and more continu-
ous neuroepithelium were embedded into matrigel
droplets on a sheet of Parafilm with small 3mm dim-
ples. These droplets were allowed to gel at 37°C,
removed from the Parafilm and grown in differentia-
tion media containing a 1:1 mixture of DMEM/F12
and Neurobasal containing 1:200 N2 supplement
(Invitrogen), 1:100 B27 supplement without vitamin
A (Invitrogen), 3.5 pL 2-mercaptoethanol, 1:4000 insu-
lin (Sigma), 1:100 Glutamax (Invitrogen) and 1:200
MEM-NEAA. After fourdays of stationary growth,
the droplets were transferred to an orbitary shaker
(65rpm/min) containing differentiation media as
above, except that B27 supplement with vitamin A
(Invitrogen) was used; 60-days-old organoids (one
organoid per treatment) were incubated at 37°C (5%
CO,, 95% humidity) for 24h in media with 0.1%
DMSO (DMSO control), erlotinib hydrochloride
(10 pg/mL), tariquidar dimesylate (5pg/mL) and a
combination of erlotinib hydrochloride (10 pg/mL)
and tariquidar dimesylate (5 pg/mL).

Cryostat sectioning of cerebral organoids. After incubation,
organoids were fixed with 4% paraformaldehyde and
soaked in 30% sucrose solution for threedays. After
the fixation step, they were embedded in O.C.T and
freezed on dry ice. The frozen cerebral organoids
were cryosectioned at —20°C using a Microm HM
560 cryostat (Thermo Scientific) to provide slices with
a thickness of 18 pm.

Anti-active caspase-3 immunostaining. The cryosectioned
slices (eight slices per cerebral organoid) were dried at
room temperature for 2h and Heat-Induced Epitope
Retrieval with Dako Target Retrieval Solution was
performed to increase the accessibility of antigen and
the staining intensity. The retrieval procedure involves
immersion of tissue sections mounted on slides in dilut-
ed Target Retrieval Solution and heating in a water
bath at 95°C. The sections were blocked and permea-
bilized in 2% of normal donkey serum and 0.3%
triton-X100. The slides were incubated with Caspase-
3 antibody (Cell Signaling Technology, Inc., Danvers,
MA, USA, Rabbit polyclonal, 9662) overnight at 4°C.
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After 24 h incubations, they were washed three times
with phosphate-buffered saline and incubated with
Hoechst 33342 dye (Invitrogen) and finally secondary
anti-Rabbit antibody.

Imaging. The stained cryosections were imaged at 4x
magnification by using an Axio Scan.Z1 slide scanner
(Carl Zeiss Microscopy GmbH, Jena, Germany).
Positive cells were counted in each region of interest
using ImagelJ software.

Statistical analysis

All values are either given as mean + standard devia-
tion (SD) or as individual values. Statistical testing was
performed using Prism 8.0 software (GraphPad
Software, La Jolla, CA, USA). After confirmation of
the normal distribution of the data using the Shapiro—
Wilk normality test, differences in outcome parameters
between groups were tested with one-way ANOVA
with Dunnett’s multiple comparisons test. To assess
correlations, the Pearson correlation coefficient r was
calculated. The level of statistical significance was set to
a p value of less than 0.05.

Results

Mouse experiments

We investigated groups of mice, which were adminis-
tered vehicle solution, erlotinib alone, tariquidar alone
or a combination of erlotinib and tariquidar (Table 1).
As outcome parameters for the brain exposure and
BBB penetration of [''Clerlotinib, we determined
AUCp4in, V1 brain and kypiake prain - For the determina-
tion of Vr prain and kyprake brains the TACs in arterial
plasma were required. Arterial blood curves were
derived from the PET images by placing a region of
interest into the left ventricle of the heart. Blood radio-
activity concentrations derived from the last PET
frame showed a good correlation with radioactivity
concentrations measured with a gamma counter in a
venous blood sample collected at the end of the PET
scan (r=0.814, p <0.0001, slope =1.67+0.27). In the
two animal groups which received erlotinib, total
plasma radioactivity concentrations measured at the
end of the PET scan in the gamma counter were signif-
icantly higher than in the vehicle group (Figure 1(a)).
In Figure 1(b), TACs in the brain are shown for all
groups. Brain TACs were low in the vehicle and erlo-
tinib groups, on an intermediate level in the tariquidar
group and highest in the erlotinib/tariquidar group.
AUCpqin and V' prain values in individual animals per
group are shown in Figure 1(c) and (d) and kypiake brain
values are shown in Supplementary Figure 1. In

agreement with the brain TACs, all three parameters
were comparably low for the vehicle and erlotinib
groups, intermediate for the tariquidar group and high-
est in the erlotinib/tariquidar group. AUCy,,i, was sig-
nificantly increased by 2.0-fold in the tariquidar group
and by 3.8-fold in the erlotinib/tariquidar group, as
compared with the vehicle group (Figure 1(c)). For
comparison, Abcbla/b'™'~) Abeg2™/7) mice, which had
been examined in a previous study,'” had a 1.9-fold
higher AUC,,i, than the vehicle group. This discrep-
ancy in AUCy.,;, between Abcb]a/b(_/ _)Abch(_/ )
mice and erlotinib/tariquidar-treated wild-type-mice
may be related to higher plasma radioactivity exposure
in the latter. V't prain, Which takes plasma radioactivity
concentrations into account, was 1.9-fold higher in the
tariquidar group, 3.0-fold higher in the erlotinib/tari-
quidar group and 2.1-fold higher in Abcbla/
b Abeg2/7) mice as compared with the vehicle
group (Figure 1(d)). As an additional measure of the
brain distribution of [''Clerlotinib, we determined Kb,
brain and Ky prain from samples collected from the ani-
mals after the PET scan (Supplementary Figure 2). K,
brain and K, prin values followed a similar trend as
AUCbraina VT,brain and kuptakc,brain with low values in
the vehicle and erlotinib groups, intermediate values in
the tariquidar group and highest values in the erlotinib/
tariquidar group.

Non-human primate experiments

We assessed in two rhesus macaques the effect of com-
bined infusion of erlotinib and tariquidar on the brain
distribution of [''Clerlotinib in comparison with con-
trol animals, which received no treatment (baseline). In
addition, one animal each was either treated with erlo-
tinib or with tariquidar infusion alone. All treatments
were well tolerated and neither a change in pCO,, heart
rate, rectal temperature nor respiratory frequency was
observed during and after infusion. PET summation
images for all tested conditions are shown in Figure 2
and TACs in arterial plasma, brain and muscle
are shown in Figure 3. Similar to the mouse data
(Figure 1(b)), brain [''Clerlotinib concentrations were
highest in the erlotinib/tariquidar group and compara-
ble to baseline in the erlotinib group (Figure 3(b)). In
contrast to the mouse data, tariquidar infusion alone
produced no effect on the brain concentrations of [''C]
erlotinib in the single examined animal. Erlotinib/tar-
iquidar infusion changed the kinetics and increased the
level of exposure of [''Clerlotinib in arterial plasma
(Figure 3(a)) and muscle tissue (Figure 3(c)). In
Table 2, pharmacokinetic parameters are given for all
investigated conditions.  Erlotinib/tariquidar  co-
infusion induced a 3.9- and 5.6-fold increase in
AUC,.n In the two examined animals. There was



1640

Journal of Cerebral Blood Flow & Metabolism 41(7)

(a} ki
157 '
* %
£
1.0
]
2 o 8
a 0.5 8%2 %
o o
D-n T T T T
.A\e A\ ¢ ] . At . Aat
\13“““\ act™ a‘\a“‘da am“‘da
: o(\“‘b“
e
(C) kkkk
€ 304 gié
g k% :
= L —— | '
2 o |
£ 40 o) i 4%3
_B '
O 20 P
© ‘
< 0 T T T T - T
& 1A
BT L P, AR ¢\ {
NCA 31\0“‘ 91;'\9‘3‘,3{\0«“\ P Px)og?‘
a\°"‘°‘ bcb"am
p

(b) O Vehicle
= Erlotinib
2.5 A Tariquidar
¥ Erlotinib/tariquidar
2.0 III I
=
©
S 1.5- !
= I I
D 1.0- o
n A
A ) N
0.5 083 5 5 & @
0.0 T T 1
0 20 40 60
Time (min)
(d)
0.8 bl '
A o
E_ 0.6-
E Rk :
0.4 "
= O e ! ﬁ
Bl @ ds |
S 0.21 i
P‘ 1
> i
0-0 T T T T : \
ST o] .éa‘ .dai ,i;]
O o 0T
Ne eq\0 <o z:b\w‘\u o Ppcg
ﬁ‘\O\\ pdocb)\a

Figure 1. Kinetics of [''Clerlotinib in mice. Total radioactivity concentration in venous plasma collected at the end of the PET scan,
measured in 2 gamma counter in all examined mouse groups (a). Time-activity curves (mean = SD) in whole brain (b), AUC,,.;, values
(c) and V1ppain values (d) for all examined mouse groups. For comparison, AUCy,,;n and Vrpp.in Values are also shown for Abcblal
b/ Abcg2"™) mice measured in a previous study.'” *p < 0.01; ¥¥p < 0.001; *p < 0.0001, one-way ANOVA with Dunnett’s

multiple comparisons test.

also a substantial but less pronounced increase (1.7-
and 1.4-fold) in AUC,yscle, Which suggested a change
in the peripheral kinetics of ['!'Clerlotinib. VT brains
which takes a change in plasma kinetics into account,
was increased by 3.4- and 5.0-fold during erlotinib/tar-
iquidar co-infusion as compared with baseline, consis-
tent with a 2.7-fold-increase in kyptake brain (Table 2).
These results were also consistent with the increases
observed in AUCRbrain/plasma and AUCRbrain/musclea
which were used as additional parameters to describe
the brain uptake relative to peripheral tissues. In the
heavier macaque (M2), brain exposure reached similar
levels as muscle exposure resulting in an AUCRy4in,
muscle Value close to 1 (Table 2). The effect of either
erlotinib or tariquidar infusion alone on the brain dis-
tribution of [''Clerlotinib was less pronounced

suggesting only partial inhibition of ABC transporters,
consistent with the data obtained in mice.

Experiments in hESC-derived cerebral organoids

We used hESC-derived cerebral organoids to recapitu-
late the impact of prolonged exposure to tested inhib-
itors on human brain cells, in the absence of any BBB
efflux transport. Cerebral organoids were treated for
24h with clinically relevant concentrations of either
erlotinib alone (10 ug/mL, 25 uM) or tariquidar alone
(Sug/mL, 6 uM) or a combination of both drugs and
Caspase-3 activation was measured as a marker of apo-
ptosis (Figure 4). Treatment with either erlotinib alone
or tariquidar alone resulted in no significant changes in
Caspase-3 activation compared to the DMSO control
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(@) Baseline (b)  Erlotinib

(c) Tariquidar

(d) Erlotinib/tariquidar

Figure 2. [''C]Erlotinib PET images in nonhuman primate. Representative coronal, axial and sagittal [''C]erlotinib PET summation
images (0—60 min) obtained in macaques without (a) or with treatment with erlotinib infusion alone (b), tariquidar infusion alone (c) or

combined erlotinib/tariquidar infusion (d).

group. However, the combined treatment with erlotinib
and tariquidar resulted in a significant rise in Caspase-3
activation, accounting for 312+ 180% of DMSO con-
trol (Figure 4). In Supplementary Figure 3, representa-
tive stained sections prepared from all groups are
shown.

Discussion

The aim of this study was to develop a clinically feasi-
ble protocol to achieve complete inhibition of both
ABCBI1 and ABCGQG?2 activity at the BBB, thus provid-
ing a method to improve the brain delivery of dual
ABCBI/ABCG?2 substrates and enable molecularly tar-
geted therapy of CNS diseases.”'® We hypothesized
that combined administration of erlotinib and tariqui-
dar, which has each previously been applied as trans-
porter inhibitor in an experimental setting in healthy
human volunteers,'* '® may provide a more effective
strategy to inhibit ABCB1 and ABCG?2 activity at the
BBB than each compound administered alone.

We used PET imaging with [''Clerlotinib as a model
ABCB1/ABCG?2 substrate to evaluate this novel phar-
macological inhibition protocol in mice and NHPs, in a
translational approach. A wealth of preclinical and
clinical studies, including the use of transporter-
deficient mice, have either used unlabeled erlotinib or
[''Clerlotinib as prototypical probe substrates to study
the importance of ABCB1/ABCG?2 activity at the BBB
and to increase the extremely low baseline brain pene-
tration of this drug with different pharmacological

inhibition strategies.>!¢20:283638  Combined efflux
by ABCBI1 and ABCG2, rather than physical integrity
of the BBB, was shown to be the rate-limiting factor for
the brain delivery of ['!'Clerlotinib.'”¥’

The main finding of our study is a substantial
increase in brain exposure (AUCy,,i,) and BBB pene-
tration (Vr.prain and Kyprake.rain) of [''Clerlotinib in
mice and rhesus macaques receiving a co-infusion of
erlotinib and tariquidar, while infusion of each drug
alone proved to be less effective. The erlotinib/tariqui-
dar combination increased V' prain in Wild-type mice to
similar levels as in Abchla/b'™' 7 Abcg2 ™) mice,
suggesting complete inhibition of ABCBI1/ABCG2-
mediated efflux at the mouse BBB. In the two maca-
ques treated with the erlotinib/tariquidar combination,
VT brain Was increased by 3.4- and 5.0-fold, respectively.
The increases in V' iy induced by the erlotinib/tari-
quidar combination were more pronounced than the
2.7-fold increase in Kypiake brain Measured in the same
animals. This suggests that the impact of ABC trans-
porters on the overall brain distribution of [''Clerloti-
nib may not only be restricted to the initial transfer
from plasma into brain across the BBB.* In absence
of transporter-deficient NHPs, the extent of ABCBI1/
ABCG?2 inhibition was estimated by the AUCRy,in,
muscle Value. The muscle is not protected by ABCBI
and ABCG2 and muscle surrounding the skull has
been proposed as a reference region to investigate
ABC transporter activity at the BBB, thereby taking
any change in peripheral kinetics and/or binding to
plasma proteins into account.** In our previous study
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Figure 3. Kinetics of [''CJerlotinib in nonhuman primates.
Metabolite-corrected arterial input function of parent [''C]
erlotinib in arterial plasma (a) and time-activity curves in the
brain (b) and muscle tissue surrounding the brain (c) in macaques
under the different tested conditions. Data are presented as
individual values or mean+SD (n=2).

conducted in baboons, infusion of high-dose elacridar
increased AUCR pgin/muscie Of ['!'Clerlotinib to approx-
imately unity suggesting complete inhibition of efflux
transporter activity at the BBB.'® In the present study,
AUCRpain/muscle  measured in the two macaques
treated with the erlotinib/tariquidar combination was
0.5 and 1, which corresponded to a 2.3- and 4.0-fold
increase over baseline, respectively. This suggested that
complete inhibition of ABC transporter-mediated
efflux of [''Clerlotinib was achieved in the animal

which received the higher absolute dose of erlotinib
and tariquidar.

In both mice and macaques, co-infusion of erlotinib/
tariquidar increased the plasma concentrations of
radioactivity, suggesting a change in peripheral phar-
macokinetics. Moreover, erlotinib/tariquidar-treated
macaques showed a trend towards decreased elimina-
tion of [''Clerlotinib from plasma as compared with
the control group. Similar effects have been reported
in humans treated with high-dose oral erlotinib, which
has been attributed to decreased hepatic clearance of
[''Clerlotinib caused by inhibition/saturation of hepat-
ic transporters.” The change in plasma pharmacoki-
netics in erlotinib/tariquidar-treated macaques was
consistent with the observed increase in radioactivity
in the muscle. However, kinetic modeling, which
takes the plasma kinetics into account, confirmed that
the change in the peripheral kinetics of [''Clerlotinib
observed in mice and macaques treated with the erlo-
tinib/tariquidar combination was not the main cause
for the increased brain exposure to [''Clerlotinib. It
cannot be excluded that the employed inhibitors
changed the plasma-free fraction of [''Clerlotinib,
which could have influenced the extent of its BBB pen-
etration. However, the plasma-free fraction of [''C]
erlotinib cannot be reliably estimated as [''CJerlotinib
is highly bound to plasma proteins (>98%).

In mice and macaques treated with the erlotinib/tar-
iquidar combination, the magnitude of the increase in
brain distribution of [''Clerlotinib over baseline was
compared to animals treated with the same doses of
erlotinib or tariquidar alone. It is noteworthy that erlo-
tinib alone did not significantly increase the brain dis-
tribution of [''CJerlotinib in mice. In contrast, in Papio
anubis baboons infusion of high-dose erlotinib alone
(10mg/kg/h) was previously shown to partially inhibit
transporter-mediated efflux of [''Clerlotinib at the BBB
and increase VT prain DY 1.7-fold,'® which was con-
firmed in the single macaque examined in this study.
Tariquidar alone markedly increased the brain distri-
bution of [''CJerlotinib in mice but had only a relative-
ly small effect in the examined macaque, consistent
with previous data showing that tariquidar alone did
not improve the brain penetration of [''Clerlotinib in
humans.'® These discrepancies can be most likely
attributed to species differences in the abundance of
ABCBI and ABCG?2 at the BBB between rodents (i.e.
mice or rats) and NHPs. Proteomic studies have shown
that ABCQG2 is the predominant efflux transporter at
the BBB of cynomolgus monkeys (Macaca fascicularis)
and humans and that the abundance of ABCG?2 is
3.6-fold higher in cynomolgus monkeys than in
mice.***! Conversely, ABCBI abundance in cynomol-
gus monkeys was only 0.30-fold of that in mice.
Consequently, administration of high-dose erlotinib,
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Table 2. Impact of investigated treatments on the plasma and tissue kinetics of [''Clerlotinib in NHPs.

'A‘Ucplasmaa AUCbrain

AUCmuscIe AUCRbrain/muscIe AUCRbrain/pIasma kuptake,brain VT,br'ain

Condition Monkey (SUV.min) (SUV.min) (SUV.min) (unitless) (unitless) (mL/min/g) (mL/cm?)
Baseline MI 46.8 74 36.1 0.20 0.16 0.012 0.17
M2 57.1 1.4 47.3 0.24 0.20 0.013 0.24

Erlotinib/tariquidar Ml 69.4 28.8 61.4 0.47 0.41 0.032 0.58

(10 mg/kg/h; 4 mglkg/h) M2 552 63.8 67.3 0.95 I.16 0.035 1.21
Erlotinib MI 47.7 10.9 41.5 0.26 0.23 0.016 0.28

(10 mg/kg/h)
Tariquidar M2 30.3 79 30.5 0.26 0.26 0.015 0.47

(4 mg/kg/h)

Corrected for radiolabeled metabolites of [''Clerlotinib.
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Figure 4. Caspase-3 activation in hESC-derived cerebral orga-
noids. Organoids were incubated for 24 h with medium with
0.1% DMSO (DMSO control), erlotinib hydrochloride (10 pg/mL,
erlotinib), tariquidar dimesylate (5 pg/mL, tariquidar) and a
combination of erlotinib hydrochloride (10 pig/mL) and tariquidar
dimesylate (5 pg/mL) (erlotinib/tariquidar) (n= 1| cerebral orga-
noid per treatment with eight slices analyzed per cerebral
organoid). Results are expressed as percent of DMSO control.
*#p < 0.001, one-way ANOVA with Dunnett’s multiple com-
parisons test.

which has a greater potential to inhibit ABCG2,** was
more effective in inhibiting transporter-mediated efflux
of [''Clerlotinib in humans and NHPs than in mice,
while tariquidar, which has a greater potential to inhib-
it ABCBI,'> was more effective in mice than in humans
and NHPs. Therefore, co-infusion of erlotinib and tar-
iquidar may compensate the potential of each single
drug for preferentially targeting either ABCBI or
ABCG?2, thus enabling more effective inhibition of
the overall ABC transporter-mediated efflux of [''C]
erlotinib at the BBB. Moreover, this observation
strongly supports the use of PET imaging in NHPs to

predict the outcome of pharmacological inhibition of
ABCBI and/or ABCG?2 at the BBB in humans.***
Several strategies to overcome ABCBI- and
ABCG2-mediated efflux transport at the BBB have
been tested in animals but failed to reach clinical appli-
cation. The dual ABCBI/ABCG?2 inhibitor elacridar
was successfully translated from rodents to NHPs as
a means to improve the brain delivery of erlotinib.!”
Unfortunately, the available oral formulation of elacri-
dar for human use did not provide sufficiently high
plasma levels of elacridar to improve the brain delivery
of [''Clerlotinib in humans.?® In patients, erlotinib is
intended for the oral route. It has been reported that
pulsatile dosing of high-dose erlotinib may result in
improved disease control in some EGFR-positive
non-small cell lung cancer patients with brain metasta-
ses.** This observation is consistent with an improved
brain penetration of [''Clerlotinib enabled by partial
inhibition or saturation of ABC transporter-mediated
efflux at the BBB by high-dose erlotinib.'® Given its
minimal toxicity, pulsatile erlotinib at a weekly single
oral dose of 1000-1500mg is a reasonable option in
patients whose disease has progressed during standard
treatment at daily oral doses of 150 mg.** Plasma levels
achieved during the infusion of 10 mg/kg/h erlotinib in
baboons ranged from 5 to 10pug/mL (13-25puM),"®
which was in similar range as peak plasma levels mea-
sured in patients after pulsatile dosing (15-24 uM for
an oral dose of 1600 mg).*> For comparison, peak erlo-
tinib plasma concentrations after standard clinical
dosing (150 mg oral) were reported as 3.7+ 1.2 uM.*
Unfortunately, partial and variable clinical response to
pulsatile dosing is observed, which may be linked to
remaining ABC transporter activity at the BBB, possi-
bly that of ABCB1.** Tariquidar can be formulated for
1.v. infusion and the dose of tariquidar selected in this
work (4mg/kg/h) has been safely used before in
baboons and humans to achieve nearly complete inhi-
bition of ABCBI activity at the BBB.'"*** The plasma
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levels of tariquidar at this dose were in a similar range
in humans (1.7-4.1uM)" and in baboons (3.7-
6.0 uM). >

The demonstration of the feasibility and efficacy of
erlotinib/tariquidar co-infusion for ABCB1/ABCG?2
inhibition at the BBB of NHPs is an important step
towards a future translation of this inhibition protocol
to humans. A potential advantage of the erlotinib/tar-
iquidar co-infusion protocol is that it not only inhibits
ABCB1/ABCGQG?2 activity at the BBB, but may, at the
same time, enable CNS-targeted EGFR inhibition and
thus allow for the treatment of EGFR-dependent brain
tumors or metastases.

Importantly, tariquidar itself is — just like erlotinib —
subject to ABCB1- and ABCG2-mediated efflux trans-
port at the BBB.!3*7¥ As a consequence, simultaneous
inhibition of ABCB1 and ABCG?2 achieved with co-
infusion of erlotinib/tariquidar is likely to enhance
the brain exposure to both compounds. Increased
brain levels of erlotinib alone or tariquidar alone
were safely achieved in healthy volunteers.!>!®
However, it is difficult to predict the tolerability of
simultaneous high brain exposure to both compounds
in humans. Our in vitro data in hESC-derived cerebral
organoids, which are not protected by the BBB,
showed that erlotinib or tariquidar alone — at concen-
trations corresponding to the plasma concentrations
measured in NHPs — did not induce apoptosis, while
there was an apparent synergy between erlotinib and
tariquidar in apoptosis induction. Although the exact
reasons for this apparent synergy remain unknown, it
can be speculated that this was caused by increased
intracellular access of erlotinib and/or tariquidar.
Caution is therefore warranted to address potential
safety issues of the erlotinib/tariquidar combination
before a future clinical application in cancer patients.
Previous work has shown that the cerebral ABCBI
inhibitory effect of tariquidar in humans is rapidly
reversible and only maintained for the duration of the
continuous i.v. infusion,'* so that it can be assumed
that only transiently high concentrations of both erlo-
tinib and tariquidar will be achieved in the human
brain during application of our inhibition protocol. It
is noteworthy that Caspase-3-dependent apoptosis is
intended as a therapeutic target and provides an effica-
cy biomarker for brain-penetrant chemotherapy such
as temozolomide.** Further investigations are there-
fore needed to address whether apoptosis induced by
the erlotinib/tariquidar combination is a limitation for
its clinical use or rather a mechanism to potentiate the
effects of erlotinib that may help in fighting cancer cells
in patients with EGFR-positive CNS tumors or
metastases.

Conclusion

We successfully demonstrated in a translational set-up,
comprising experiments in mice and NHPs, the efficacy
of erlotinib/tariquidar co-infusion to achieve complete
inhibition of ABCBI/ABCG2-mediated efflux trans-
port of erlotinib, resulting in substantial increases in
its brain exposure and potentially enabling CNS-
targeted EGFR inhibition. It remains to be determined
whether the erlotinib/tariquidar co-infusion protocol
can be combined with other molecularly targeted anti-
cancer drugs and overcome their ABCB1/ABCG2-
mediated efflux transport at the BBB, thus allowing a
more effective treatment of primary or secondary brain
tumors. For a potential future application in cancer
patients, particular attention needs to be paid to
safety issues.
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