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The tyrosine kinase inhibitor erlotinib poorly penetrates the blood–brain
barrier (BBB) because of efflux transport by P-glycoprotein (ABCB1)

and breast cancer resistance protein (ABCG2), thereby limiting its utility

in the treatment of non–small cell lung cancer metastases in the brain.
Pharmacologic strategies to inhibit ABCB1/ABCG2-mediated efflux

transport at the BBB have been successfully developed in rodents,

but it remains unclear whether these can be translated to humans given

the pronounced species differences in ABCG2/ABCB1 expression
ratios at the BBB. We assessed the efficacy of two different ABCB1/

ABCG2 inhibitors to enhance brain distribution of 11C-erlotinib in

nonhuman primates as a model of the human BBB.Methods: Papio
anubis baboons underwent PET scans of the brain after intravenous
injection of 11C-erlotinib under baseline conditions (n 5 4) and during

intravenous infusion of high-dose erlotinib (10 mg/kg/h, n 5 4) or

elacridar (12 mg/kg/h, n 5 3). Results: Under baseline conditions,
11C-erlotinib distribution to the brain (total volume of distribution

[VT], 0.22 6 0.015 mL/cm3) was markedly lower than its distribution

to muscle tissue surrounding the skull (VT, 0.86 6 0.10 mL/cm3). Ela-

cridar infusion resulted in a 3.5 6 0.9-fold increase in 11C-erlotinib
distribution to the brain (VT, 0.81 6 0.21 mL/cm3, P , 0.01), reaching

levels comparable to those in muscle tissue, without changing 11C-

erlotinib plasma pharmacokinetics. During high-dose erlotinib infusion,
11C-erlotinib brain distribution was also significantly (1.7 6 0.2-fold)
increased (VT, 0.38 6 0.033 mL/cm3, P , 0.05), with a concomitant

increase in 11C-erlotinib plasma exposure. Conclusion: We success-

fully implemented ABCB1/ABCG2 inhibition protocols in nonhuman
primates resulting in pronounced increases in brain distribution of
11C-erlotinib. For patients with brain tumors, such inhibition proto-

cols may ultimately be applied to create more effective treatments

using drugs that undergo efflux transport at the BBB.
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Non–small cell lung cancer (NSCLC) accounts for approxi-
mately 85% of all lung cancers and is the leading cause of cancer-

related death around the world (1,2). Gene mutations that activate
epidermal growth factor receptor (EGFR) (e.g., the exon 19 deletion

delE746-A750 or the exon 21-point mutation L858R) occur in 10%–

20% of patients with NSCLC in North American and European
populations and in up to 60% among Asian populations. In patients

with activating mutations, EGFR-targeting tyrosine kinase inhibitors

(TKIs), such as gefitinib, erlotinib, and afatinib, have led to remark-

able tumor shrinkage and improvement in progression-free survival
and quality of life compared with standard chemotherapy. Unfortu-

nately, the central nervous system is a common site of progression,

and 25%–40% of NSCLC patients develop brain metastases during
or after systemic benefit with TKIs (1,2). The outcome is poor for

NSCLC patients with brain metastases, for whom there are only few

effective treatment options, such as radiation therapy with or without
stereotactic radiosurgery (1,2). Insufficient drug delivery to the cen-

tral nervous system, due to the poor permeability of the blood–brain

barrier (BBB) to TKIs, is hypothesized to account for differences in

clinical response to TKI treatment between the central nervous system
and peripheral organs.
The BBB is essentially formed by the endothelial cells of brain

capillaries that express high levels of adenosine triphosphate–

binding cassette (ABC) efflux transporters, such as P-glycoprotein
(rodents: Abcb1a; humans: ABCB1) and breast cancer resistance

protein (rodents: Abcg2, humans: ABCG2), which can restrict the

brain distribution of many drugs. It has been shown that most
EGFR-targeting TKIs, including erlotinib and gefitinib, are substrates

of both ABCB1 and ABCG2, which leads to very low brain concen-

trations of these drugs (3,4). Whereas there is a large body of evidence

that the BBB is disrupted in necrotic areas of primary brain tumors as
compared with healthy brain tissue (5), it remains controversial to

what extent a BBB disruption in metastatic lesions affects chemother-

apeutic drug exposure and efficiency (6).
A potentially powerful strategy to improve delivery of TKIs to

the brain, including tumor tissue that is protected by an intact
BBB, is the concomitant administration of ABC transporter
inhibitors (5,7). Studies on transporter knockout mice showed that
Abcb1a and Abcg2 work together in limiting the brain distribution
of most TKIs (3,4). When Abcb1a alone or Abcg2 alone is
knocked out, the other transporter restricts the access of dual
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substrates to the brain, so that dual substrates can penetrate the
brain only when both Abcb1a and Abcg2 are absent (8). On the
basis of this functional interplay between ABCB1 and ABCG2,
delivery of dual ABCB1/ABCG2 substrates such as TKIs to the
brain can most likely be significantly enhanced only when both
transporters are simultaneously inhibited. The most potent currently
available dual ABCB1/ABCG2 inhibitor is elacridar (GF120918).
Numerous studies have shown that elacridar can effectively inhibit
Abcb1a and Abcg2 at the mouse BBB (3). However, it is not cur-
rently clear to what extent ABCB1/ABCG2 inhibition at the BBB by
elacridar can be translated to species other than rodents, including
humans. Importantly, there are considerable species differences in
relative expression levels of ABCB1 and ABCG2 at the rodent and
human BBB, with ABCG2/ABCB1 expression ratios of approxi-
mately 1.3 in humans and 0.3 in mice (9). These species differences
in transporter expression may lead to different sensitivities to trans-
porter inhibition in rodents and humans.
PET can be used to noninvasively study the effect of trans-

porters on the brain distribution of radiolabeled drugs. PET studies
already have demonstrated that ABCB1 can be effectively inhibited at
the human BBB with the third-generation ABCB1 inhibitor
tariquidar, resulting in up to 5-fold increases in the brain distribution
of the radiolabeled ABCB1 substrates (R)-11C-verapamil and 11C-N-
desmethyl-loperamide (10,11). In contrast to these ABCB1-selective
substrates, the brain distribution of dual ABCB1/ABCG2 substrate
radiotracers was enhanced to a much smaller extent by tariquidar
administration (12), supporting the assumption that both ABCB1
and ABCG2 need to be inhibited to increase the brain distribution
of dual ABCB1/ABCG2 substrates.
The aim of the present study was to assess for the first time the

effect of ABCB1/ABCG2 inhibition with elacridar on brain
distribution of 11C-erlotinib in nonhuman primates that more
closely resemble humans than rodents in terms of transporter
expression levels at the BBB (13). In addition, on the basis of
previous evidence that erlotinib at high doses can inhibit ABCB1
and ABCG2 (14), we investigated the effect of high-dose erloti-
nib administration on the brain delivery of 11C-erlotinib.

MATERIALS AND METHODS

Animals

All animal use procedures were in accordance with the recommen-

dations of the European Community (86/809/CEE) and the French
National Committees (law 87/848) for the care and use of laboratory

animals. The experimental protocol was evaluated by a local ethics
committee for animal use (CETA/APAFIS 892). Animal experiments

were performed on 3 adult male Papio anubis baboons (24–27 kg in
weight during the study) obtained from a primatology station (Cel-

phedia Station of Primatology).

Chemicals

Erlotinib hydrochloride was obtained from Apollo Scientific Ltd.
Elacridar hydrochloride and 6-O-desmethyl erlotinib were purchased

from Syncom BV.

Radiochemistry
11C-erlotinib was synthesized by 11C-methylation of 6-O-desmethyl

erlotinib following a previously described procedure (15). 11C-erlotinib

was formulated in 0.9% aqueous saline with 10% ethanol (v/v) at an
approximate concentration of 50 MBq/mL for intravenous injection

into the animals. The radiochemical purity of 11C-erlotinib was greater
than 98%, and the specific activity at the end of synthesis was 140–

300 GBq/mmol (n 5 11).

Experimental Conditions

The PET experiments were performed under 3 conditions.
Baseline 11C-erlotinib kinetics (n 5 4) were compared with those

obtained using infusion of high-dose erlotinib at a dose of 10 mg/
kg/h (n 5 4) and using infusion of elacridar at a dose of 12 mg/kg/h

(n 5 3). The administered dose of erlotinib was based on previous
experiments in rodents (16). The administered dose of elacridar

was based on the maximal possible solubility of the compound.
Each baboon underwent one PET scan under each condition. One

animal additionally received a second baseline and high-dose erlo-
tinib scan. In each baboon, only one PET scan was performed per

study day, with an interval of at least 15 d between scans on the
same baboon. Erlotinib for intravenous infusion was formulated at

a concentration of 4 g/L. Briefly, erlotinib hydrochloride (400 mg)
was solubilized in sterile water for injection (50 mL) containing

6% (w/v) Captisol (Ligand Pharmaceuticals, Inc.). This solution was
then mixed with 5% sterile aqueous glucose solution (w/v, 50 mL).

Elacridar was formulated for intravenous administration in sterile aque-
ous glucose solution (2.5%, w/v) at a concentration of 5 g/L using an in-

house–developed cosolvent strategy resulting in a final tetrahydrofuran

concentration of less than 5% (v/v). The infusion rate of the solutions
was 58–67 mL/h, depending on body weight, starting 30 min before 11C-

erlotinib injection and continuing until the end of PET scanning (total
infusion time, 90 min).

PET Experiments

Each monkey underwent a T1-weighted brain MR scan using an
Achieva 1.5-T scanner (Philips) while under ketamine anesthesia (10

mg/kg, intramuscularly; Virbac). The PET experiments were sub-
sequently performed on an HR1 Tomograph (Siemens Healthcare),

with the animal anaesthetized as described previously (17). In brief,
the animal first received ketamine (10 mg/kg, intramuscularly) to

induce anesthesia while the animal was being prepared the PET
experiment. After the animal had been intubated, a catheter was

inserted into a sural vein for injection of the radiotracer and tested
compounds. Another sural vein catheter was dedicated to propofol

infusion.
After the animal had been positioned under the camera, anesthesia

was maintained using an intravenous bolus of propofol (2 mL)

followed by a 16- to 22-mL/h intravenous infusion under oxygen
ventilation. The tidal volume was adjusted to achieve a stable end-

tidal CO2 tension (partial pressure of CO2) of between 38 and 42 mm
Hg. Heart rate and rectal temperature were monitored throughout the

experiment.
The head of the animal was positioned in the tomograph using a

custom-designed stereotaxic head holder. Head transmission scans
were acquired for 10 min using 3 retractable 68Ge rod sources. Then,

the animal was intravenously injected with 11C-erlotinib (255 6 64
MBq, corresponding to an injected erlotinib mass of 5.2 6 3.9 mg)

and scanned for 60 min. Dynamic PET data were acquired over the
brain in 3-dimensional mode with the animal supine. The animal was

extubated approximately 15 min after the end of PET scanning and
then was continuously monitored for at least 60 min. No influence of

erlotinib or elacridar infusion on partial pressure of CO2, heart rate,
rectal temperature, or respiratory frequency could be detected.

Arterial Input Function and Metabolism

A femoral artery catheter was used to draw blood samples for

arterial input function assessment. Arterial plasma samples (6 mL)
were drawn immediately before the start of the PET scan to measure

erlotinib or elacridar concentrations using newly developed high-
performance liquid chromatography methods that apply ultraviolet

detection. During the PET acquisition, arterial plasma samples (0.5 mL)
were withdrawn at 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 3, 5, 7.5, 10,
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15, 20, 30, 40, 50, and 60 min after radiotracer injection, centrifuged,

and counted. Additional plasma samples drawn at 0, 5, 10, 15, 30, and
60 min were used to estimate the percentage of unmetabolized pa-

rent 11C-erlotinib by radio–high-performance liquid chromatogra-
phy analysis. For each animal, a 2-exponential decay function was

fitted to the percentage of unmetabolized 11C-erlotinib versus time and
then applied to the corresponding total radioactivity time–activity

curve in plasma. Time–activity curves of unmetabolized parent 11C-
erlotinib in plasma were expressed as SUV ([radioactivity per mL of

plasma/injected radioactivity] · body weight). Parent 11C-erlotinib
plasma exposure was estimated under all tested conditions by calcu-

lating the area under the plasma time–activity curve (AUC) from 0 to
60 min. AUC, expressed as SUV · min, correlated inversely with 11C-

erlotinib plasma clearance (dose/AUC).

Data Reconstruction and Analysis

Measured attenuation and scatter corrections were applied to the

emission data. The data were reconstructed using a 3-dimensional
reprojection algorithm with an axial and transaxial Hanning filter for

which the cutoff was set to the Nyquist frequency.
In each baboon, the following volumes of interest were manually

drawn on T1-weighted MR images: whole brain hemispheres (58.36 3.3
cm3), cerebellum (10.36 0.5 cm3), striatum (1.86 0.2 cm3), frontal lobe

(9.0 6 0.1 cm3), occipital lobe (6.6 6 0.2 cm3), temporal lobe (10.4 6
0.2 cm3), parietal lobe (11.56 3.4 cm3), and temporal muscles surround-

ing the brain (21.5 6 2.4 cm3). The 11C-erlotinib PET images acquired
during elacridar infusion (representing the highest brain PET signal) were

coregistered to the corresponding MR images. The baseline PET images
and the PET images obtained during high-dose erlotinib infusion were

then coregistered to the respective PET images acquired during elacridar
infusion. The volumes of interest were then applied to all coregistered

dynamic PET data to generate corresponding time–activity curves.
Kinetic modeling was performed using Logan plot analysis with the

corresponding arterial plasma input function to estimate the total volume

of distribution (VT; mL/cm3) for each region under all tested conditions
(18). VT can be considered an estimate of the tissue-to-plasma concen-

tration ratio of erlotinib at steady state. Image analysis was performed
using PMOD software (version 3.6; PMOD Technologies Ltd.).

Statistical Analysis

Values are given as mean 6 SD. Differences between groups were
assessed on log-transformed data. A 2-way ANOVA followed by

Tukey post hoc testing was performed using “treatment” (baseline,
erlotinib, and elacridar) and “region” (brain and muscle) as factors.

The level of statistical significance was set at a P value of 0.05.

RESULTS

Plasma Pharmacokinetics

Infusion of high-dose erlotinib (10 mg/kg/h) resulted in an
erlotinib concentration of 6.9 6 0.3 mg/mL (approximately 16.0
mmol/L) in arterial plasma at the time of the PET experiment. In
elacridar-treated animals, the elacridar concentration in plasma at the
start of the PET experiment was 10.06 1.5 mg/mL (;16.7 mmol/L).
11C-erlotinib plasma pharmacokinetics were not influenced by ela-
cridar coinfusion, with plasma AUC values of 43.06 6.6 and 47.76
6.6 SUV · min in baseline and elacridar-treated animals, respec-
tively (Fig. 1A). Conversely, high-dose erlotinib significantly de-
creased 11C-erlotinib plasma clearance, giving a plasma AUC of
70.7 6 6.6 SUV · min (P , 0.01; Fig. 1A). Time–activity curves
of total radioactivity in plasma (i.e., the sum of parent 11C-erlotinib
and radiolabeled metabolites) and the percentage of parent 11C-erlotinib
with respect to total radioactivity in plasma under each condition
are shown in Supplemental Figure 1 (supplemental materials are
available at http://jnm.snmjournals.org). The percentage of parent
11C-erlotinib in plasma was lower in elacridar-treated animals than
in baseline or high-dose erlotinib-treated animals, suggesting that
elacridar may decrease the plasma clearance of radiolabeled me-
tabolites of 11C-erlotinib (Fig. 1A and Supplemental Fig. 1).

PET Experiments

Baseline PET scans confirmed a very low brain distribution of
11C-erlotinib, with no regional retention of radioactivity (Figs. 2A
and 3A). Brain radioactivity peaked rapidly (SUVmax, 0.54 6 0.08;
time of maximum uptake [Tmax], 1.25 min) followed by a rather fast
decrease in brain radioactivity, with an uptake of 0.080 6 0.01 at
60 min after injection (SUV60 min) (Figs. 1B and 2A). In high-dose
erlotinib-treated animals, brain radioactivity peaked at a higher
value (SUVmax, 0.78 6 0.17; Tmax, 1.75 min), with a higher
SUV60 min of 0.28 6 0.02 (P , 0.05) (Figs. 1B and 2B).
ABCB1/ABCG2 inhibition using elacridar resulted in a pronounced
increase in SUVmax (1.28 6 0.55; Tmax, 1.75 min), with a higher
SUV60 min (0.36 6 0.11) than the baseline SUV (P , 0.01) (Figs.
1B and 2C). Regional analysis showed that 11C-erlotinib kinetics
were similar in different brain regions under all 3 tested conditions
(Fig. 3), suggesting a nonspecific retention mechanism of 11C-erlotinib
in monkey brain and lack of blood flow dependence on radiotracer
uptake. Time–activity curves measured in temporal muscles sur-
rounding the skull were similar in baseline (SUVmax, 0.76 6 0.20;
Tmax, 5.5 min; SUV60 min 5 0.31 6 0.06) and elacridar-treated

FIGURE 1. Time–activity curves (SUVmean ± SD) in arterial plasma (A), brain (B), and temporal muscle surrounding skull (C) measured after injection

of 11C-erlotinib in baseline (n 5 4), high-dose erlotinib-treated (n 5 4), and elacridar-treated (n 5 3) animals. In A, time–activity curves are corrected

for radiolabeled metabolites of 11C-erlotinib and display only unmetabolized parent 11C-erlotinib in plasma.
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animals (SUVmax, 0.64 6 0.20; Tmax, 7 min; SUV60 min, 0.37 6
0.09) (Fig. 1C). Radioactivity measured in the temporal muscles
of high-dose erlotinib-treated animals peaked at higher concentra-
tions (SUVmax, 0.84 6 0.16), with a delayed Tmax of 27.5 min and
a higher SUV60 min of 0.756 0.12 (P, 0.001), than in baseline or
elacridar-treated animals. This finding may mainly reflect changes
in 11C-erlotinib plasma pharmacokinetics in this highly vascular-
ized tissue (Fig. 1C).
The PET data were modeled to estimate the tissue distribution

of 11C-erlotinib from arterial plasma under each tested condition
(Supplemental Table 1). Baseline 11C-erlotinib distribution to the
brain (VT, 0.22 6 0.015 mL/cm3) was significantly enhanced by
high-dose erlotinib (VT, 0.38 6 0.033 mL/cm3; 1.7 6 0.2-fold
increase, P , 0.05) and by elacridar treatment (VT, 0.81 6 0.21
mL/cm3; 3.5 6 0.9-fold increase, P , 0.01) (Fig. 4). There were
no significant differences in VT values in the temporal muscle
between the baseline (VT 5 0.86 6 0.10 mL/cm3), high-dose
erlotinib (VT, 1.04 6 0.06 mL/cm3), and elacridar (VT, 0.92 6
0.19 mL/cm3) conditions, indicating BBB-specific treatment ef-
fects (Fig. 4). VT values were significantly higher in the temporal
muscle (P , 0.001) than in the brain for baseline and erlotinib-
treated animals but not for elacridar-treated animals (Fig. 4).

DISCUSSION

Several previous PET studies on humans have examined the
effect of ABCB1 inhibitors such as cyclosporine A or tariquidar

on the brain distribution of radiotracers
that are transported only by ABCB1 at the
BBB, such as racemic 11C-verapamil,
(R)-11C-verapamil, and 11C-N-desmethyl-
loperamide (10,11,19). In contrast to the
inhibition of ABCB1, the combined inhi-
bition of both ABCB1 and ABCG2 has so
far not been exploited at the human BBB
because of the lack of suitable dual
ABCB1/ABCG2 inhibitors for clinical
use. Elacridar, a known ABCB1/ABCG2
inhibitor, was initially developed as a mul-
tidrug resistance reversal agent (20), but its
further clinical development was stopped,
most likely because of failure of the com-
pound to improve the outcome in clinical

oncology trials. Elacridar was available only as an oral formula-
tion for administration to humans and suffered from poor bioavail-
ability, which considerably limits plasma exposure (7,21). Numer-
ous rodent studies have shown that intravenous administration of
elacridar can substantially inhibit Abcb1a and Abcg2 at the rodent
BBB, resulting in pronounced increases in the brain distribution of
various dual ABCB1/ABCG2 substrate drugs (3,4).
This study is, to our knowledge, the first in which the effect of dual

ABCB1/ABCG2 inhibition has been assessed in vivo at the non-
human primate BBB. We studied the brain distribution of erlotinib,
which was previously shown to be a substrate of both rodent and
human ABCB1 and ABCG2 (8,22,23). Erlotinib can be straightfor-
wardly labeled with 11C (15). Our previous study showed that the
brain distribution of 11C-erlotinib in mice is restricted by Abcb1a and
Abcg2 and that radiolabeled metabolites of 11C-erlotinib are not
taken up by the brain (16). As compared with wild-type mice, dis-
tributional clearance of 11C-erlotinib to the brain was 4.6-fold higher
in Abcb1a/b(2/2)Abcg2(2/2) mice, 5.3-fold higher in elacridar-
pretreated wild-type mice, and 4.5-fold higher in high-dose erlotinib-
pretreated wild-type mice, suggesting that both elacridar and high-dose
erlotinib can inhibit Abcb1a- and Abcg2-mediated transport of 11C-
erlotinib at the mouse BBB (16).
The most important finding of our study is that ABCB1/ABCG2

inhibition with elacridar can be achieved at the nonhuman primate
BBB, resulting in an increase in brain distribution of 11C-erlotinib
(3.5-fold increase in brain VT) remarkably similar to that in ro-
dents (3.4-fold increase in brain-to-plasma concentration ratio at

FIGURE 2. (A–C) Representative horizontal 11C-erlotinib PET summation images (10–60 min)

obtained in brain of baseline (A), high-dose erlotinib-treated (B), and elacridar-treated (C) animals.

Radioactivity concentration is normalized to injected dose per body weight, expressed as SUV,

and set from 0 to 1.2. (D) Coregistered T1-weighted MR image that was used to delineate

different brain regions.

FIGURE 3. Representative time–activity curves of 11C-erlotinib in different brain regions for baseline (A), high-dose erlotinib-treated (B), and

elacridar-treated (C) animals.
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25 min after radiotracer injection) (16). On the basis of earlier
findings that the transporter inhibitory effect of elacridar at
the BBB is rapidly reversible (Supplemental Fig. 2), we admin-
istered elacridar as a continuous intravenous infusion that was
maintained for the duration of the PET scan, similar to PET
studies with the ABCB1 inhibitor tariquidar (10,11). Impor-
tantly, elacridar administration had no influence on the plasma
pharmacokinetics of 11C-erlotinib (Fig. 1A), indicating that in-
creases in exposure of the brain to 11C-erlotinib were due only
to transporter inhibition at the BBB. The limited impact of ela-
cridar on 11C-erlotinib plasma pharmacokinetics is consistent
with another study showing that total plasma clearance of erlo-
tinib was comparable in wild-type and Abcb1a/b(2/2)Abcg2(2/2)

mice (22). Elacridar also had no effect on 11C-erlotinib pharma-
cokinetics in muscle tissue surrounding the skull (Fig. 1C), fur-
ther supporting the possibility that the effect of elacridar on 11C-
erlotinib distribution specifically depends on the presence of
ABCB1 and ABCG2 at the blood–tissue interface. During ela-
cridar infusion, 11C-erlotinib brain distribution was on a level
similar to 11C-erlotinib muscle distribution (Fig. 4). Moreover,
during elacridar infusion, 11C-erlotinib VT in brain (0.81 6 0.21
mL/cm3) was comparable to that in primary lung tumors of
NSCLC patients without activating EGFR mutations (0.67–
1.22 mL/cm3) (15). This indicates that the elacridar concentra-
tions achieved in plasma in our study can effectively overcome
the “sanctuary” property of the brain compared with peripheral
tissues.
The second important finding of our study was that high-dose

erlotinib coinfusion during the PET scan led to a significant 1.7-
fold increase in 11C-erlotinib brain VT as compared with baseline
experiments, in which only a microdose (,10 mg) of 11C-erlotinib
was administered (Fig. 4). This finding suggests that erlotinib
may partially saturate its own transport by ABCB1 and ABCG2
at the BBB, leading to improved brain penetration at higher
doses. This possibility is supported by some clinical evidence
showing that pulsatile high-dose erlotinib administration (up to
oral doses of 2,000 mg) resulted in a partial but favorable
treatment response in NSCLC patients with brain metastases

(24,25). The increase in 11C-erlotinib brain VT during erlotinib
infusion was markedly smaller than the VT increase observed in

elacridar-treated animals, suggesting that erlotinib is a less potent

transporter inhibitor than elacridar and, at the used dose, led to

only to incomplete ABCB1 and ABCG2 inhibition at the BBB. In

contrast to elacridar treatment, high-dose erlotinib infusion caused

a significant 1.6-fold increase in plasma exposure of 11C-erlotinib

(Fig. 1A), which might have been due to transporter inhibition in

clearance organs such as the liver. Similar increases in 11C-

erlotinib plasma exposure after high-dose erlotinib administra-

tion that were observed in a mouse study were attributed to

inhibition of uptake transport by the liver (16). It is noteworthy

that erlotinib plasma concentrations at the time of the PET scan

(;16.0 mmol/L) were in the same range as peak plasma con-

centrations in NSCLC patients treated with pulsatile high-dose

erlotinib (14.5–22.7 mmol/L for an oral dose of 1,600 mg (24)).

For comparison, peak erlotinib plasma concentrations after

standard clinical dosing (150 mg oral) were reported as 3.7 6
1.4 mmol/L (26), which is most likely too low to inhibit

ABCB1/ABCG2 at the BBB. Our findings suggest that the im-

proved response rates observed with high-dose erlotinib in

NSCLC patients with brain metastases may at least partly be

due to increases in erlotinib distribution to brain metastases by

saturation of ABCB1- and ABCG2-mediated efflux at the BBB.

High-dose erlotinib may thus achieve a significant degree of

ABCB1/ABCG2 inhibition at the human BBB at clinically feasi-

ble doses. Given that erlotinib is a marketed drug that is available

as an oral formulation, high-dose erlotinib, which proved to be

well tolerated in cancer patients at doses of up to 2,000 mg (24),

may thus offer an interesting alternative to elacridar for inhibition

of ABCB1 and ABCG2 at the human BBB to increase brain

distribution of drugs that are dual ABCB1/ABCG2 substrates (e.g.,

other TKIs). In combination with other anticancer drugs, high-dose

erlotinib may additionally exhibit a synergistic antitumor effect.

Further work is therefore needed to find out whether this new

inhibition protocol will be equally effective for ABCB1/ABCG2

substrates other than erlotinib.
Because nonhuman primates closely resemble humans in

transporter expression levels at the BBB (13), our nonhuman

primate data strongly suggest that strategies to inhibit ABCB1

and ABCG2 at the BBB may be translatable to humans. A lim-

itation of this study is the use of healthy animals without brain

tumors. It is not known whether NSCLC patients with activating

EGFR mutations whose systemic disease is controlled by TKI

treatment and who have developed central nervous system metastases

during the course of the disease may benefit from ABCB1/ABCG2

inhibition at the BBB. Overexpression of EGFR is also frequently

found in glioblastoma and is often associated with the most ma-

lignant phenotype of the disease and a poor clinical outcome (27).

The clinical efficacy of EGFR-targeted therapy such as erlotinib

(daily oral doses of up to 500 mg) proved disappointing in these

patients (28). The invasive potential of glioma causes widespread

proliferation of high-grade glioma cells outside regions of the

tumor core and inside areas of otherwise normal brain, where

the function of the BBB is intact. In addition, ABC transporters

can be expressed in tumor cells as well and may confer intrinsic

chemoresistance, thus forming an additional hurdle against treat-

ment (5,7). Clinical trials are therefore necessary to assess whether

antitumor response rates can be improved using ABCB1/ABCG2

inhibition strategies.

FIGURE 4. VT of 11C-erlotinib estimated with Logan graphical analysis

in brain and temporal muscle surrounding skull for baseline, high-dose

erlotinib-treated, and elacridar-treated animals. *P , 0.05, 2-way

ANOVA with Tukey post hoc testing. **P , 0.01, 2-way ANOVA with

Tukey post hoc testing. ***P , 0.001, 2-way ANOVA with Tukey post

hoc testing.
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CONCLUSION

We tested the efficacy of elacridar and high-dose erlotinib to
increase the brain distribution of the dual ABCB1/ABCG2 sub-
strate 11C-erlotinib in nonhuman primates as a model of the hu-
man BBB. Both compounds resulted in significant increases in
brain distribution of 11C-erlotinib. We report for the first time
the target plasma concentrations at which these two transporter
inhibitors effectively inhibited ABCB1 and ABCG2 at the BBB.
Our findings suggest that the use of dual ABCB1/ABCG2 inhibi-
tion at the BBB to improve brain delivery of TKIs may become
clinically feasible.

DISCLOSURE

Sylvain Auvity and Michael Soussan received a public grant
overseen by the French National Research Agency (ANR) as part
of the “Investissement d’Avenir” program, through the “Lidex-
PIM” project funded by the IDEX Paris-Saclay, ANR-11-IDEX-
0003-02. Oliver Langer received grants from the Lower Austria
Corporation for Research and Education (NFB) (LS12-006) and
from the Austrian Science Fund (FWF) (F 3513-B20, KLI
480-B30). No other potential conflict of interest relevant to this
article was reported.

REFERENCES

1. Jamal-Hanjani M, Spicer J. Epidermal growth factor receptor tyrosine kinase

inhibitors in the treatment of epidermal growth factor receptor-mutant non-small

cell lung cancer metastatic to the brain. Clin Cancer Res. 2012;18:938–944.

2. Dempke WC, Edvardsen K, Lu S, Reinmuth N, Reck M, Inoue A. Brain metas-

tases in NSCLC: are TKIs changing the treatment strategy? Anticancer Res.

2015;35:5797–5806.

3. Durmus S, Hendrikx JJ, Schinkel AH. Apical ABC transporters and cancer

chemotherapeutic drug disposition. Adv Cancer Res. 2015;125:1–41.

4. Agarwal S, Hartz AM, Elmquist WF, Bauer B. Breast cancer resistance protein

and P-glycoprotein in brain cancer: two gatekeepers team up. Curr Pharm Des.

2011;17:2793–2802.

5. Agarwal S, Sane R, Oberoi R, Ohlfest JR, Elmquist WF. Delivery of molecularly

targeted therapy to malignant glioma, a disease of the whole brain. Expert Rev

Mol Med. 2011;13:e17.

6. Lockman PR, Mittapalli RK, Taskar KS, et al. Heterogeneous blood-tumor bar-

rier permeability determines drug efficacy in experimental brain metastases of

breast cancer. Clin Cancer Res. 2010;16:5664–5678.

7. van Tellingen O, Yetkin-Arik B, de Gooijer MC, Wesseling P, Wurdinger T, de

Vries HE. Overcoming the blood-brain tumor barrier for effective glioblastoma

treatment. Drug Resist Updat. 2015;19:1–12.

8. Kodaira H, Kusuhara H, Ushiki J, Fuse E, Sugiyama Y. Kinetic analysis of the

cooperation of P-glycoprotein (P-gp/Abcb1) and breast cancer resistance protein

(Bcrp/Abcg2) in limiting the brain and testis penetration of erlotinib, flavopir-

idol, and mitoxantrone. J Pharmacol Exp Ther. 2010;333:788–796.

9. Uchida Y, Ohtsuki S, Katsukura Y, et al. Quantitative targeted absolute proteo-

mics of human blood-brain barrier transporters and receptors. J Neurochem.

2011;117:333–345.

10. Kreisl WC, Bhatia R, Morse CL, et al. Increased permeability-glycoprotein in-

hibition at the human blood-brain barrier can be safely achieved by performing

PET during peak plasma concentrations of tariquidar. J Nucl Med. 2015;56:

82–87.

11. Bauer M, Karch R, Zeitlinger M, et al. Approaching complete inhibition of P-

glycoprotein at the human blood-brain barrier: an (R)-[11C]verapamil PET study.

J Cereb Blood Flow Metab. 2015;35:743–746.

12. Bauer M, Römermann K, Karch R, et al. A pilot PET study to assess the

functional interplay between ABCB1 and ABCG2 at the human blood-brain

barrier. Clin Pharmacol Ther. 2016;100:131–141.

13. Ito K, Uchida Y, Ohtsuki S, et al. Quantitative membrane protein expression at

the blood-brain barrier of adult and younger cynomolgus monkeys. J Pharm Sci.

2011;100:3939–3950.

14. Shi Z, Peng XX, Kim IW, et al. Erlotinib (Tarceva, OSI-774) antagonizes ATP-

binding cassette subfamily B member 1 and ATP-binding cassette subfamily G

member 2-mediated drug resistance. Cancer Res. 2007;67:11012–11020.

15. Bahce I, Smit EF, Lubberink M, et al. Development of [11C]erlotinib positron

emission tomography for in vivo evaluation of EGF receptor mutational status.

Clin Cancer Res. 2013;19:183–193.

16. Traxl A, Wanek T, Mairinger S, et al. Breast cancer resistance protein and P-

glycoprotein influence in vivo disposition of 11C-erlotinib. J Nucl Med. 2015;56:

1930–1936.

17. Saba W, Goutal S, Kuhnast B, et al. Differential influence of propofol and

isoflurane anesthesia in a non-human primate on the brain kinetics and binding

of [18F]DPA-714, a positron emission tomography imaging marker of glial ac-

tivation. Eur J Neurosci. 2015;42:1738–1745.

18. Logan J, Fowler JS, Volkow ND, et al. Graphical analysis of reversible radio-

ligand binding from time-activity measurements applied to [N-11C-methyl]-(2)-

cocaine PET studies in human subjects. J Cereb Blood Flow Metab. 1990;10:

740–747.

19. Muzi M, Mankoff DA, Link JM, et al. Imaging of cyclosporine inhibition of P-

glycoprotein activity using 11C-verapamil in the brain: studies of healthy hu-

mans. J Nucl Med. 2009;50:1267–1275.

20. Hyafil F, Vergely C, Du Vignaud P, Grand-Perret T. In vitro and in vivo reversal

of multidrug resistance by GF120918, an acridonecarboxamide derivative. Can-

cer Res. 1993;53:4595–4602.

21. Sane R, Agarwal S, Elmquist WF. Brain distribution and bioavailability of ela-

cridar after different routes of administration in the mouse. Drug Metab Dispos.

2012;40:1612–1619.

22. Marchetti S, de Vries NA, Buckle T, et al. Effect of the ATP-binding cassette

drug transporters ABCB1, ABCG2, and ABCC2 on erlotinib hydrochloride

(Tarceva) disposition in in vitro and in vivo pharmacokinetic studies employing

Bcrp12/2/Mdr1a/1b2/2 (triple-knockout) and wild-type mice. Mol Cancer

Ther. 2008;7:2280–2287.

23. Agarwal S, Manchanda P, Vogelbaum MA, Ohlfest JR, Elmquist WF. Function

of the blood-brain barrier and restriction of drug delivery to invasive glioma

cells: findings in an orthotopic rat xenograft model of glioma. Drug Metab

Dispos. 2013;41:33–39.

24. Milton DT, Azzoli CG, Heelan RT, et al. A phase I/II study of weekly high-dose

erlotinib in previously treated patients with nonsmall cell lung cancer. Cancer.

2006;107:1034–1041.

25. Grommes C, Oxnard GR, Kris MG, et al. “Pulsatile” high-dose weekly erlotinib

for CNS metastases from EGFR mutant non-small cell lung cancer. Neuro-

Oncol. 2011;13:1364–1369.

26. Frohna P, Lu J, Eppler S, et al. Evaluation of the absolute oral bioavailability and

bioequivalence of erlotinib, an inhibitor of the epidermal growth factor receptor

tyrosine kinase, in a randomized, crossover study in healthy subjects. J Clin

Pharmacol. 2006;46:282–290.

27. Addeo R, Zappavigna S, Parlato C, Caraglia M. Erlotinib: early clinical devel-

opment in brain cancer. Expert Opin Investig Drugs. 2014;23:1027–1037.

28. van den Bent MJ, Brandes AA, Rampling R, et al. Randomized phase II trial of

erlotinib versus temozolomide or carmustine in recurrent glioblastoma: EORTC

brain tumor group study 26034. J Clin Oncol. 2009;27:1268–1274.

122 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 58 • No. 1 • January 2017

by CEA Saclay on March 10, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

http://jnm.snmjournals.org/


Doi: 10.2967/jnumed.116.178665
Published online: August 4, 2016.

2017;58:117-122.J Nucl Med. 
  
Helal, Irène Buvat, Michael Soussan, Fabien Caillé and Oliver Langer
Nicolas Tournier, Sebastien Goutal, Sylvain Auvity, Alexander Traxl, Severin Mairinger, Thomas Wanek, Ourkia-Badia
  

Brain Barrier: A PET Study on Nonhuman Primates−the Blood
 Strategies to Inhibit ABCB1- and ABCG2-Mediated Efflux Transport of Erlotinib at

 http://jnm.snmjournals.org/content/58/1/117
This article and updated information are available at: 

  
 http://jnm.snmjournals.org/site/subscriptions/online.xhtml

Information about subscriptions to JNM can be found at: 
  

 http://jnm.snmjournals.org/site/misc/permission.xhtml
Information about reproducing figures, tables, or other portions of this article can be found online at: 

(Print ISSN: 0161-5505, Online ISSN: 2159-662X)
1850 Samuel Morse Drive, Reston, VA 20190.
SNMMI | Society of Nuclear Medicine and Molecular Imaging

 is published monthly.The Journal of Nuclear Medicine

© Copyright 2017 SNMMI; all rights reserved.

by CEA Saclay on March 10, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

http://jnm.snmjournals.org/content/58/1/117
http://jnm.snmjournals.org/site/misc/permission.xhtml
http://jnm.snmjournals.org/site/subscriptions/online.xhtml
http://jnm.snmjournals.org/

