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Abstract
The anticancer drug temozolomide is the only drug with proven activity against high-grade gliomas and has
therefore become a part of the standard treatment of these tumors. P-glycoprotein (P-gp; ABCB1) and breast
cancer resistance protein (BCRP; ABCG2) are transport proteins, which are present at the blood-brain barrier and
limit the brain uptake of substrate drugs. We have studied the effect of P-gp and BCRP on the pharmacokinetics
and pharmacodynamics of temozolomide, making use of a comprehensive set of in vitro transport experiments
and in vivo pharmacokinetic and antitumor efficacy experiments using wild-type, Abcg2−/−, Abcb1a/b−/−, and
Abcb1a/b;Abcg2−/− mice. We here show that the combined deletion of Abcb1a/b and Abcg2 increases the brain
penetration of temozolomide by 1.5-fold compared to wild-type controls (P b .001) without changing the systemic
drug exposure. Moreover, the same increase was achieved when temozolomide was given to wild-type mice in
combination with the dual P-gp/BCRP inhibitor elacridar (GF120918). The antitumor efficacy of temozolomide
against three different intracranial tumor models was significantly enhanced when Abcb1a/b and Abcg2 were
genetically deficient or pharmacologically inhibited in recipient mice. These findings call for further clinical testing
of temozolomide in combination with elacridar for the treatment of gliomas, as this offers the perspective of
further improving the antitumor efficacy of this already active agent.
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troduction
igh-grade gliomas, and in particular glioblastoma (GBM), are
fractory to virtually all chemotherapy regimens. Whereas it is
ssible that the heterogeneity within these tumors favors the
esence of innately resistant tumor cells, inadequate drug exposure of
mor cells because of the blood-brain barrier (BBB) is most likely
so a major cause of the general lack of efficacy of chemotherapy [1].
he BBB restricts the entry of nearly all commonly used agents.
lthough this barrier is often disrupted in more central tumor areas,
here leakiness can be visualized by contrast-enhanced magnetic
sonance imaging (MRI), it is still functional in the more peripheral
d surgically unresectable tumor regions that harbor many viable
d proliferating tumor cells. Moreover, glioma tumor cells have the
opensity to migrate deep into the surrounding normal brain tissue,
here the BBB is also fully intact [2,3].
The principal components of the BBB are the endothelial cells that
e linked together by tight junctions, limiting the paracellular
ovement of substances [4]. Moreover, transcellular routing is
rther restricted by the absence of fenestrae and the low endocytic
tivity of brain endothelial cells. Besides these more or less passive
straints, the BBB is also equipped with ATP-binding cassette (ABC)
flux transporters such as P-glycoprotein (P-gp, ABCB1) and breast
ncer resistance protein (BCRP, ABCG2) that together limit the
ain penetration of almost all classical chemotherapeutics and novel
rgeted anticancer drugs [5,6].
For a long time, the standard treatment of GBM consisted of
rgical resection followed by local radiotherapy, with or without
trosourea-based chemotherapy. However, a large number of
juvant nitrosourea-based chemotherapy trials have been conducted
t did not demonstrate significant survival benefit [7,8]. At the last
rn of the century, however, the orally bioavailable alkylating agent
mozolomide was reported to have significant activity in the
eatment of recurrent grade 3 and grade 4 gliomas, outperforming
ocarbazine in one study [9–11]. Then, about a decade ago, a large
ase III trial showed a significant survival benefit for radiotherapy in
mbination with concomitant and adjuvant temozolomide com-
red to radiotherapy alone [12]. This landmark study set the basis for
e new standard treatment of newly diagnosed GBM, where patients
art temozolomide (75 mg/m2/day for 42 days) concomitantly with
diotherapy, subsequently followed by six courses of temozolomide
onotherapy (150 to 200 mg/m2/day for 5 days with a 23-day rest
riod). Epigenetic silencing of the O6-methylguanine-DNA methyl-
ansferase (MGMT) promoter has been demonstrated to predict benefit
temozolomide chemotherapy [13]. Nevertheless, this drug is currently
ing prescribed tomost GBMpatients since it is generally well tolerated,
small survival benefit is seen in patients carrying nonsilenced MGMT
omotors, and there is no real alternative [14].
Temozolomide is generally believed to penetrate the BBB relatively
ell. Indeed, the brain penetration is apparently high enough to
prove the median survival of GBM patients from 12.1 to 14.6
onths [12]. Nevertheless, we here show that P-gp and BCRP
llectively limit the brain penetration of this drug. Using drug
ansporter knockout mouse models, we show that the temozolomide
ain penetration is increased when these two drug transporters are
sent or inhibited, while the plasma clearance of the drug remains
affected. Importantly, we show that the efficacy of temozolomide
ainst three independent experimental intracranial tumor models is
gnificantly improved when P-gp and BCRP are genetically absent or
armacologically inhibited.
aterials and Methods

eagents
Temozolomide (Temodal 20 mg hard capsules) originated from
hering Plough BV (Utrecht, The Netherlands). Elacridar (GF120918)
as a generous gift from GlaxoSmithKline Inc. (Research Triangle Park,
C). Erlotinib was kindly provided by OSI Pharmaceuticals, Inc.,
elville, NY). Zosuquidar was a generous gift of Eli Lilly (Indianapolis,
). Gefitinib was purchased from Sequoia Research Products Ltd.
angbourne, UK). Bovine Serum Albumin (BSA) fraction V was
rchased from Roche Diagnostics GmbH (Mannheim, Germany). All
her chemicals were purchased fromMerck (Darmstadt, Germany) and
ere used as supplied.

reparation of Drug Solutions
The content of a temozolomide capsule containing 20 mg of active
bstance was dissolved in 0.4 ml ethanol and 3.6 ml saline to yield a
lution of 5.0 mg/ml and was used within 60 minutes after
eparation. Elacridar was prepared freshly the day before each
periment and suspended at 5 mg/ml in a mixture of hydroxypropyl
ethylcellulose (0.5 g/l)/1% polysorbate 80 (v/v). The suspension
as mixed for 2 minutes using a Polytron PT1200 homogenizer
inematica AG, Littau, Switzerland). Additionally, the suspension
as kept protected from light and stirred continuously before and
ring administration. Gefitinib was suspended in 0.5% (v/v) Tween
and 0.25% (w/v) carboxymethylcellulose in water at a

ncentration of 10 mg/ml.

nalytical Methods
Based on previous work by Kim et al. [15], we have developed a
gh-performance liquid chromatographic (HPLC) assay for the
termination of temozolomide in medium used for in vitro transport
periments and in mouse plasma and brain tissue homogenates for
vivo pharmacokinetic studies. Separation and quantification were
hieved using a Symmetry C18 column (150 × 2.0 mm; ID) together
ith a mobile phase of 7.5% of methanol in 0.5% acetic acid in
ater, delivered at a flow rate of 0.2 ml/min and UV detection at 330
(PDA996 photodiode array detector; Waters, Milford, MA, or SF
7 detector; Kratos, Ramsey, NJ). Medium from Transwell
periments was diluted 10-fold with 0.2% acetic acid in water,
d 50 μl was injected directly into the HPLC system. Temozolo-
ide was extracted from the acidified plasma and brain tissue
mogenate samples (200 μl) with 1.0 ml ethyl acetate. The dried
tracts were subsequently dissolved in 100 μl of 5% methanol in
2% acetic acid in water, and 50 μl was injected into the HPLC
stem. External calibration was used. The lower and upper limits of
antitation were 0.020 μg/ml and 10.0 μg/ml, respectively. Samples
ove the upper limit of quantification were first diluted with
idified blank human plasma. All samples from in vivo studies were
alyzed twice in two independent analytical series and repeated once
ore when the duplicates differed by more than 10%.

Vitro Transport Experiments
The parental LLC porcine kidney (PK1) cell line and its Mdr1a
ansduced subline [16] and the parental Madine Darby Canine
idney (MDCKII) cell line and its Bcrp1 transduced subline [17]
ere used to establish whether temozolomide is a substrate of Mdr1a
-gp) and Bcrp1, respectively. Cells were seeded on Transwell
icroporous polycarbonate membrane filters (3.0 μm pore size,
mm diameter; Costar Corning, NY) at a density of 1 × 106 cells
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r well in 2 ml of MEMmedium (Invitrogen Corporation, Carlsbad,
A) containing 10% v/v fetal bovine serum. Cells were incubated at
°C in 5% CO2 for 3 days with one medium replacement after the
rst day. Two hours before the start of the experiment, the medium in
th compartments was replaced with 2 ml of OptiMEM medium
nvitrogen Corp.). At the start of the experiment, the medium in the
ical or basolateral compartment was replaced with 2 ml of freshly
epared OptiMEM medium containing 40 μg/ml of temozolomide.
he P-gp and/or BCRP inhibitors elacridar (5 μM), gefitinib (5, 10
M), erlotinib (5, 10, and 20 μM), or novobiocin (10 and 50 μM)
ere added to both the apical and basolateral compartment.
osuquidar (LY335979, 5 μM) was always added to the medium
hen doing experiments with MDCK cell lines to inhibit endogenous
nine P-gp. Samples of 50 μl were collected every 30minutes for up to 2
urs after start of the experiment. Because temozolomide is instable in
edium at 37°C, we replaced 1ml of the donor compartment by a freshly
epared aliquot every 30minutes. [3H]-inulin (approximately 7 kBq per
ell) was added to the same compartment as temozolomide to check the
tegrity of the cell layer. Wells showing a leakage of more than 1.5% per
ur were excluded from analysis.

nimals
Animals used in the pharmacokinetics studies were male wild-type
T), Abcg2−/−, Abcb1a/b−/−, and Abcb1a/b;Abcg2−/− mice of an

VB genetic background within the age of 8 to 15 weeks as described
fore [18]. Animals used for efficacy studies were WT or Abcb1a/b;
bcg2−/− athymic nude mice of FVB background or Cre-LoxP
nditional p53F/F;p16Ink4a/p19ArfF/F;LoxP-Stop-LoxP (LSL)-K-ras
2;Luc as previously described [19]. Animals were housed and
ndled according to institutional guidelines complying with Dutch
d European law. The mice were kept in a temperature-controlled
vironment with a 12-hour light-dark cycle and were given a
andard diet (AM-II; Hope Farms B.V., Woerden, The Netherlands)
d acidified water ad libitum. All experiments involving animals
ere approved by the local animal ethics committee.

Vivo Pharmacokinetics Studies
The brain penetration study comprised cohorts of WT, Abcg2−/−,
bcb1a/b−/−, and Abcb1a/b;Abcg2−/− mice receiving temozolomide
0 mg/kg) by intravenous injection in the tail vein. Each cohort
nsisted of at least 40 animals in which at least 6 animals were used
r time point (t = 15 minutes, 1, 2, 4, and 7 hours post
mozolomide administration). Separate cohorts of WT and Abcb1a/
Abcg2−/− mice received temozolomide (50 mg/kg) either as single
ent or 2 hours after elacridar (100 mg/kg) or 1 hour after gefitinib
00 mg/kg) administered orally by gavage into the stomach. At the
fferent time points, the mice were anesthetized with methoxyflu-
ne, and blood samples were obtained by cardiac puncture and
llected on ice in tubes containing potassium EDTA as anticoag-
ant. The tubes were immediately cooled in melting ice and
ntrifuged within 60 minutes (10 minutes, 5000g, 4°C) to separate
e plasma fraction, which was transferred into clean vials.
bsequently, plasma fraction was mixed with 1 M hydrochloric
id (10 + 1; v/v) and stored at −20°C until analysis. Immediately
ter cardiac puncture, the mice were sacrificed by cervical dislocation,
d the brains were dissected and placed on ice. Within 60minutes, they
ere weighed and homogenized in 3ml of ice-cold 1% of BSA in 0.05M
osphate buffer adjusted to pH 2 and stored at −20°C until further
alysis.
We next established the drug exposure in WT (n = 18) and
bcb1a/b;Abcg2−/− mice (n = 19) receiving an oral dose of 100 mg/kg
mozolomide by gavage. Blood was sampled from the tail at 15 and
minutes and at 1, 4, and 7 hours post drug administration to
tain a full curve from each animal.

tracranial Tumor Models
Three different intracranial tumor models were used in this study.
rst, Mel57-luc cells (100,000 cells/2 μl) were injected stereotactically in
e brains of FVB nude mice as previously described in detail [20]. Next,
urine GSC457 glioblastoma cells previously isolated from a Cre-LoxP
nditional p53F/F;p16Ink4a/p19ArfF/F;LSL-K-rasv12;Luc high-grade gli-
a [19] were injected (5000 cells/2 μl) in the brains of recipient FVB
de mice. Lastly, we examined the results in spontaneous murine
iomas induced by injecting lentiviral CMV-Cre (2 μL) in the brains of
3F/F;p16Ink4a/p19ArfF/F;-LSL-K-rasv12;Luc mice [19]. All stereotactic
jections (tumor cells and virus) were done at 2 mm lateral and 1 mm
terior to the bregma, 3 mm below the skull.

agnetic Resonance Imaging
MRI was done using a BioSpec 70/20 USR (Bruker, Billerica, MA)
ing a sequence of T2-weighted, T1-weighted precontrast and T1-
eighted postcontrast. Gadoterate meglumine (Dotarem; 0,5 mmol/
l; Guerbet; Villepinte, France) diluted five-fold with saline was used
a contrasting agent and delivered via an intravenous cannula
serted in the tail vein. Mice were anesthetized using isoflurane
harmachemie B.V., Haarlem, the Netherlands) delivered via a
stomized mouse holder, and heart rate and breathing frequency
ere monitored throughout the entire procedure. Paravision software
6.0.1; Bruker) was used for image acquisition.

lood-Brain Barrier Integrity Characterization
Mice bearing orthotopic GSC457 or p53−/−;p16Ink4a/p19Arf−/−;K-
sv12;Luc tumors were intravenously injected with 6 mg/kg TexasRed
ulforhodamine 101; Invitrogen) in saline. After 30 minutes, the animal
as anesthetized with hypnorm/dormicum and perfused with saline. The
ain was immediately frozen on dry ice in Tissue-Tek (Sakura Finetek
urope BV, Alphen aan den Rijn, the Netherlands) and kept at −70°C
til sectioning. Fluorescence microscopy analysis of the brain slices was
ne using an Axio Observer Z1 system (Zeiss, Oberkochen, Germany)
uipped with anORCA-AGCCD camera (Hamamatsu Photonics KK,
amamatsu, Japan).

Vivo Efficacy Studies
Bioluminescence imaging using an IVIS200 camera (Caliper Life
ience, Alameda, CA) was used to establish tumor load in each animal at
e start of therapy. Depending on the experiment, the animals were
ratified between oral temozolomide (100 mg/kg/day for 5 or 7 days as
dicated), no treatment (control), or temozolomide with concomitant
al elacridar (100 mg/kg/day for 5 or 7 days) given 20-30 minutes prior
temozolomide. Bioluminescence imaging was repeated at subsequent
ys to establish the efficacy of the therapy. The amount of
oluminescence in each animal was calculated relative to the first
easurement when therapy was initiated and was logarithmically
nverted prior to data analysis.

ata Analysis
All statistical analyses in this study were carried out using
raphPad Prism v7.03 (GraphPad Inc., La Jolla, CA) unless
herwise stated. To determine the differences of brain and plasma
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ncentrations among multiple strains or conditions over time, two-
ay analysis of variance (ANOVA) was performed. All single time
int analyses with multiple groups were analyzed by one-way
NOVA. All ANOVA analyses were corrected for multiple
mparisons using the post hoc Bonferroni procedure. Plasma and
ain AUC0-7h values and standard errors were calculated by the linear
apezoidal rule using standard equations [21]. The plasma half-life of
mozolomide was calculated by linear regression analysis after log
ansformation of the concentration data using Microsoft Excel 2010.
he brain-to-plasma ratio was calculated for each individual animal.
vivo tumor growth curves were compared using the General

inear Model repeated measured procedure using SPSS (v22; SPSS
c., Chicago, IL). Kaplan-Meier curves were drawn using GraphPad
ism v7.03, and the log-rank test was used to determine whether
rvival curves were significantly different. All differences were
nsidered statistically significant when P b .05.

esults

Vitro Transport Assays
Because the stability of temozolomide in culture medium at 37°C
limited by its short half-life of approximately 30 minutes, in vitro
ansport experiments were carried out slightly differently than usual
r this kind of experiment [22]. First, we took samples every 30
inutes for up to 2 hours instead of every hour for up to 4 hours.
condly, to maintain adequate temozolomide levels at the donor side
roughout the experiment, we replaced 1 ml of the 2 ml of medium
the donor side of the transwell at each sampling time by 1 ml of a
eshly prepared temozolomide solution in medium. We have
vestigated P-gp-mediated transport of temozolomide (40 μg/ml)
ing polarized monolayers of porcine kidney (LLC-PK1) cells and its
urine P-gp transduced subclone (LLC-Mdr1a). Our results show
ry limited, if any, evidence for transport by P-gp (Figure 1, A and
). Similar experiments were conducted in the parental canine
DCKII cells and its Bcrp1 transduced (MDCKII-Bcrp1) subline
d showed clear vectorial transport by Bcrp1 (Figure 1, C and D).
his Bcrp1-mediated transport was almost completely abrogated
hen elacridar (5 μM), gefitinib (10 μM), or erlotinib (10 μM) was
esent in the medium (Figure 1, E-H). A concentration of 50 μM of
vobiocin was not sufficient (Figure 1, I and J). These in vitro
sults clearly show that whereas temozolomide is a good substrate of
crp1, it appears to be transported less efficiently by P-gp.

Vivo Pharmacokinetics
To investigate the impact of BCRP and P-gp on the disposition of
mozolomide in vivo, we have performed experiments in WT,
bcg2−/−, Abcb1a/b−/− and Abcb1a/b;Abcg2−/− mice. All animals
ceived temozolomide by i.v. injection in the tail vein. This route
as chosen to minimize the interanimal variability that might be
gher after oral dosing and because the systemic exposure may be
gher in ABC-transporter knockout mice. Interestingly, the brain
netration of temozolomide was significantly (P b .01) higher in
th of the single knockout mouse strains compared to the WT
ntrol group (Table 1). Although the in vitro results suggested that
gp (Abcb1a/b) does not transport temozolomide, the brains of
bcb1a/b−/− mice accumulated about 20% more temozolomide than
ose of WT mice. The same enhancement was seen in Abcg2−/−

ice, whereas Abcb1a/b;Abcg2−/− mice accumulated 50% more (P b
01) drug in the brain (Figure 2A). Although a 1.5-fold increase for
mozolomide is less than observed previously with several other
bstrate drugs, temozolomide already has proven activity against
gh-grade glioma. We therefore expect that this 1.5-fold gain in the
ain penetration will be highly relevant for treatment of brain cancer
tients. The absence of drug transporters did not affect the plasma
earance of this drug (Table 1 and Figure 2B), nullifying the chance
at the higher brain level is due to higher plasma levels. In fact, the
cline of temozolomide from plasma follows first-order elimination
netics with a half-life of 0.7 hours, in line with the fact that
mozolomide is unstable at physiological pH due to nonenzymatic
gradation into its metabolite 3-methyl-(triazen-1-yl)imidazole-4-
rboximide [23].
To investigate the possibility of pharmacologically enhancing the
ain accumulation of temozolomide by inhibition of P-gp and
CRP, we have used the dual P-gp/BCRP inhibitor elacridar.
lacridar significantly (P = .001) enhanced the brain penetration of
mozolomide inWTmicewhen given at a single oral dose of 100mg/kg,
aching similar levels as those achieved in Abcb1a/b;Abcg2−/− mice
igure 2C). Moreover, no further significant enhancement in the brain
netration of temozolomide was seen when elacridar was given to
bcb1a/b;Abcg2−/−mice, demonstrating that the interaction by elacridar
as selective for BCRP andP-gp. In contrast, gefitinib given at 100mg/kg,
d not significantly enhance the brain-to-plasma ratio of temozolomide
igure 2D) even though a previous report suggested it to be a potent P-gp/
CRP inhibitor [24].
Temozolomide is orally administered to patients. Since both P-gp
d BCRP may limit the oral bioavailability of substrate drugs, we
ve investigated the drug exposure of oral temozolomide in WT
rsus Abcb1a/b;Abcg2−/− mice using the dose that would be used
the subsequent in vivo efficacy study against intracranial xenografts
igure 3A). While we used relatively large cohorts of animals (WT
= 18, Abcb1a/b;Abcg2−/− n = 19) for sufficient statistical power, the
asma AUC was not significantly different in Abcb1a/b;Abcg2−/−

ice (Table 2). This result is in line with the almost complete oral
oavailability of temozolomide in C57BL × DBA/2 F1 mice that was
eviously reported by Stevens et al. [25]. Moreover, we did not find
y impact of elacridar on the plasma kinetics of oral temozolomide in
ain tumor–bearing animals (Figure 3B).

Vivo Efficacy Studies
To investigate the relevance of the higher brain penetration of
mozolomide for treatment of intracranial tumors, we performed
vivo efficacy studies in three different intracranial tumor mouse
odels. The first model mimicked melanoma brain metastases by
ereotactically implanting Mel57 cells in the brains of recipient nude
ice [20]. As a second model, we injected murine GSC457 glioma
em–cell like cells that were derived from a spontaneous transgenic
ouse model [26]. Lastly, we used this transgenic mouse model
here tumors were induced by stereotactic injection of a Lenti-Cre
ctor in the brains of p53F/F;p16Ink4a/p19ArfF/F;LSL-K-rasv12;Luc
ice. These mice spontaneously develop high-grade gliomas within a
uple of weeks after vector injection.
Using gadolinium-DTPA MRI, we have previously shown that the
BB in brain tumors from the Mel57 cell line is relatively intact,
ndering this tumor model especially suited to explore the impact of
e BBB on antitumor efficacy [20]. In contrast, the BBB integrity of
e GSC457 and p53−/−;p16Ink4a/p19Arf−/−;K-rasv12;Luc glioma
odels appeared to more compromised, as indicated by the moderate
ntrast enhancement we observed on postgadolinium T1-weighted



Figure 1. In vitro temozolomide transport experiments. Temozolomide was added to the basolateral or apical compartment of the
Transwell to measure basolateral-to-apical (B → A) or apical-to-basolateral (A → B) transport, respectively, using LLC-PK1 (parent) versus
the Mdr1a subline or using MDCKII (parent) versus the Bcrp1 transduced sublines. The transport of temozolomide is depicted as
percentage of temozolomide initially present at the donor compartment (mean ± SD). Because degradation will also take place in the
acceptor compartment during the experiment, this value will be an underestimation of the fraction that is actually translocated.
Temozolomide transport by Mdr1a was not readily detected by this assay, whereas transport by Bcrp1 was evident. The dual P-gp-BCRP
inhibitor elacridar and the presumed Bcrp1 inhibitors gefitinib, erlotinib, and novobiocin were added at the depicted concentrations.
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Image of Figure 1


Table 1. Pharmacokinetic Parameters of Temozolomide after Intravenous Administration of 50 mg/kg

Genotype AUC 0–7 h, brain (μg/g.h) AUC 0–7 h plasma (μg/ml.h) T½ plasma (h)

WT 36.81 ± 1.11 65.40 ± 2.00 0.689 ± 0.019
Abcg2−/− 44.78 ± 1.88* 62.96 ± 2.14 0.719 ± 0.017
Abcb1a/b−/− 44.51 ± 1.56* 62.16 ± 2.05 0.757 ± 0.021
Abcb1a/b;Abcg2−/− 57.09 ± 1.32**/# 64.47 ± 1.29 0.705 ± 0.014

AUC, area under the plasma concentration-time curve; T1/2, elimination half-life. Data are represented as mean ± SE; n ≥ 7; * P b .01 relative to WT mice, ** P b .001 relative to WT mice, # P b .01
relative to Abcb1a/b;Abcg2−/− mice.

Figure 2. The impact of Abcb1a/b andAbcg2 on the brain and plasma concentration of temozolomide after intravenous administration. (A) Brain
and (B) plasma concentrations of temozolomide in WT, Abcg2−/−, Abcb1a/b−/− and Abcb1a/b;Abcg2−/− FVB mice that received 50 mg/kg of
temozolomide by intravenous injection. Both Abcg2−/− and Abcb1a/b−/−mice accumulated 20%more temozolomide in the brain compared to
WT mice, whereas Abcb1a/b;Abcg2−/− mice even accumulated 50% (P b .001) more drug in the brain. The absence of the drug transporters
Abcb1a/b and Abcg2 did not affect the plasma levels (see also Table 1). Data are depicted asmean±SE; n≥ 7. (C) Elacridar (100mg/kg) and (D)
gefitinib (100 mg/kg) were orally administered to WT and Abcb1a/b;Abcg2−/− mice 2 hours (elacridar) or 1 hour (gefitinib) prior to intravenous
temozolomide, and blood and brain samples were collected 2 hours after temozolomide administration. Elacridar significantly enhanced the
brain penetration (brain-to-plasma ratio) inWTmice (P= .001) to levels thatwere similar to those observed inAbcb1a/b;Abcg2−/−mice,whereas
the brain-to-plasma ratio was not significantly different between Abcb1a/b;Abcg2−/− mice with or without elacridar. Administration of gefitinib
did not result in a significantly enhanced brain penetration of temozolomide in WTmice. Data are depicted as mean ± SE; n= 5; * P b .05, **
P b .01, *** P b .001, **** P b .0001.
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Figure 3. Plasma concentration-time curves of orally administered temozolomide. (A) Temozolomide (100 mg/kg) was given orally to WT
and Abcb1a/b;Abcg2−/− mice, after which serial blood samples were drawn from the tail vein at various time points. The plasma curves of
temozolomide were similar in both mouse strains. Depicted are the curves of the mean ± SE concentrations; n≥ 18. (B) Plasma levels of
temozolomide in intracranial Mel57 tumor-bearing mice following oral temozolomide administration (100mg/kg) with or without orally co-
administered elacridar (100 mg/kg). Blood samples were collected from the tail vein of the mice used in the study depicted in Figure 5B.
Elacridar did not significantly affect the plasma pharmacokinetics of orally given temozolomide. Data are depicted as mean ± SE; n = 8.
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RI (Figure 4, A and B). We further characterized the BBB integrity by
. injection of tumor-bearing mice with TexasRed just prior to brain
sue collection. TexasRed is a fluorescent small molecule compound
ith very little penetration into healthy brain tissue. TexasRed
travasation in our orthotopic brain tumor models is quite heteroge-
ous, with some regions of the tumors showing mild to moderate and
her parts little to no extravasation (Figure 4, C and D).
We first used Mel57 and employed two strategies to investigate the
pact of P-gp and BCRP activity at the BBB on the efficacy of
mozolomide, namely, by administration of temozolomide to WT
ice vs. genetic knockouts (Abcb1a/b;Abcg2−/− mice) and by using
T mice receiving temozolomide alone or in combination with
acridar, a pharmacological inhibitor of P-gp and BCRP. Interest-
gly, the modest efficacy of temozolomide against intracranial Mel57
mors grafted in WT mice was significantly higher when grafted in
bcb1a/b;Abcg2−/− mice (Figure 5A). Furthermore, Mel57 tumors
afted in WT responded significantly better when concomitantly
eated with elacridar compared to temozolomide treatment alone
igure 5B). These results suggest that P-gp and BCRP at the BBB at
ast partly attenuate the efficacy of temozolomide in the brain.
To confirm these findings, we compared the efficacy of temozolomide
ainst the orthotopic GSC457 model grafted in WT and Abcb1a/b;
bcg2−/−mice. In this case, we compared the tumor growth and survival
d also found that temozolomide treatment resulted in significantly
ower tumor growth and longer survival in Abcb1a/b;Abcg2−/− mice
mpared to WT mice (Figure 5C).
Lastly, we reassessed data from a previously published animal
hort and found further support for the notion that the efficacy of
mozolomide is diminished by the BBB [19]. In this earlier study, we
ob
cl
lik
in
tr
co
m

ble 2. Pharmacokinetic Parameters of Temozolomide after Oral Administration of 100 mg/kg

notype AUC 0–7 h, plasma (μg/ml.h)

T 154.2 ± 4.1
cb1a/b;Abcg2−/− 164.5 ± 4.5

ata are represented as mean ± SE; n ≥ 18.
monstrated the negative impact of P-gp and BCRP on the brain
netration and intracranial antitumor efficacy of the PARP inhibitor
liparib. However, the data in this study also demonstrate that
emical inhibition of P-gp and BCRP by elacridar improved the
fects of single agent temozolomide on tumor growth and survival of
e p53−/−;p16Ink4a/p19Arf−/−;K-rasv12 spontaneous murine glioma
odel (Figure 5D).
Together, these studies demonstrate that P-gp and BCRP at the
BB diminish the efficacy of temozolomide against intracranial
mors and that concomitant inhibition of these transporters by
acridar can improve survival by counteracting this attenuation of
mozolomide efficacy.
iscussion
his study shows that the absence of both P-gp and Bcrp1 enhances
e brain penetration of temozolomide by 1.5-fold without reducing
e clearance of this drug. A similar effect on the brain penetration
as seen in WT mice that received the dual P-gp and BCRP inhibitor
acridar. The increased brain penetration translated into a
gnificantly better antitumor response in experimental intracranial
mor models. As temozolomide has proven activity against high-
ade glioma, we expect that this further 1.5-fold gain in the brain
netration of this drug may further enhance the efficacy of
mozolomide treatment. Moreover, since the systemic clearance is
t altered, this enhanced efficacy may come without enhanced side
fects. Consequently, our results provide a basis for further clinical
sting of combinations of elacridar and temozolomide in patients
ffering from high-grade glioma.
The finding that temozolomide is a substrate of P-gp was not
vious from the in vitro results. In contrast, temozolomide was
early transported by Bcrp1 in our in vitro transport assay. Most
ely, temozolomide is a relatively weak substrate of P-gp, and the
vitro system is not sensitive enough to detect small changes in drug
anslocation. Moreover, the in vitro transport assay is also
mplicated by the instability of temozolomide in the transport
edium that has a pH of 7.4. Because of this instability of
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Figure 4. Characterization of the blood-brain barrier integrity of the orthotopic murine glioma models. T2- and T1-weighted MRI of
orthotopic (A) GSC457 and (B) p53−/−;p16Ink4a/p19Arf−/−;K-rasv12;Luc tumors. Some contrast enhancement was observed in both tumor
models on T1-weighted images after gadolinium (Gd) administration. (C) GSC457 and (D) p53−/−;p16Ink4a/p19Arf−/−;K-rasv12;Luc glioma-
bearing WT mice received TexasRed shortly prior to being sacrificed. Comparison of the hematoxylin and eosin (H&E) staining with
fluorescencemicroscopy of coronal brain sections revealed heterogeneous TexasRed (TxRed) extravasation in the tumor regions (dashed
circumscribed area) of both models, with some regions showing moderate extravasation (red arrows) and others showing little to no
extravasation (white arrows).
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mozolomide in transport medium, it is also not possible to calculate
e permeability in moles per cm2. But taking into account this
stability, the finding that at least 5% of the donor concentration was
covered in the acceptor compartment after 30 minutes suggests that
mozolomide readily permeates membranes, which is an important
aracteristic for a compound to be able to penetrate the BBB at all
7]. However, despite this relatively weak affinity for P-gp, the
mbined presence of P-gp and Bcrp1 at the BBB significantly
duces the brain penetration of temozolomide (Figure 2A). In
ntrast, we could not observe any effect of P-gp and BCRP on the
al bioavailability of temozolomide. As seen previously, drug efflux
ansporters appear to be much more capable of restricting the entry
substrate drugs into the brain than preventing uptake from the gut.
r example, the substrate drug imatinib has an excellent oral
oavailability (N90% [28]) but a poor brain penetration that is
gnificantly enhanced in Abcb1a/b;Abcg2−/− mice [29]. Similar
screpancies are seen for other drugs, including dabrafenib and
gorafenib [30–32].
Many studies have demonstrated that the brain penetration of
ugs, classic chemotherapeutics and novel targeted anticancer agents
ike, can be substantially reduced by drug transporters at the BBB
]. For example, we and others found a strikingly higher brain

Image of Figure 4
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Figure 5. The impact of Abcb1a/b and Abcg2 on the efficacy of temozolomide against intracranial tumors. (A) The efficacy of
temozolomide (TMZ) against intracranial Mel57-luc tumors in WT and Abcb1a/b;Abcg2−/− mice. A significantly better response to
treatment with oral temozolomide (100 mg/kg/day × 5) was observed in Abcb1a/b;Abcg2−/− mice compared to WT mice. Data are
depicted as mean ± SE; n≥ 6. (B) Intracranial Mel57-luc tumors treated with the combination of temozolomide (100 mg/kg/day × 5) and
elacridar (100 mg/kg/day × 5) grew considerably slower in WT mice than tumors treated with temozolomide alone. Data are depicted as
mean ± SE; n ≥ 3. (C) WT and Abcb1a/b;Abcg2−/− mice were orthotopically grafted with GSC457 cells and monitored using in vivo
bioluminescence imaging. Oral treatment with temozolomide (TMZ; 100 mg/kg/day × 7) reduced tumor growth and significantly
improved survival of Abcb1a/b;Abcg2−/− mice compared to WT mice. Data are depicted as mean ± SE; n≥ 7. (D) Spontaneous p53−/−;
p16Ink4a/p19Arf−/−;K-rasv12;Luc gliomas were induced in WT mice using a lenti-Cre vector. As is apparent from previously reported data
[19], elacridar and temozolomide co-administration significantly reduced tumor growth and prolonged survival compared to TMZ
monotherapy. Data are depicted as mean ± SE; n ≥ 11; * P b .05, ** P b .01, **** P b .0001.
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netration of the chemotherapeutic paclitaxel (5-fold) and the small
olecule CDK4/6 inhibitor palbociclib (approximately 15-fold) in
bcb1a/b−/− compared to WT controls [21,33,34]. In that
rspective, the 1.5-fold (i.e., 50%) enhancement of the brain
netration of temozolomide may appear less impressive. Important-
, however, in contrast to these other agents, temozolomide is an
ent with proven activity against high-grade glioma, and in the
inical context, a 50% higher drug level in tumor tissue could signify
clinically meaningful improvement of efficacy. Importantly, our
oposed strategy of concomitantly inhibiting P-gp and BCRP would

Image of Figure 5
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ovide a 50% temozolomide dose intensification specifically to the
ain without enhancing the systemic exposure to this drug.
The improved BBB penetration of temozolomide translated into a
tter antitumor response in three different intracranial tumor
odels. This was the case not only when we used an intracranial
el57 model that has a very tight BBB [20] but also with tumors that
ve leakier vasculature based on MRI (Figure 4, A and B).
portantly, the TexasRed extravasation data reported here demon-
rate that both the GSC457 and the p53−/−;p16Ink4a/p19Arf−/−;K-
sv12 spontaneous murine glioma models have a heterogeneous BBB
tegrity (Figure 4, C and D). This heterogeneity is particularly
inically relevant. GBM contains regions where the BBB is disrupted
e to VEGF-driven microvascular proliferation, but is also
mposed of tumor cells that deeply infiltrate into the surrounding
ain tissue where the BBB is still functional. Especially this invasive
mponent of the tumor renders this disease incurable by current
eatment modalities. In order to target these invasive tumor cells,
ents should be capable to penetrate the BBB.
Obviously, the finding that P-gp and BCRP attenuate the brain
netration and intracranial antitumor efficacy of temozolomide can
ly be exploited in patients when inhibitors of P-gp and BCRP are
inically available. Fortunately, the BBB penetration and antitumor
ficacy of temozolomide were improved by using the dual P-gp/
CRP inhibitor elacridar. We have also tested several other proposed
hibitors of P-gp and BCRP, including the EGFR inhibitor gefitinib.
owever, even at a dose level of 100 mg/kg, which will result in
asma levels of about 10 μM [35], this compound was not able to
crease the brain penetration of temozolomide. These results
dicate that the capacity of gefitinib to inhibit Abcb1a/b and
bcg2 in vivo at the BBB is insufficient and discount gefitinib as a
ndidate for clinical testing, in particular because the plasma levels
at can be achieved in patients are about 10-fold lower [36].
In general, pharmacological inhibition of P-gp and BCRP could
esent an interesting potential extra benefit. Whereas this study only
cuses on the impact of P-gp and BCRP expression in the blood
ssels building the BBB, it is known that GBM tumor cells may
emselves also express these transporters, which may further
ntribute to the multidrug resistant phenotype of GBM [37].
onsequently, inhibition of P-gp and BCRP may also increase the
nsitivity of tumor cells to temozolomide chemotherapy. We have
eviously observed this phenomenon when studying the PARP
hibitor veliparib against intracranial tumors in Abcb1a/b;Abcg2−/−

ice [19]. Although these mice lack P-gp and BCRP at the BBB, the
afted tumors expressed these transporters and inhibition by
acridar enhanced the antitumor response.
Temozolomide has a good safety profile, with bone marrow
xicity as main dose-limiting toxicity [38]. Although the clearance of
mozolomide was unaffected in mice that received concomitant
acridar, the combined use of temozolomide with P-gp and BCRP
hibitors may have an impact on the toxicity profile. Given that P-gp
d BCRP are expressed in bone marrow stem cells [39,40], their
hibition in combination with the administration of a cytotoxic drug
ay enhance the myelotoxic effects. Obviously, the effect a P-gp/
CRP inhibitor on the toxicity of temozolomide needs to be
onitored closely when such a combination is tested in clinical trial.
In conclusion, we have demonstrated that the brain penetration
d antitumor efficacy of temozolomide are limited by P-gp and
CRP and can be increased by concomitant use of the dual P-gp/
CRP inhibitor elacridar. We expect that this combination may
rther enhance the efficacy of temozolomide against GBM, which
ould be explored in subsequent clinical trials.
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