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Afatinib  is  a highly  selective,  irreversible  inhibitor  of  EGFR  and  HER-2.  It is orally  administered  for  the
treatment  of  patients  with  EGFR  mutation-positive  types  of metastatic  NSCLC.  We  investigated  whether
afatinib  is a  substrate  for  the  multidrug  efflux  transporters  ABCB1  and  ABCG2  and  whether  these  trans-
porters  influence  oral  availability  and  brain  and  other  tissue  accumulation  of  afatinib.

We  used  in  vitro  transport  assays  to  assess  human  (h)ABCB1-,  hABCG2-  or  murine  (m)Abcg2-mediated
transport  of  afatinib.  To study  the single  and combined  roles  of Abcg2  and  Abcb1a/1b  in  oral  afatinib
disposition,  we  used  appropriate  knockout  mouse  strains.

Afatinib  was  transported  well  by  hABCB1,  hABCG2  and  mAbcg2  in  vitro.  Upon  oral  administration
of  afatinib,  Abcg2−/−, Abcb1a/1b−/− and  Abcb1a/1b−/−;Abcg2−/− mice  displayed  a  4.2-,  2.4-  and  7-fold
increased  afatinib  plasma  AUC0-24 compared  with wild-type  mice.  Abcg2-deficient  strains  also  displayed
decreased  afatinib  plasma  clearance.  At  2 h, relative  brain  accumulation  of afatinib  was  not significantly

−/− −/−
rain accumulation
ral availability

altered  in  the  single  knockout  strains,  but 23.8-fold  increased  in  Abcb1a/1b ;Abcg2 mice  compared
to wild-type  mice.

Abcg2  and Abcb1a/1b  restrict  oral  availability  and  brain  accumulation  of afatinib.  Inhibition  of these
transporters  may  therefore  be of  clinical  importance  for patients  with  brain  (micro)metastases  positioned
behind  an  intact  blood-brain  barrier.

©  2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

ATP-binding cassette (ABC) transporters form a superfamily of
ransmembrane transport proteins. Two members, ABCB1 (MDR1,
-glycoprotein or P-gp) and ABCG2 (Breast Cancer Resistance Pro-
ein, BCRP), are especially important in pharmacokinetics [1,2].
oth affect the disposition of a wide variety of endogenous and
xogenous compounds, including many anticancer drugs. They

re expressed at pharmacologically important sites such as the
pical membranes of enterocytes, hepatocytes and renal tubular
pithelial cells, where they can limit gastrointestinal absorption

� This work was supported by internal funds within the Netherlands Cancer Insti-
ute.
∗ Corresponding author at: The Netherlands Cancer Institute, Division of Molec-
lar Oncology, Plesmanlaan 121, 1066 CX, Amsterdam, The Netherlands.

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

ttp://dx.doi.org/10.1016/j.phrs.2017.01.035
043-6618/© 2017 Elsevier Ltd. All rights reserved.
or mediate direct intestinal, hepatic, or renal excretion of their
substrates [1,2]. Furthermore, ABCB1 and ABCG2 are expressed on
apical membranes of barriers protecting sanctuary tissues such as
the blood-brain, blood-placenta and blood-testis barriers, where
substrates are pumped directly out of the epithelial or endothe-
lial cells into the blood. Consequently, several chemotherapeutic
agents that are ABCB1 and/or ABCG2 substrates have restricted
brain accumulation [1–4]. Improving brain accumulation of drugs
is of high interest in the clinic due to the fact that current therapies
are often inefficient in eradicating brain tumors or brain metastases
situated in whole or in part behind an intact blood-brain barrier
(BBB) [3,4].

Afatinib (Gilotrif/Giotrif, BIBW 2992) is an orally administered
tyrosine kinase inhibitor (TKI) for the treatment of patients with

distinct types of metastatic non-small cell lung carcinoma (NSCLC),
whose tumor genes have epidermal growth factor receptor (EGFR)
exon 19 deletions or exon 21 (L858R) substitution mutations [5].

dx.doi.org/10.1016/j.phrs.2017.01.035
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2017.01.035&domain=pdf
mailto:a.schinkel@nki.nl
dx.doi.org/10.1016/j.phrs.2017.01.035
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pproved by the FDA in July 2013, afatinib is a highly selective,
rreversible inhibitor of the EGFR and of the human epidermal
rowth-factor receptor (HER)-2 [6]. It is barely metabolized, with a
otal recovery percentage of 89.5% of unchanged drug in the urine
nd feces over 72 h after dosing in humans [7]. Both EGFR and HER-

 are members of the receptor tyrosine kinase (RTK) superfamily
8] and overexpression of both receptors is often found in human
ancers such as gliomas, carcinomas of the breast, ovaries, bladder,
nd lung, including NSCLC. The overexpression, due to gene ampli-
cation, is often associated with higher EGFR pathway signaling
ctivity, increased proliferation of cancer cells and reduced apo-
tosis [9]. It has further been shown preliminarily in cell lines, that
fatinib appears effective against a subset of these various cancers
verexpressing EGFR and HER-2 [10–12], making it an attractive
andidate for further clinical research.

Several published studies indicate that afatinib can interact with
BCB1 and ABCG2 [13–15]. It has for instance been shown that
fatinib affects ABCB1 and ABCG2 in several cancer cell lines by
locking substrate transport and/or down-regulating mRNA and
rotein expression of the transporters [13,15]. However, these
ame studies reported conflicting data on the ability of afatinib
o inhibit ABCB1. FDA and EMA  registration information mentions
hat afatinib is a transported substrate and inhibitor of ABCB1 and
BCG2 [5,16,17], but the limited documentation provided does not
llow an assessment of the extent of these processes. In case these
fflux transporters can efficiently transport afatinib, this might
otentially lead to a decreased accumulation of this drug in target
umors expressing these transporters. Moreover, brain metastases
re likely to occur with a subset of cancers, the frequency being
ighest in lung cancer relative to other common epithelial malig-
ancies [18]. Given the high ABCB1 and ABCG2 expression in
he BBB, these transporters could potentially limit afatinib brain
ccumulation, which might lead to reduced therapeutic efficiency
gainst NSCLC brain metastases. We  therefore aimed in this study
o investigate whether and to what extent afatinib is transported
y one or both of these transporters, and how this might affect
ral plasma pharmacokinetics and brain penetration of the drug in
bcb1a/1b and Abcg2 mouse models.

. Materials and methods

.1. Chemicals

Afatinib (>99%) was obtained from Alsachim (Illkirch, France).
osuquidar was purchased from Sequoia Research Products (Pang-
ourne, UK) and Ko143 was obtained from Tocris Bioscience
Bristol, UK). All chemicals used in the chromatographic afatinib
ssay were described before [19].

.2. Transport assays

Polarized Madin-Darby Canine Kidney (MDCKII) cell lines and
ubclones transduced with either human (h)ABCB1, (h)ABCG2 [20],
r mouse (m)Abcg2 cDNA were cultured and used in the transep-
thelial transport assays as described previously [21]. Transport
ssays were performed using 12-well Transwell

®
3402 plates,

.0 �m pore size (Corning Inc., USA) in DMEM with 10% fetal
ovine serum (FBS). The parental cells and subclones were seeded
t a density of 2.5 × 105 cells per well and cultured for 3 days to
llow formation of an intact monolayer. Membrane tightness was
ssessed by measurement of transepithelial electrical resistance

TEER) using reference values that were previously established
nd well correlated to <1% transepithelial [14C]-inulin leakage per
our [21]. The transepithelial transport experiment was  started by
re-incubating the cells with or without the relevant inhibitors dur-
l Research 120 (2017) 43–50

ing 1 h, thereafter (t = 0) medium in the donor compartments was
replaced with complete medium containing 2 �M afatinib alone
or in combination with the appropriate inhibitors. In the inhibi-
tion experiments, 5 �M zosuquidar (ABCB1 inhibitor) and/or 5 �M
Ko143 (ABCG2/Abcg2 inhibitor) were added to both apical and
basolateral compartments. Plates were kept at 37 ◦C in 5% CO2
during the experiment, and 50-�l aliquots were taken from the
acceptor compartment at 2, 4 and 8 h for measurement of afatinib
concentrations. Samples were stored at −30 ◦C for later LC–MS/MS
measurement. Total amount of drug transported to the accep-
tor compartment was  calculated after correction for volume loss
for each sampling time point. Active transport was  expressed by
the transport ratio (r), which is defined as the amount of apically
directed transport divided by the amount of basolaterally directed
transport at a defined time point.

2.3. Animals

Female wild-type, Abcb1a/1b−/− [22], Abcg2−/− [23] and
Abcg2−/−;Abcb1a/1b−/− mice [24], all of a >99% FVB genetic back-
ground, were used. Mice between 9 and 14 weeks of age were
used in groups of five mice per strain. The mice were kept in a
temperature-controlled environment with a 12 h light/12 h dark
cycle and received a standard diet (Transbreed, SDS Diets, Techni-
lab − BMI) and acidified water ad libitum. Animals were housed and
handled according to institutional guidelines in compliance with
Dutch and EU legislation.

2.4. Drug solutions and pharmacokinetic experiments

Afatinib was dissolved at a concentration of 20 mg/ml  in 50%
(v/v) polysorbate 80, 50% (v/v) ethanol. It was  then further diluted
with 5% (w/v) glucose in water, to obtain a 1 mg/ml afatinib solution
in water containing 2.5% (v/v) polysorbate 80, 2.5% (v/v) ethanol,
and 4.75% (w/v) glucose. Afatinib was  administered orally at a dose
of 10 mg/kg (10 �l/g). All working solutions were prepared freshly
on the day of the experiment. To minimize variation in absorp-
tion, mice were fasted for 3 h prior to oral administration of afatinib
using a blunt-ended needle. For the pharmacokinetic experiment,
50-�l blood samples were drawn from the tail vein using heparin-
coated capillaries (Sarstedt, Germany) at 0.5, 1, 2, 4 and 8 h or
0.25, 0.5 and 1 h. At 24 h or 2 h, mice were anesthetized using
isoflurane and blood was collected via cardiac puncture. Immedi-
ately thereafter, mice where sacrificed by cervical dislocation and
brain, spleen, liver and kidney were rapidly removed, weighed and
subsequently frozen as whole organ at −30 ◦C. Prior to analysis,
organs were allowed to thaw and then homogenized in appro-
priate volumes (1–3 ml)  of 4% (w/v) bovine serum albumin (BSA)
in water using a FastPrep

®
-24 homogenizer (MP-Biomedicals, NY,

USA). Homogenates were stored at −30 ◦C. Blood samples were cen-
trifuged immediately after collection at 9000g for 6 min  at 4 ◦C, and
plasma was  collected and stored at −30 ◦C until analysis.

2.5. Drug analysis

Afatinib concentrations in culture medium, plasma and
tissues were determined with a previously reported liquid
chromatography-tandem mass spectrometric (LC–MS/MS) assay
for afatinib, with a calibration curve ranging from 0.5 to 500 ng/ml

for plasma [19] and tissue homogenates and from 1.5 to 1500 ng/ml
for culture medium. Tissue concentrations were calculated correct-
ing for the individual tissue weights, resulting in ng afatinib per
gram tissue.
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Fig. 1. In vitro transport of afatinib. Transepithelial transport of afatinib (2 �M)  was  assessed in MDCK-II cells either non-transduced (A, B) or transduced with hABCB1 (C, D),
hABCG2 (E, F), or mAbcg2 (G, H) cDNA. At T = 0 h afatinib was  added to the donor compartment; thereafter at t = 2, 4 and 8 h the concentrations were measured and plotted
as  total amount (nmol) of transport (n = 3). B, D-H: Zosuquidar (5 �M)  and/or Ko143 (5 �M)  were added as indicated to inhibit hABCB1 and hABCG2 or mAbcg2, respectively.
r,  relative transport ratio. Panels E–H: Zos = zosuquidar. BA (red squares) translocation from the basolateral to the apical compartment; AB (black circles), translocation from
t ing t
t ared w
l

2

s

he  apical to the basolateral compartment. Data are presented as the mean ± SD. Ow
he  symbols used to denote a data point. *, P < 0.05; **, P < 0.01; ***, P < 0.001 comp
egend,  the reader is referred to the web version of this article.)
.6. Statistical analysis and pharmacokinetic calculations

The unpaired two-tailed Student’s t-test was used to determine
tatistical significance for transepithelial transport. In pharmacoki-
o high experimental reproducibility, in many cases the error bars are smaller than
ith AB translocation. (For interpretation of the references to colour in this figure
netic experiments, the area under the curve (AUC) of the plasma
concentration-time plot was calculated using the trapezoidal rule,
without extrapolating to infinity. The maximum drug concen-
tration in plasma (Cmax) and the time to reach maximum drug
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Fig. 2. Plasma concentration-time curves of afatinib in female WT (black
squares), Abcg2−/− (blue triangles), Abcb1a/1b−/− (green triangles), and
Abcg2−/−;Abcb1a/1b−/− mice (red squares) over 24 h (A) and 120 min (B)
after oral administration of 10 mg/kg afatinib. Data are given as mean ± SD (SD
rendered one-sided for improved clarity). *, P < 0.05; **, P < 0.01; ***, P < 0.001
compared to WT mice. Statistical analysis for the 24 h graph (A) for the time points
6 S. van Hoppe et al. / Pharmaco

oncentration in plasma (Tmax) were determined directly from indi-
idual concentration−time data. The elimination rate constant was
alculated with the Microsoft Excel plug in PKsolver [25] with
he following formula: (ln(y1) − ln(y2))/(t2 − t1). Relative organ
ccumulation (Porgan) was calculated by dividing organ concen-
rations (Corgan) at either t = 2 h or t = 24 h by the area under the
lasma concentration-time curve from 0 to 2 h (AUC0-2h) or 0–24 h
AUC0-24h), respectively. One-way analysis of variance (ANOVA)
as used to determine significance of differences between groups,

fter which post-hoc tests with Tukey correction were performed
or comparison between individual groups. When variances were
ot homogeneous, data were log-transformed before statistical
ests were applied. Differences were considered statistically sig-
ificant when P < 0.05. Data are presented as means ± SD.

. Results

.1. Afatinib is transported by hABCB1, hABCG2 and mAbcg2

We  first studied the transport of afatinib in vitro by measur-
ng afatinib (2 �M)  translocation through polarized monolayers
f MDCKII cell lines transduced with human (h)ABCB1, hABCG2
r mouse (m)Abcg2 cDNA. As shown in Fig. 1A, we observed
ow apically directed afatinib transport in the parental cell line
transport ratio r = 1.3). This was somewhat decreased (to an r of
.8) when adding the ABCB1 inhibitor zosuquidar (Fig. 1B), sug-
esting that this background transport could be mediated by the
ow amount of endogenous canine ABCB1 present in the MDCKII
ells [26]. In MDCKII cells transduced with hABCB1, we observed
xtensive apically directed transport with r = 7.6, which was com-
letely blocked by zosuquidar (r = 0.9, Fig. 1C and D). To suppress
ny endogenous canine ABCB1 activity, subsequent experiments
n ABCG2-mediated transport were done in the presence of
osuquidar. Both hABCG2 and mAbcg2 efficiently transported afa-
inib in the apical direction (r = 5.6 and r = 23, respectively) (Fig. 1E
nd G). This transport was completely abrogated (r = 0.8 and r = 1.0,
espectively) by treatment with the ABCG2 inhibitor Ko143 (Fig. 1F
nd H). Overall, afatinib appears to be well transported by hABCB1,
ABCG2 and mAbcg2.

.2. Abcg2 and Abcb1 each restrict the oral availability of afatinib
n mice

Afatinib is given orally to patients. We  therefore started with
 pilot experiment with oral afatinib (10 mg/kg) in WT and
bcb1a/1b;Abcg2−/− mice, analyzing plasma concentrations and
issue accumulation after 8 h. The results indicated a substantial
mpact of this combined transporter deficiency on oral availability
nd brain accumulation of afatinib, with highly increased expo-
ure levels in the knockout strain (Supplemental Figs. 1–3). We
herefore studied in more detail the single and combined effects
f Abcb1 and Abcg2 deficiencies on afatinib plasma pharmacoki-
etics and organ accumulation using WT,  Abcg2−/−, Abcb1a/1b−/−,
nd Abcb1a/1b;Abcg2−/− mice. Plasma exposure of afatinib over
4 h (AUC0-24) was increased by the absence of Abcg2 by 4.2-fold
P = < 0.001), by the absence of Abcb1a/1b by 2.4-fold (P < 0.01), and
y the absence of both Abcg2 and Abcb1a/1b by 7-fold (P < 0.001)
ompared to WT  mice (Fig. 2A; Table 1, 24 h data). These results
ndicate that each of these transporters can substantially affect the
ntestinal uptake and/or the systemic elimination of afatinib, thus

estricting its oral availability. The marked contribution of each of
he individual transporters was further supported by comparison
f the plasma AUC0-24 values of the single knockout strains with
he combination knockout strain (Table 1, 24 h data).
up to 4 h yields P < 0.001 at 30 min  and 1 h, at 2 h P < 0.01 for Abcg2−/−;Abcb1a/1b−/−

compared to WT mice. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Similar results were obtained when measuring the afatinib
plasma AUC0-2 in an independent 2-h experiment, with 1.6- and
1.8-fold increased values in Abcg2−/− mice and Abcb1a/1b−/− mice,
respectively (P < 0.01 and P < 0.05), and a 3-fold increase in the
combination knockout strain (P < 0.001) compared to the WT mice
(Table 1). Like for the 24-h experiment, the contribution of each
of the individual transporters yielded significant differences in the
AUC0-2 with the combination knockout strain, further supporting
that Abcb1 and Abcg2 can each restrict the oral availability of afa-
tinib.

Interestingly, a semi-log plot of the plasma concentrations in
the 24-h experiment indicated that, from 8 h on, the plasma clear-
ance in Abcg2−/− mice, but especially also in the combination
knockout mice, was substantially reduced compared to that in WT
and Abcb1a/1b−/− mice (Supplemental Fig. 4). This indicates that
especially Abcg2 but also Abcb1a/1b can contribute to the plasma
clearance of afatinib in mice.

3.3. Abcg2 and Abcb1 each strongly limit afatinib brain
accumulation

Tissue concentrations were measured at the last time point of
the above-mentioned pharmacokinetic experiments. At 24 h, brain

concentrations in Abcb1a/1b−/−;Abcg2−/− mice showed highly sig-
nificant increases of 1208-fold (P < 0.001) compared to WT  mice
(Fig. 3A; Table 1). The Abcg2−/− and Abcb1a/1b−/− separate knock-
out strains also showed a significant increase compared to wild type
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Table  1
Pharmacokinetic parameters of afatinib after oral administration of 10 mg/kg to female wild-type, Abcg2−/− , Abcb1a/1b−/− , and Abcb1a/1b−/−;Abcg2−/− mice (n = 5–6).

Parameter Genotype

Time (h) WT Abcg2−/− Abcb1a/1b−/− Abcb1a/1b−/−;Abcg2−/−

AUC0-2 (ng·h/ml) 2 145 ± 33 254 ± 30**,+ 239 ± 70*,++ 441 ± 86***

Cplasma (ng/ml) 120 ± 40 180 ± 26+++ 192 ± 41 *,+++ 312 ± 48***

Cbrain (ng/g) 51 ± 12 65 ± 16+++ 130 ± 66 +++ 3658 ± 689***

Pbrain (h−1) 0.35 ± 0.06 0.25 ± 0.04+++ 0.51 ± 0.15 +++ 8.34 ± 0.99***

Fold change 1 0.72 1.5 23.8
Cliver (�g/g) 10.0 ± 2.9 19.6 ± 4.1* 15.0 ± 6.1 + 28.7 ± 10.5***

Pliver (h−1) 70.7 ± 19 76.7 ± 8.8 63.3 ± 17.2 64.9 ± 20.9
Fold  change 1 1.1 0.9 0.9
AUC0-24 (ng·h/ml) 24 434 ± 184 1831 ± 651*** 1061 ± 253 **,++ 3020 ± 590***

Cmax (ng/ml) 73.2 ± 31.5 167 ± 39.4* 131 ± 28.3+ 227 ± 57.3***

Tmax (h) 2.8 ± 1.1 4.5 ± 2.5 2 4
Cbrain (ng/g) 1.7 ± 0.2 7.8 ± 3.7***,+++ 5.5 ± 1.0***,+++ 2054 ± 299***

Pbrain (*10-3 h−1) 4.3 ± 2.4 4.1 ± 0.9+++ 5.4 ± 1.6+++ 688 ± 80.1***

Fold change 1 0.95 1.2 160
Cliver (ng/g) 12.6 ± 4.8 371 ± 176***,+++ 22.5 ± 5.1+++ 3598 ± 1192***

Pliver (*10−3 h−1) 31.9 ± 15.6 207 ± 110***,+++,### 21.4 ± 3.6+++ 1214 ± 429***

Fold change 1 6.5 0.67 38

AUC, area under the plasma concentration-time curve; Cmax maximum drug concentration in plasma; Tmax, the time after drug administration needed to reach maximum
p ivide
b 3 h−1. 
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lasma concentration; Cbrain, brain concentration; Pbrain, brain accumulation (Cbrain d
y  plasma AUC). Note: Cliver at 2 h is shown in �g/g and Pliver at 24 h is shown in *10−

++, P < 0.001 compared to Abcb1a/1b(-/-); Abcg2(-/-) mice and ###, P < 0.001 compare

ice, although far lower, with increases of 4.6- and 3.2-fold, respec-
ively (P < 0.001). However, as the afatinib plasma concentrations
t 24 h were also very different between the strains, this required

ppropriate correction. Unfortunately, plasma concentrations at
4 h in the WT  mice were undetectable, precluding a direct compar-

son with afatinib brain-to-plasma ratios in the WT  mice (Fig. 3B).
orrecting the afatinib brain concentrations for the correspond-

ig. 3. Brain and liver concentration (A, D), tissue-to-plasma ratio (B, E) and relative 

bcg2−/−;Abcb1a/1b−/− mice 24 h after oral administration of 10 mg/kg afatinib. Note th
 < 0.001 compared to WT mice and +, P < 0.05; ++, P < 0.01; +++, P < 0.001 compared to Abcb
ot  detectable; LLOQ, lower limit of quantification 0.5 ng/ml. Data are presented as the m
d by plasma AUC); Cliver, liver concentration; Pliver, liver accumulation (Cliver divided
*, P < 0.05; **, P < 0.01; ***, P < 0.001 compared to WT mice and +, P < 0.05; ++, P < 0.01;
bcb1a/b(-/-) mice. Data are given as mean ± SD

ing plasma AUCs resulted in no significant differences in afatinib
accumulation in the brains of Abcg2−/− and Abcb1a/1b−/− mice
compared to WT mice (Fig. 3C). However, for Abcb1a/1b;Abcg2−/−
mice the brain accumulation was  175-fold increased (P < 0.001)
compared to that in WT mice, with similar differences observed
when compared with Abcg2−/− and Abcb1a/1b−/− mice (Fig. 3C;
Table 1). This indicates that Abcg2 and Abcb1a/1b each by them-

tissue accumulation (C, F) of afatinib in female WT,  Abcg2−/− , Abcb1a/1b−/− and
e log scale used for the liver concentration in panel D. *, P < 0.05; **, P < 0.01; ***,
1a/1b(-/-); Abcg2(-/-) mice and ###, P < 0.001 compared to Abcb1a/b(-/-) mice. N.D.,
ean ± SD.
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Fig. 4. Brain and liver concentration (A, D), tissue-to-plasma ratio (B, E) and relative tissue accumulation (C, F) of afatinib in female WT,  Abcg2−/− , Abcb1a/1b−/− and
A −/− −/− P < 0.0 + ++ +++
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bcg2 ;Abcb1a/1b mice 2 h after oral administration of 10 mg/kg afatinib. *, 

 < 0.001 compared to Abcb1a/1b(-/-); Abcg2(-/-) mice. Data are presented as the me

elves can drastically restrict the brain accumulation of afatinib,
nd that a combined deficiency of these transporters is needed for

 pronounced increase of the brain accumulation of afatinib.
The liver often equilibrates quickly with plasma levels of a drug,

hich makes it complicated to assess differences between strains
hen plasma levels are widely divergent (and undetectable in the
T strain), as is the case at 24 h. As shown in Table 1 and Fig. 3D,

fter oral administration, Abcg2−/− mice showed a 29-fold increase
P < 0.001) in liver afatinib concentrations compared to WT mice,
hereas Abcb1a/1b−/− mice did not show a significant difference

ompared to the WT  mice. With both Abcb1a/1b and Abcg2 knocked
ut, we observed a more pronounced increase in liver concentra-
ion of afatinib compared to WT  mice (286-fold, Table 1, Fig. 3D).
owever, these pronounced differences may  well mainly reflect the

arge differences in plasma afatinib concentration at this time point,
s is suggested by the much smaller differences in liver-to-plasma
atios between the strains as far as these could be assessed (Fig. 3E).
apid equilibration of liver afatinib with plasma afatinib concen-
rations renders interpretation of a correction for the plasma AUCs
Fig. 3F) problematic, as the strain differences in plasma concentra-
ion at 24 h were far greater than the strain differences in plasma
UCs. Similar complications preclude a straightforward interpre-

ation of kidney and spleen parameters at 24 h (Supplemental Fig.
). Such complications can be circumvented by assessing an earlier
ime point (e.g., 2 h), where plasma concentration differences are

uch smaller (see below).
The impact of transporter proteins on tissue accumulation
f drugs is especially relevant around the time of maximum
lasma concentrations. Mice were therefore sacrificed 2 h after
ral administration of 10 mg/kg afatinib. Relative plasma concen-
rations between the strains up to 2 h were very similar to those
5; **, P < 0.01; ***, P < 0.001 compared to WT mice and , P < 0.05; , P < 0.01; ,
D.

seen during the 24 h experiment (Compare Fig. 2A and B). Similar
to the results at 24 h after administration, the brain concentration
of afatinib in Abcb1a/1b;Abcg2−/− mice showed a highly significant
72.4-fold increase (P < 0.001) compared to WT  mice. In contrast, no
significant differences were found for the single knockout strains
compared to WT  mice (Fig. 4A, Table 1). Correcting the afatinib
brain concentrations for the corresponding plasma concentrations
(Fig. 4B) or AUCs (Fig. 4C) yielded similar results. The brain accu-
mulation showed a highly significant, 23.8-fold increase (P < 0.001)
for Abcb1a/1b−/−;Abcg2−/− mice compared to WT  mice, whereas
brain accumulations in the single knockout strains were not signif-
icantly different from those in WT  (Fig. 4C; Table 1). Thus, also at 2 h,
either Abcg2 or Abcb1a/1b alone could profoundly restrict the brain
accumulation of afatinib, and only a combined deficiency for both
transporters resulted in a drastically increased brain penetration of
afatinib.

As explained above, the liver concentration of drugs often equili-
brates relatively quickly with the plasma concentration. The data in
Fig. 4D–F and Table 1 support that notion for afatinib. Whereas the
liver concentration of afatinib was  moderately different between
the four strains (Fig. 4D), these differences appeared to entirely
reflect the plasma concentrations, as both the liver-to-plasma ratios
(Fig. 4E) and liver accumulation data (Fig. 4F) showed virtually
equal levels between the four strains. Also measurements of these
parameters for kidney and spleen (Supplemental Fig. 6) revealed at
most modest differences between the strains. Collectively, these
data indicate that the profound difference in brain accumula-

tion of afatinib between the strains, especially at 2 h, is a direct
consequence of localized activity of Abcg2 and Abcb1a/1b in the
blood-brain barrier.
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. Discussion

A number of ABC transporters, including ABCB1 and ABCG2,
ause resistance to a wide range of drugs. Expression of some
BC transporters, especially ABCB1 and ABCG2, was found to be
ssociated with resistance to chemotherapy in several cancers,
ncluding NSCLC [27,28]. This would suggest the possible impor-
ance of inhibiting these transporters when treating patients with
hemotherapy to reverse such tumor resistance. Furthermore,
SCLC readily metastasizes to the brain [29], where ABCB1 and
BCG2 are expressed at the blood-brain barrier. Inhibiting both

hese transporters during chemotherapy could therefore possibly
lso improve treatment of metastases positioned in part or in whole
ehind the blood-brain barrier. Afatinib has been approved for
he first-line treatment of patients with metastatic NSCLC whose
umors have epidermal growth factor receptor (EGFR) mutations
5,17]. Because the ABC efflux transporters could affect the biologi-
al availability of afatinib at several levels, we wanted to investigate
he possible effects these transporter proteins might have on afa-
inib disposition.

We  here show that both the ABC efflux transporters ABCG2
nd ABCB1 are important factors that can limit uptake of afa-
inib. We  demonstrated that afatinib is efficiently transported by
ABCB1, hABCG2 and mAbcg2 in vitro (Fig. 1). Similar in vitro
ata were acquired in the past with sunitinib, ceritinib, topotecan
nd sorafenib [30–32] The plasma afatinib concentrations in the
bcb1a/1b−/−;Abcg2−/− mice were highly increased relative to the
T levels. Single Abcg2 or Abcb1a/1b knockout mice also showed

 marked increase in afatinib plasma concentrations, albeit not
s high as seen in the combination knockout (Fig. 1). This effect
as seen for all the experimental studies at the various end-points

f 2, 8 and 24 h after oral administration. These results indicate
hat the oral availability of afatinib is markedly restricted by both
bcg2 and Abcb1a/1b, which might result from decreased intestinal
ptake and/or increased hepatic excretion mediated by these trans-
orters. The results for the single and combination knockout strains
uggested roughly additive effects of each transporter in limiting
fatinib oral availability. Additionally we found that the plasma
learance was slower in the Abcb1a/1b−/−;Abcg2−/− mice as well
s in the Abcg2−/− mice, but perhaps less so for Abcb1a/1b−/− mice,
ompared to WT  mice (Supplementary Fig. 4). Their mean elimina-
ion rate constants were 0.09 h−1 (t1/2 = 7.6 h), 0.18 h−1 (t1/2 = 3.8 h),
.26 h−1 (t1/2 = 2.7 h) and 0.36 h−1 (t1/2 = 2.0 h) respectively. How-
ver, note that the elimination rate constant for the WT  mice was
alculated only until 8 h because the 24 h time point was below
he quantification limit. Our data indicate that especially Abcg2,
ut also Abcb1a/1b, directly contribute to the plasma clearance of
fatinib in mice.

The accumulation of afatinib was highly increased in the brains
f the Abcb1a/1b−/−;Abcg2−/− mice compared to WT  mice (Table 1,
igs. 3C, 4C). However, this was not the case for the two single
nockout strains. This suggests that in each case the remaining
fflux transporter still present at the BBB could virtually completely
ake over the role of the knocked out transporter. This dispro-
ortionate increase in brain accumulation of afatinib observed in
he Abcg2−/−;Abcb1a/1b−/− mice compared to the single knock-
ut strains was similar to that found for other TKIs (e.g. axitinib,
emurafenib, lapatinib, gefitinib, erlotinib, sunitinib, dasatinib and
matinib [21,30,31,33–37]), and can be explained by relatively
traightforward pharmacokinetic models [35,38]. These indicate
hat, if the two transporters each have a high contribution of efflux
ransport relative to the background efflux at the BBB in the absence

f both transporters, the effect of single transporter ablation on
rain accumulation will be far less than the effect of combined
blation. An interesting implication of these models is that, next
o Abcg2 and Abcb1a/1b, there can be no other efflux transporters
l Research 120 (2017) 43–50 49

in the BBB that are remotely as efficient in keeping afatinib out of
the brain, at least under the conditions we  applied.

The liver is pharmacologically a highly important organ; there-
fore we  have also analyzed the accumulation of afatinib in the
liver in vivo. We  show that when the ABCB1 and ABCG2 efflux
transporters are knocked out, there is a significant increase in the
accumulation of afatinib in the liver (Figs. 3 and 4). However, these
changes appear to be driven mainly by the alterations in plasma
concentrations between the strains, as suggested by the liver-to-
plasma ratios (Fig. 4E; note that the liver-to-plasma ratio in the
WT mice at 24 h could not be established because of undetectable
plasma levels of afatinib, Fig. 3E).

In previous studies we  have found that for some anticancer
drugs (everolimus, cabazitaxel) the upregulation of plasma car-
boxylesterase Ces1c in the ABC transporter knockout strains can
affect the pharmacokinetics of these drugs [39,40]. This can occur
by strong binding of some drugs to this protein, resulting in
pronounced retention of drug in plasma. If this were the case
for afatinib, one would expect a substantially decreased liver-to-
plasma ratio in the knockout strains, as previously observed for
everolimus and cabazitaxel. As there is no indication whatsoever of
such a decrease (Fig. 4E), it appears that afatinib is not substantially
affected by such a potentially confounding process.

Clinical trials of afatinib up till now have shown positive results
in tumor regression in NSCLC patients with EGFR-mutation positive
tumors. Progression-free survival in these patients is enhanced in
patients without, as well as with brain metastases [41–43]. A phase
III trial in patients with second-line recurrent and/or metastatic
head and neck squamous cell carcinoma comparing efficacy of
afatinib versus methotrexate has shown favorable results for treat-
ment with afatinib, with a higher progression-free survival rate
[44]. Thus, although afatinib has been approved for treatment of
NSCLC [5,17], it may  be beneficial for other tumor types containing
the relevant EGFR-mutations as well.

Based on our findings, it is likely that tumors expressing ABCB1
and/or ABCG2 will also demonstrate resistance to afatinib-based
chemotherapy. Inhibiting these transporters during afatinib ther-
apy might therefore be beneficial for the response of these tumors.
It may further be possible to increase afatinib levels in the brain
of patients with CNS involvement for better treatment efficacy
when afatinib is coadministered with an efficacious dual inhibitor
of ABCB1 and ABCG2 such as elacridar. From our study it appears
that this sort of coadministration might perhaps also increase the
oral availability and consequently overall tissue levels of afatinib,
which should be taken into account for possible dose adjustment,
to avoid increased toxicity.

5. Conclusion

Our study shows that ABCG2 and ABCB1 by themselves and
together markedly restrict oral availability and brain disposition
of afatinib, and mediate its elimination. These results indicate that
coadministration of efficacious ABCG2 and ABCB1 inhibitors may
increase exposure of afatinib in patients, in transporter-expressing
tumors, but especially also in the brain, thus providing an option to
better treat NSCLC and its metastases positioned in part or in whole
behind a functionally intact blood-brain barrier.
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