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ABSTRACT: P-glycoprotein (P-gp/ABCB1) and breast cancer resistance
protein (BCRP/ABCG2) combination knockout mice display disproportio-
nately increased brain penetration of shared substrates, including topotecan and
several tyrosine kinase inhibitors, compared to mice deficient for only one
transporter. To better study the interplay of both transporters also in vitro, we
generated a transduced polarized MDCKII cell line stably coexpressing
substantial levels of human ABCB1 and ABCG2 (MDCKII-ABCB1/ABCG2).
Next, we measured concentration-dependent transepithelial transport of topo-
tecan, sorafenib and sunitinib. By blocking either one or both of the transporters
simultaneously, using specific inhibitors, we aimed to mimic the ABCBI-
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ABCG?2 interplay at the blood—brain barrier in wild-type, single or combination knockout mice. ABCB1 and ABCG2 contributed
to similar extents to topotecan transport, which was only partly saturable. For sorafenib transport, ABCG2 was the major
determinant at low concentrations. However, saturation of ABCG2-mediated transport occurred at higher sorafenib concentrations,
where ABCB1 was still fully active. Furthermore, sunitinib was transported equally by ABCB1 and ABCG2 at low concentrations,
but ABCG2-mediated transport became saturated at lower concentrations than ABCB1-mediated transport. The relative impact of
these transporters can thus be affected by the applied drug concentrations. A comparison of the in vitro observed (inverse) transport
ratios and cellular accumulation of the drugs at low concentrations with in vivo brain penetration data from corresponding
Abcbla/1b™" o, Abchf/ "~ and Abcbla/1 b;Abchf/ " mouse strains revealed very similar qualitative patterns for each of the tested
drugs. MDCKII-ABCB1/ABCG2 cells thus present a useful in vitro model to study the interplay of ABCB1 and ABCG2.
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B INTRODUCTION

P-glycoprotein (P-gp/ABCB1) and breast cancer resistance
protein (BCRP/ABCG2), both members of the ATP-binding
cassette (ABC) transporter family, are expressed at the apical
membranes of various polarized cells such as intestinal enter-
ocytes, hepatocytes, renal epithelial cells and the brain capillary
endothelial cells (BCECs) forming the blood—brain barrier
(BBB). A variety of drugs, including many anticancer drugs,
are subject to active efflux by one or both transporters, potentially
resulting in limited gastrointestinal absorption, increased renal or
hepatic excretion and limited brain penetration." Besides their
physiological expression and functions, ABCB1 and ABCG2 are
expressed in many tumor types, mediating multidrug resistance
against anticancer drugs.2

The protective role of ABCBI at the BBB is well-established
and was first demonstrated directly in Abcbla ’~ knockout
mice, where ABCBI1 significantly restricts the brain entry of
various drugs.>* More recently, insight was gained into the efflux
activity of ABCG2 at the BBB. In Abcg27/7 mice and in Abcbla
mutant (ie., Abcbla-deficient) or Abcbla/Ib~/~ mice, when
treated with the dual ABCB1 and ABCG?2 inhibitor elacridar
(GF120918), increased brain concentrations of imatinib, mitox-
antrone and prazosin were found as compared to wild-type
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(WT) mice.® As a variety of drugs are shared substrates of
ABCB1 and ABCG2, the generation of an Abcbla/1 b;Abch_/_
combination knockout mouse model allowed the study of the
interplay between both transporters at the BBB. This model was
applied to study the pharmacokinetic profiles, in particular brain
penetration, of the ABCB1 and ABCG2 cosubstrates topotecan
and imatinib.”® Whereas, compared to WT mice, only a modest
increase in topotecan and imatinib brain accumulation was
observed in the single-transporter knockout mice, brain accumu-
lation was disproportionately increased in Abcbla/1 b;Abch_/ -
mice (i.e., several-fold higher than the sum of the increases in
Abcbla/1 b/ and Abch_/_ mice). These data suggest that the
remaining transporter, which is still present in single-transporter
knockout mice, can often largely compensate for the loss of
function of the knocked-out transporter. In subsequent studies,
similar effects were found for a variety of drugs, including several
tyrosine kinase inhibitors (TKI) such as lapatinib, dasatinib,
sorafenib, gefitinib, erlotinib’”'* and very recently sunitinib.'®
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While for some of the drugs, including topotecan and
imatinib, both transporters appeared to contribute more or
less equally to the efflux activity at the BBB, the brain
penetration of dasatinib and sunitinib appeared to be mainly
limited by ABCB1. In comparison, the brain accumulation of
sorafenib was mainly restricted by ABCG2. Collectively,
these studies raised the question whether the observed effects
in the Abcbla/1 b;Abch_/_ mice are based on an additive
or a synergistic interaction between ABCB1 and ABCG2 at
the BBB.

All data generated so far on the interaction between ABCB1
and ABCG2 were based on in vivo studies. The lack of an in vitro
system with simultaneously high expression levels of ABCB1 as
well as ABCG2 impeded mechanistic studies of this interaction at
the cellular level. Therefore, we aimed to generate a double-
transduced Madin-Darby canine kidney (MDCKII) cell line
stably overexpressing human ABCB1 and ABCG2 and use it to
study the transepithelial transport of shared substrates, in this
study represented by topotecan, sorafenib and sunitinib. By
blocking either one or both transport proteins with specific
inhibitors in MDCKII-ABCB1/ABCG2 cells, we aimed to
mimic the ABCB1-ABCG2 interaction at the BBB in WT,
Abcbla/1b™" 7,Abcg27/ ~and Abcbla/1 b;Abchi/ ~ mice, respec-
tively. Moreover, we performed transport experiments in a con-
centration-dependent manner to study possible saturation effects
of the efflux proteins. We further compared the in vitro transport
data of our test compounds with previously generated in vivo brain
penetration results.

B MATERIALS AND METHODS

Chemicals and Cell Lines. [*H]Sorafenib (0.17 Ci/mmol)
was from Moravek Biochemicals (Brea, CA), [*H]sunitinib (12.5
Ci/mmol) was from American Radiolabeled Chemicals (St. Louis,
MO) and [**CJinulin (5.6 Ci/mol) was from Amersham Bios-
ciences (Little Chalfont, U.K.). [**C]Topotecan (13.0 Ci/mol)
(Smith-Kline Beecham Pharmaceuticals (King of Prussia, PA)
and zosuquidar (LY-335979) (Eli Lilly, Indianapolis, IN, USA)
were a kind gift of Dr. O. van Tellingen (The Netherlands Cancer
Institute, Amsterdam, NL). Sorafenib, sunitinib and topotecan
were purchased from Sequoia Research Products (Pangborne,
UK.). Ko143 was described previously."® All other chemicals
were of analytical grade and obtained from standard suppliers
unless mentioned otherwise. Rat monoclonal antibody BXP-53
recognizing ABCG2/Abcg2 and mouse monoclonal antibody
C219 recognizing ABCB1 were from Abcam (Cambridge, MA).
Adherent embryo fibroblast cells MEF3.8 overexpressing human
ABCG2 were described and characterized previously.'” The
polarized MDCKII parental cell line and a subclone transduced
with human ABCB1 were described elsewhere."® All MDCKII
cell lines were cultured in Dulbecco’s modified Eagle’s medium
with high-glucose and GlutaMax (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum, S0 U/mL penicillin
and 50 ug/mL streptomycin.

Generation of ABCG2 Single- and ABCB1/ABCG2 Double-
Transduced MDCKII Cell Lines. A MDCKII-ABCB1/ABCG2
double-transduced cell line was generated by transducing MDCKII
cells stably overexpressing human ABCB1 with human ABCG2
according to Pavek et al’ In parallel, parental MDCKII cells
were transduced with human ABCG2 in order to obtain a new
MDCKII-ABCG2 cell line. In brief, the LZRS-IRES-GFP ex-
pression vector containing full-length WT human ABCG2

cDNA was transfected into the amphotropic Phoenix producer
cell line by using the calcium phosphate precipitation method.
Viral supernatants from these transfected cells were used to
transduce MDCKII-ABCB1 or MDCKII parental cells by coin-
cubation in the presence of 5 (tg/mL Polybrene. Enhanced green
fluorescent protein (eGFP) expression in transduced cells was
analyzed by FACS followed by single-cell sorting for GFP
positive cells into 96-well plates containing MDCKII-condi-
tioned medium. Subsequently, ABCG2 mRNA and protein
expression as well as topotecan transport activity was measured
in outgrowing clones and an optimal clone of MDCKII-ABCB1/
ABCG2 cells and MDCKII-ABCG2 cells, respectively, was
selected for this study. Stable ABCG2 RNA and protein expres-
sion as well as topotecan transport activity was regularly verified
in both selected clones over a period of 19 culture passages (~10
weeks).

Western Blot. Cells were trypsinized, washed with ice-cold
PBS and resuspended in TD buffer (10 mM Tris-HCI, pH 8.0,
0.1% Triton X-100, 10 mM magnesium sulfate, 2 mM CaCl,,
40 U/mL DNase, 1 mM dithiothreitol and protease inhibitor
cocktail from Roche, Basel, Switzerland). Cell suspensions were
subjected to 3 freeze—thaw cycles and then incubated at 37 °C
for 10 min. After centrifugation (14000 rpm for S min) the
protein concentration in the supernatant was determined using a
BCA Protein Assay Kit (Pierce Chemical, Rockford, IL). Then
10 ug of protein was separated on a polyacrylamide gel (6% for
ABCBI and 8% for ABCG2) followed by transfer to a nitrocel-
lulose membrane using the iBlot Dry Blotting Transfer Stack
Mini (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Equal protein loading was confirmed by Ponceau S
staining of the membranes after protein transfer. After blocking
for 1 h at room temperature in blocking buffer (PBS with 1% (w/
v) bovine serum albumin, 1% (w/v) milk powder and 0.05% (v/
v) Tween 20) the membranes were incubated overnight at 4 °C
either with the rat monoclonal antibody BXP-53 recognizing
ABCG?2 or with the mouse monoclonal antibody C219 recogniz-
ing ABCB1 (both in a 1:50 dilution in blocking buffer).

Secondary rabbit anti-rat or rabbit anti-mouse antibodies
conjugated to horseradish peroxidase (Dako, Copenhagen,
Denmark) were used at 1:1000 dilutions in blocking buffer for 1
h at room temperature. The bands were visualized using an ECL
detection kit (GE Healthcare, Little Chalfont, Buckingham-
shire, U.K.).

Transport Assays. Transport assays were performed using
microporous polycarbonate membrane filters (3.0 ym pore size,
24 mm diameter, Transwell 3414, Costar, Cambridge, MA) as
previously described with minor modifications.'” MDCKII par-
ental cells and subclones were seeded at a density of 1.0 x 10°
cells per well and were grown for 72 h, including daily medium
changes. Two hours before starting the experiment, cells were
washed with prewarmed PBS and preincubated with 2 mL of
Opti-MEM (Invitrogen, Carlsbad, CA) either alone or contain-
ing the ABCBI inhibitor zosuquidar (5 M), the ABCG2
inhibitor Ko143 (1 uM) or a combination of both inhibitors at
the indicated concentrations. The experiment was started at £ = 0
by replacing the medium in the donor compartment (either
apical or basolateral) with fresh Opti-MEM containing the sub-
strate or the mixture of substrate and inhibitors. [14C]top0tecan
(0.02 uCi/mL) was used at concentrations of 1.6 M and 500
UM, where the lower end of the concentration range was limited
by the specific radioactivity of the available radioactive topotecan
and 500 M was the highest soluble concentration. As sorafenib
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Figure 1. Protein levels of human ABCG2 in MEF3.8-ABCG2 and MDCKII parental, -ABCG2, -ABCB1 and -ABCB1/ABCG2 cells (A). Protein levels
of human ABCBI1 in MDCKII parental, -ABCB1 and -ABCB1/ABCG2 cells (B). Western blot analysis was performed with 10 ug of cellular protein
using the monoclonal antibodies BXP-53 recognizing ABCG2 (70 kDa) and C219 recognizing ABCB1 (170 kDa). Equal protein loading was confirmed
by Ponceau S staining of the membranes after protein transfer (data not shown).

showed high nonspecific binding to plastic material in Opti-MEM,
all sorafenib experiments were performed in DMEM supplemen-
ted with 10% FBS instead of Opti-MEM. [*H]Sorafenib (0.045
uCi/mL) was used in concentrations of 0.3, 2, 10, and 20 uM,
[*H]sunitinib (0.045 #Ci/mL) in concentrations of 0.02, 0.2, 2,
and 20 uM. For [*H]sorafenib and [*H]sunitinib experiments
["*Clinulin (0.045 uCi/mL) was added to the experimental
solution to check the integrity of the cell monolayer. For
["*C]topotecan experiments [**C]Jinulin leakage was measured
in parallel in cells seeded and cultured under the same conditions.
Inulin leakage was accepted up to 1% per hour. Aliquots of 50 #L
were taken every hour from the acceptor compartment up to 4 h,
and radioactivity was measured by liquid scintillation counting.
At the end of the experiment filters with cell layers were washed
twice with ice-cold PBS and excised and radioactivity was mea-
sured. The percentage of substrate appearing in the acceptor
compartment relative to the total amount added to the donor
compartment at the beginning of the experiment was calculated
and plotted in the figures. Transport ratios (r) were calculated by
dividing apically directed translocation (BA) by basolaterally
directed translocation (AB) of drugs. The relative cellular drug
uptake was determined by dividing the amount of radioactivity
measured in cell and filters by the initially applied amount of
radioactivity. All data points are means (n = 3) + standard
deviation (SD), and two-sided unpaired Student’s  test was used
to compare AB- and BA-translocation at 4 h.

B RESULTS

Generation and Characterization of ABCG2 Single- and
ABCB1/ABCG2 Double-Transduced MDCKII Cell Lines. The
MDCKII cell line overexpressing human ABCG2 is a commonly
used tool to study ABCG2-mediated drug transport.'”'**® We
generated an ABCB1/ABCG2 double-transduced MDCKII cell
line, by transducing MDCKII cells overexpressing ABCB1>" with
human ABCG2. Moreover, because we recently encountered
unstable expression and activity of the ABCG2 protein in our
original MDCKII-ABCG2 clone, we also generated new ABCG2-
overexpressing MDCKII clones. Optimal clones were selected by
testing protein levels and transport activity over a number of
culture passages.

Western blot analysis revealed substantial protein expression
of human ABCQG?2 in the selected ABCG2 and ABCB1/ABCG2
clones, whereas no expression was observed in MDCKII parental
and ABCBI cells (Figure 1A). Slightly higher ABCG2 protein
expression was found in the single-overexpressing ABCG2 clone
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than in the double-transduced ABCB1/ABCG2 clone. Stably
transduced MEF3.8-ABCG2 cells (immortalized fibroblasts which
overexpress functionally active human ABCG2) were used as a
positive control.'” Size differences of the main bands between
MEF3.8 and MDCKII clones likely represent differences in level
of N-glycosylation between the different cell types. Immunoblot-
ting revealed bands of comparable intensities for ABCB1 protein
in MDCKII-ABCBI1 cells and in the double-transduced ABCB1/
ABCG?2 clone, indicating that the transduction process had not
altered ABCBI protein expression (Figure 1B).

Functional activity of MDCKII-ABCG2 and -ABCB1/ABCG2
cell lines was assessed by measuring transepithelial transport of
topotecan, a cosubstrate of ABCB1 and ABCG2 (results de-
scribed in the next section). Using zosuquidar in all topotecan
transport experiments in order to inhibit endogenous canine
ABCBI1 in MDCKII-ABCG2 cells as well human ABCBI in
MDCKII-ABCB1/ABCG2 cells allowed us to study the ABCG2-
mediated transport in both cell lines. Over a period of 19 culture
passages (~10 weeks) we consistently observed clear ABCG2
protein expression as well as substantial ABCG2-mediated topote-
can transport activity in both cell lines. During this period no
significant alterations of either protein expression or transport
activity were observed, indicating stable ABCG2 activity in these lines.

Topotecan Transport in MDCKII Parental, -ABCB1 and -
ABCG2 Cells. We first determined transepithelial transport of the
shared ABCB1 and ABCG2 substrate ['*CJtopotecan through
monolayers of the MDCKII-ABCB1 and -ABCG2 clones
(Figure 2). In the parental cells a transport ratio (r) of 2.9 was
observed, presumably resulting from transport by endogenous
canine ABCB1 (Figure 2A) as previously reported: addition of
the specific ABCB1 inhibitor PSC833 (S uM) completely blocked
topotecan transport in parental cells.'” In ABCBI-overexpres-
sing cells a topotecan transport ratio of 5.7 was observed due to
increased apically and decreased basolaterally directed topotecan
translocation as compared to the parental cell line (Figure 2B).
This transport was abolished by the specific ABCB1 inhibitor
zosuquidar (S uM) (Figure 2D). For cells overexpressing ABCG2
we measured a topotecan transport ratio of 6.9. This ratio was
markedly decreased to a value of 1.8 by the specific ABCG2
inhibitor Ko143 (1 uM), revealing the residual endogenous
ABCBI transport activity (Figure 2C,E). Together, these data
show that human ABCG?2 is functionally active in the new clone,
and that its properties are very similar to those of the original
ABCG2 cell line,"” but with better long-term stability of ABCG2
expression. Furthermore, these results demonstrate that zosu-
quidar and Ko143 can be used as potent and specific inhibitors of
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Figure 2. Transepithelial transport of [**CJtopotecan at an initial concentration of 1.6 uM through monolayers of MDCKII parental (A), human
ABCBI1- (B, D), and human ABCG2-transduced cells (C, E). Transport was measured in the absence of inhibitor (A—C) or in the presence of S uM
zosuquidar to inhibit ABCBI1 (D) or 1 #M Ko143 to inhibit ABCG2 (E). Translocation from the apical to the basolateral compartment (open circles),
translocation from the basolateral to the apical compartment (filled squares). Results are expressed as mean values (1 = 3) of relative transport (%) £ SD
(error bars are frequently within the symbols). The transport ratio (r) was calculated as the quotient of apically directed and basolaterally directed
translocation at 4 h, and differences at 4 h were tested by Student’s t test (***: p < 0.001).

ABCBI- or ABCG2-mediated topotecan transport, when applied
at the used concentrations.

Topotecan Transport in MDCKII-ABCB1/ABCG2 Cells. We
subsequently measured topotecan transport in the newly gener-
ated double-transduced MDCKII-ABCB1/ABCG2 cell line at
topotecan concentrations of 1.6 uM and 500 uM (i.e., close to
the limit of solubility in Opti-MEM). The experiments were
performed either without inhibitor, in the presence of Ko143 to
block ABCG2, in the presence of zosuquidar to inhibit ABCBI,
or in the presence of both inhibitors simultaneously (Figure 3).
At 1.6 uM topotecan we found a transport ratio of 7.9 under
inhibitor-free conditions (Figure 3A). To determine the con-
tribution of ABCBI to topotecan transport, we applied Ko143,
resulting in a transport ratio of 5.3 (Figure 3B). Comparing this
ratio with the one observed in the ABCBI cell line (Figure 2B)
demonstrates that transducing these cells with ABCG2 did not
alter the activity of ABCB1. Blocking of ABCB1 by zosuquidar
revealed the contribution of ABCG2 to topotecan translocation
(Figure 3C). The observed ratio of 5.2 indicates significant
ABCG2 activity in the double-transduced cell line, and similar
to that of ABCBI in this line. Simultaneous application of both
inhibitors abolished active topotecan transport (Figure 3D).
When we increased the topotecan concentration to 500 uM
we found significantly reduced transport ratios of 5.3 under
inhibitor-free conditions and 3.7 in the presence of either Ko143
or zosuquidar, most likely due to beginning saturation of the
transporters (Figure 3E,F,G). Topotecan transport at 500 4M
was also completely blocked in the presence of both inhibitors

(Figure 3H). Taken together, these results indicate that ABCB1-
as well as ABCG2-mediated topotecan translocation in the
MDCKII-ABCB1/ABCG?2 cell line is partially saturable at very
high topotecan concentrations. Furthermore, both transporters
appear to have high transport capacities for topotecan and to
contribute about equally to the active transport over a large
concentration range.

Sorafenib Transport in MDCKII-ABCB1/ABCG2 Cells. We
next assessed the contribution of ABCB1 and ABCG2 to the
transepithelial transport of [*H]sorafenib in a concentration-
dependent manner using the MDCKII-ABCB1/ABCG2 cell
line. Under uninhibited conditions at 0.3 M sorafenib we mea-
sured a transport ratio of 6.0 representing efficient active sora-
fenib transport (Figure 4A). Upon specific blocking of ABCG2
using Ko143 we observed alow ABCB1-mediated transport ratio
of 1.4 (Figure 4B). Blocking of only ABCBI1 by zosuquidar
resulted in a transport ratio of 3.7 (Figure 4C) indicating a higher
impact of ABCG2 on sorafenib transport compared to ABCB1 at
0.3 uM. Simultaneous addition of Ko143 and zosuquidar com-
pletely blocked ABCB1 and ABCG?2 activity and even resulted in
a slightly higher basolaterally than apically directed translocation
(Figure 4D) perhaps due to an apically located uptake system
and/or a basolaterally directed efflux transporter of sorafenib.

Upon increasing sorafenib concentrations to 2, 10, and 20 uM
without inhibitors, we found reduced transport ratios to 2.8, 1.7
and 14, respectively, indicating gradual saturation of active
transport (Figure 4A, E, I, M). In the presence of Kol43,
ABCBI1-mediated sorafenib transport appeared to be at constant
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Fi§ure 3. Concentration-dependent transepithelial transport of
[**CJtopotecan through monolayers of MDCKII-ABCB1/ABCG2
cells. Transport was measured in the absence of inhibitor (A, E), in
the presence of 1 #M Ko143 to inhibit ABCG2 (B, F), in the presence of
S uM zosuquidar to block ABCB1 (C, G) or in the presence of both
inhibitors (D, H). ["*C]Topotecan was applied at initial concentrations
of 1.6 uM (A—D) and 500 uM (E—H) to either apical or basolateral
compartments. Translocation from the apical to the basolateral com-
partment (open circles), translocation from the basolateral to the apical
compartment (filled squares). Results are expressed as mean values (n =
3) of relative transport (%) = SD (error bars are frequently within the
symbols). The transport ratio (r) was calculated as described with
Figure 2. Differences at 4 h were tested by Student’s ¢ test (***: p <
0.001).

levels up to a concentration of 10 uM, while saturation was
observed at 20 M sorafenib (Figure 4B, F, J, N). In contrast, we
observed partial saturation of ABCG2-mediated sorafenib

transport in the presence of zosuquidar already at a sorafenib
concentration of 2 uM, resulting in a reduced transport ratio of
2.0 (Figure 4G). Virtually complete saturation of ABCG2 was
found at sorafenib concentrations of 10 #M or higher (Figure 4K,
O). These data show a major contribution of ABCG2 to
sorafenib transport at 0.3 ©M, while the contribution of ABCB1
is rather low. At 2 uM both transporters show similar efficiencies,
whereas at 10 uM ABCB1 becomes the more important trans-
porter for sorafenib. Thus, ABCG2 appears to have a higher
affinity for sorafenib transport than ABCBI, but this also results
in earlier saturation of ABCG2.

Sunitinib Transport in MDCKII-ABCB1/ABCG2 Cells. To
examine the contribution of ABCB1 and ABCG2 to sunitinib
transport we measured the translocation of [*H]sunitinib in the
absence or presence of Ko143 and zosuquidar in the MDCKII-
ABCB1/ABCG2 line. The experiments were carried out at
sunitinib concentrations of 0.02 (not shown), 0.2, 2, and 20 uM.
When no inhibitor was applied we measured significant active
transport at a concentration of 0.2 M resulting in a transport
ratio of 4.7 (Figure SA). Upon blocking ABCG2 with Ko143 we
observed an ABCB1-mediated transport ratio of 2.1 (Figure SB).
A similar transport ratio of 2.0 was found for ABCG2-mediated
sunitinib transport in the presence of zosuquidar (Figure SC).
Under coincubation with Ko143 and zosuquidar active transport
was completely abolished (Figure SD). Virtually identical trans-
port ratios were observed at a sunitinib concentration of 0.02 uM
for all four conditions (data not shown). We therefore conclude
that at 0.2 uM we observed completely unsaturated ABCB1- and
ABCG2-mediated sunitinib transport. Increasing the sunitinib
concentrations to 2 and 20 #M in the absence of inhibitors
resulted in lower transport ratios of 3.2 and 2.2, respectively,
indicating beginning saturation of the active transport (Figure SE,I).
By studying ABCBIl-mediated transport in the presence of
Ko143, we found that ABCB1 was only saturable to a small
extent with corresponding transport ratios of 2.1, 1.8, and 1.7 at
0.2, 2, and 20 uM, respectively (Figure SB,FJ). In contrast,
beginning saturation of ABCG2-mediated sunitinib transport in
presence of zosuquidar was already observed at a concentration
of 2 uM. The transport ratio of 2.0 at 0.2 uM was reduced to 1.3
at concentrations of 2 and 20 uM (Figure SC,G,K). A ratio of
about 1 under coincubation with both inhibitors was found at all
tested concentrations (Figure SD,H,L). Thus for sunitinib up to
0.2 uM we observed similar transport contributions of ABCB1
and ABCG2, but at higher sunitinib concentrations (2—20 #M)
ABCG?2 was more easily saturated than ABCBI1. Note that at a
concentration of 20 #M sunitinib the apically as well as the
basolaterally directed sunitinib translocation was reduced by
about 2-fold as compared to concentrations of 2 (M, potentially
due to saturated sunitinib uptake in the MDCKII cells. A similar
overall reduction of sunitinib translocation was previously seen in
LLC-PK cells at 10 #M sunitinib.**

Intracellular Accumulation of Sorafenib and Sunitinib in
MDCKII-ABCB1/ABCG2 Cells. Besides transepithelial transloca-
tion we also measured intracellular accumulation of sorafenib
and sunitinib in MDCKII-ABCB1/ABCG2 cells (Figure 6).
Intracellular topotecan levels were also tested, but found to be
too low under all circumstances (<1%) to draw significant
conclusions. Accumulation results obtained after apical applica-
tion of drugs are presented, and results upon basolateral applica-
tion were comparable (not shown). We found highly pro-
nounced changes in relative intracellular accumulation of sor-
afenib and sunitinib, depending on the degree of saturation or
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Figure 4. Concentration-dependent transepithelial transport of [ *H]sorafenib through monolayers of MDCKII-ABCB1/ABCG2 cells. Transport was measured in
the absence of inhibitor (A, E, I, M), in the presence of 1 M Ko143 to inhibit ABCG2 (B, F, ], N), in the presence of S M zosuquidar to block ABCB1 (C, G, K, O)
or in the presence of both inhibitors (D, H, L, P). [*H]Sorafenib was applied at initial concentrations of 0.3 4M (A—D), 2.0 uM (E—H), 10 uM (I—L) and 20 uM
(M—P) to either apical or basolateral compartments. Note that no significant polarized sorafenib transport was observed in parental MDCKII cells, indicating a
negligible transport contribution of endogenous canine ABCB1."" Translocation from the apical to the basolateral compartment (open cirdles), translocation from the
basolateral to the apical compartment (filled squares). Results are expressed as mean values (1 = 3) of relative transport (%) == SD (error bars are frequently within the
symbols). The transport ratio (r) was calculated as described with Figure 2. Differences at 4 h were tested by Student’s ¢ test (*: p < 0.05, **: p < 0.01, **: p < 0.001).

inhibition of ABCB1 and/or ABCG2. While both transporters
were active at a sorafenib concentration of 0.3 M, only 3.2% of
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the initially applied drug was found within the cells (Figure 6A).
This value was increased by 4.6- or 1.6-fold in the presence of
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Figure S. Concentration-dependent transepithelial transport of [*H]sunitinib through monolayers of MDCKII-ABCB1/ABCG?2 cells. Transport was measured
in the absence of inhibitor (A, E, I), in the presence of 1 #M Ko143 to inhibit ABCG2 (B, F, ]), in the presence of S 4M zosuquidar to block ABCB1 (C, G, K) orin
the presence of both inhibitors (D, H, L). [*H] Sunitinib was applied at initial concentrations of 0.2 #M (A—D), 2.0 4M (E—H) and 20 M (I—L) to either apical
or basolateral compartments. Note that no significant polarized sunitinib transport was observed in parental MDCKII cells, indicating a negligible transport
contribution of endogenous canine ABCB1 (data not shown). Translocation from the apical to the basolateral compartment (open circles), translocation from the
basolateral to the apical compartment (filled squares). Results are expressed as mean values (1 = 3) of relative transport (%) & SD (error bars are frequently within
the symbols). The transport ratio (r) was calculated as described with Figure 2. Differences at 4 h were tested by Student’s ¢ test (**: p < 0.01, **: p < 0.001).

Ko143 or zosuquidar, respectively, indicating a dominant role of Coincubation with Ko143 and zosuquidar caused a 7.2-fold increase
ABCG?2 in the efflux of sorafenib out of the cells at 0.3 uM. in cellular sorafenib accumulation. Saturation of ABCB1-mediated
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Figure 6. Cellular accumulation of [*H]sorafenib (A) and [*H]sunitinib (B) in MDCKII-ABCB1/ABCG? cells. The drugs were applied in the apical
compartment at initial concentrations of 0.3, 2, 10, and 20 M for sorafenib, and at 0.2, 2, and 20 uM for sunitinib. After 4 h cells were washed and the
radioactivity in the filters was determined. Results are expressed as mean values (n = 3) of relative radioactivity (%) compared to the initially applied

amount of drug & SD.

efflux as judged from cellular accumulation (Ko143 data) became
evident at a sorafenib concentration of 10 M, while for ABCG2
(zosuquidar data) beginning saturation was already found at 2.0
UM. These results are in line with the transcellular transport data
indicating that ABCG2 is the major determinant for cellular
efflux transport of sorafenib at low concentrations, whereas
ABCBI is more important at high concentrations.

For sunitinib we found intracellular accumulation of 5.5% at
0.2 #M, in the absence of inhibitors (Figure 6B). Addition of
either Ko143 or zosuquidar resulted in 3.3- and 3.0-fold higher
cellular accumulation, respectively, pointing to an equal con-
tribution of ABCB1 and ABCG2 to sunitinib efflux. Coincuba-
tion with both inhibitors resulted in 6.5-fold increased intra-
cellular sunitinib concentrations. At a sunitinib concentration of
2 uM the relative cellular accumulation was modestly increased
compared to 0.2 #M in the absence of inhibitors or in the
presence of zosuquidar, but not with Ko143, suggesting begin-
ning saturation of ABCG2 but not of ABCBI1. At a further
increased sunitinib concentration of 20 #M cellular accumulation
was found to be in between 43 and 50% in the absence or in the
presence of one or both inhibitors. Although this finding suggests
near saturation of both transporters at 20 uM, we still observed
transport ratios between 1.3 and 2.2 unless both inhibitors were
applied (Figure SI—L), presumably resulting mainly from re-
maining ABCB1-mediated transport acivity. Taken together, the
cellular accumulation results for sorafenib and sunitinib largely
reflect the transcellular transport data.

B DISCUSSION

In this study we describe the generation and characterization
of a double-transduced MDCKII cell line overexpressing human
ABCB1 and ABCG2. Transduction of the MDCKII-ABCBI cell
line with human ABCG2 resulted in a clone with stable expres-
sion of significant ABCG2 and ABCB1 protein levels and effi-
cient transport activity for several test drugs. In parallel we
generated a new MDCKII cell line with stable overexpression
of ABCG2. Next, we used the ABCB1/ABCG2 cell line to study
the interplay between ABCBI and ABCG2 in terms of transe-
pithelial translocation of the shared substrates topotecan,

sorafenib and sunitinib. The use of specific inhibitors of ABCB1
and ABCG2 allowed us to study the single and the combined
contribution of both efflux transporters to the translocation of
the tested substrates. Furthermore, as discussed below, the
chosen approach enabled us to compare our in vitro results with
previously generated brain penetration data for topotecan,
sorafenib and sunitinib in WT, Abcbla/ 16~/ and Abch_/ -
single and Abcbla/1 b;Abch_/ ~ combination knockout mice.”!!
The results indicate a good qualitative correlation between the in
vitro and in vivo data, suggesting that the developed model will
help us to better understand the ABCB1/ABCG?2 interplay in
the BBB.

The topoisomerase I inhibitor topotecan is a well-known
cosubstrate of murine and human ABCB1 and ABCG2. >*
Using single transporter-overexpressing MDCKII cells, Li et al.
reported é)artially saturable topotecan transport by ABCB1 and
ABCG2*° and Muenster and coauthors found partial saturation
of the murine Abcg2 for topotecan concentrations up to 500
ﬂM.27 This is in agreement with our observation in the ABCB1/
ABCG?2 cell line, where the activity of both transport proteins
was partially reduced to the same extent at 500 #M topotecan,
most likely due to beginning saturation of the efflux transporters.
Recently, de Vries et al. analyzed the combined role of ABCB1
and ABCG2 in limiting the brain penetration of topotecan in
WT, Abcbla/1 b_/_, Abch_/_ and Abcbla/1 b;Abch_/_ mice.”
In the mouse strain lacking both transporters, the topotecan
AUCy,in over a period of 24 h was 12-fold increased compared to
WT mice, whereas in Abch_/ ~ and Abcbla/1b”’" mice, the
AUCin was only 1.5-fold and 1.6-fold higher, respectively
(Figure 7C). Qualitatively similar-fold differences among the
mouse strains were also measured at 1 and 4 h.

For a more straightforward comparison with in vivo brain
penetration data we converted the in wvitro transport ratios
(basolateral-to-apical transport divided by apical-to-basolateral trans-
port, BA/AB, or r) to inverse transport ratios (AB/BA, or 1/r)
(Figure 7). Since high apically directed drug transport by ABCBI
and ABCG2 counteracts brain penetration of drugs, inverse transport
ratios correlate more directly with the in vivo drug uptake across the
BBB. Indeed, also the in vitro cellular drug accumulation profiles
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Figure 7. Comparison of in vitro transport ratios and inverse transport ratios of topotecan (A, B), sorafenib (D, E) and sunitinib (G, H, J, K) in
MDCKII-ABCB1/ABCG2 cell with in vivo brain concentrations of topotecan (C), sorafenib (F) and sunitinib (I, L) in WT, Abch_/ =, Abcbla/1b /™
and Abcbla/1 b;Abcg27/7 mice. In vitro, topotecan was applied at 1.6 4M, sorafenib at 0.3 uM (D, E) and sunitinib at 0.2 uM (G, H) or 2.0 uM (J, K).
Basolaterally directed translocation data (AB) and apically directed translocation data (BA) of the drugs were used to calculate transport ratios (BA/AB)
and inverse transport ratios (AB/BA). Experiments were performed either in absence of any inhibitor (white bars), in the presence of 1 M Ko143 (light
gray bars), S M zosuquidar (dark gray bars) or in the presence of both in inhibitors simultaneously (black bars). Results are expressed as mean values (n
=3). Brain penetration data were taken from the literature (de Vries et al,, 2007;” Lagas etal, 2010;"! Tangetal, 201 1), Topotecan data are presented
as AUCy., (ng/mL * h over a 24 h period; mean of n = 25 per cohort & SE) after intravenous administration of S mg/kg (C). Sorafenib brain
concentrations (ug/g; n =S5 & SD) were measured 6 h after oral administration at 10 mg/kg (F). Sunitinib brain concentrations (ug/g; n = 5—8 £ SD)

were measured 6 h after oral administration at 10 mg/kg (I) or 10 min after intravenous injection of 20 mg/kg (L).

established at 0.2—2 uM for sorafenib and sunitinib in the various
MDCKII lines are a near-perfect mirror of the inverse transport ratio
profiles (Supplemental Figure 1 in the Supporting Information). For
topotecan the inverse transport ratios at a concentration of 1.6 uM
revealed a qualitatively very similar pattern as found for in vivo brain

AUCs, with a disproportionate 8.8-fold increase when both trans-
porters were blocked, while inhibition of only one of each transporter
led to a 1.5-fold increase (Figure 7B,C). At 500 #M topotecan a
qualitatively similar pattern was observed, but the relative differences
among the various conditions were reduced due to beginning
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saturation of active transport (Figure 3E—H). Taken together, these
findings suggest that, for topotecan, ABCBI as well as ABCG2 has
the ability to compensate for the loss of the other transporter to a
similar degree both in vitro and in vivo. The correlation of the 1.6 4M
in vitro data with the brain penetration data also suggests that the
BBB transporters were not significantly saturated in vivo.

For the second-generation TKI sorafenib the in vitro transport
data in ABCB1/ABCG2 cells match the results of Lagas et al.
(2010), who found sorafenib to be a weak ABCBI, but a
moderate human ABCG2 and a good mouse Abcg2 substrate.
Also Hu et al. reported saturable sorafenib transport by human
ABCBI in vitro, but they found no significant transport of
sorafenib in Saos-2 cells overexpressing ABCG2,”” perhaps due
to relatively low expression of ABCG2 in the cell line used. We
further found that sorafenib was transported with different
affinities by ABCB1 and ABCG2. At low concentrations, ABCG2
had a significantly higher impact on sorafenib translocation than
ABCBI1. However, ABCG2 was completely saturated at a con-
centration of 10 uM, while ABCB1 was still fully active. Hence,
there is a shift toward ABCBIl-mediated transport at higher
sorafenib concentrations.

Lagas et al. (2010) reported no change in relative brain
concentrations of sorafenib in Abcbl-deficient mice, but 4.2-
and 8.7-fold increases in Abchf/ ~ and Abcbla/1b;Abcg2™~
mice, respectively, compared with WT mice (Figure 7F), sug-
gesting a major role of Abcg2 in limiting sorafenib brain
penetration."" Correction of brain concentrations for plasma
concentrations did not affect the results, as sorafenib plasma
concentrations were comparable in all mouse strains. Like for
topotecan, we found a highly similar profile for the inverse
transport ratios in ABCB1/ABCG2 cells at low sorafenib con-
centrations (0.3 #M), showing a major contribution of ABCG2
in limiting sorafenib translocation, especially when ABCB1 was
inactive (Figure 7D,E). Sorafenib translocation was 4.2- and 1.6-
fold increased when ABCG2 or ABCBI1 were blocked, respec-
tively, whereas inhibition of both transporters resulted in an 8.6-
fold increased translocation. At a sorafenib concentration of 2
UM the relative pattern among the distinct groups was similar but
relative differences were lower (Figure 4E—H).

The in vitro data obtained by us and by Lagas et al. indicate that
sorafenib is only a moderate substrate for ABCB1 in vitro."" This
finding can explain the increased brain accumulation in single
Abcng/ ~ mice, whereas Abcg2 can completely compensate for
the loss of Abcbl. As our results demonstrate saturation of
ABCG?2 at higher sorafenib concentrations it can be speculated
that sorafenib relative brain accumulation in Abcbla/1b /™ mice
might increase when sorafenib is applied at higher doses. How-
ever, the plasma concentrations needed may be difficult to
achieve in clinically realistic situations (see below).

We recently demonstrated that the TKI sunitinib is a shared
substrate of ABCB1 and ABCG2 in vitro and in vivo, and an
efficiently transported substrate of murine Abcg2."> Here we
show that sunitinib is a moderate in vitro substrate of human
ABCBI1 and ABCG2. Tang et al. further observed a 23.4-fold
increased sunitinib brain concentration in Abcbla/1 b;Abchf/ B
mice compared to WT mice 6 h after oral administration at a dose
of 10 mg/kg, while the brain accumulation was only marginally
increased in Abcg2™’~ and Abcbla/1b~"~ mice, by 1.3- and 2.3-
fold, respectively (Figure 7I). This indicates that Abcg2 and
Abcbl can largely compensate for each other’s absence at this
exposure level. However, when, in an effort to saturate the BBB
transporters, sunitinib was administered intravenously at a

maximum tolerable dose of 20 mg/kg and brain concentrations
were measured 10 min after administration, only 3.7-fold and
2.8-fold increases were found in Abcbla/1b;Abcg2™’~ and
Abcbla/1b™'" mice, respectively, compared to WT mice
(Figure 7L)."° In contrast, Abcg2™/~ mice did not have
significantly different sunitinib brain levels from WT mice.
These data suggest saturation of Abcg2 in the absence of Abcb1
at high sunitinib levels, whereas Abcb1 could still fully com-
pensate for the loss of Abcg2.

The inverse transport ratios obtained in MDCKII-ABCB1/
ABCG2 cells again revealed a qualitatively similar pattern for
sunitinib in vitro at 0.2 M and 2 uM and in vivo brain penetration
under low and high exposure conditions, with saturation of
Abcg2 becoming obvious at high exposure levels both in vitro
and in vivo (Figure 7H,LK,L). However, the impact of losing
ABCG2 activity alone was more apparent in vitro (Kol43
inhibition results) than in the in vivo brain penetration results.
Possibly for sunitinib human ABCG2 has a relatively higher
impact compared to human ABCB1 than mouse Abcg2 vs mouse
Abcbl. The lower fold-difference between uninhibited and
coinhibited conditions in MDCKII-ABCB1/ABCG2 cells at
0.2 uM than between WT and Abcbla/I1 b;Abch_/_ brains at
low exposure (Figure 7H, I) might result from a higher overall
background permeability for sunitinib in MDCKII cells com-
pared to the BBB in mice under low exposure conditions. This
would reduce the overall impact of efflux transporters on
transport ratios.

After initiation of the present study, Kodaira et al. published a
kinetic analysis of previously reported brain accumulation data of
several drugs including TKIs."* The disproportionate brain
accumulation of shared ABCB1 and ABCG2 substrates observed
in Abcbla/1 b;Abch_/_ mice compared to Abcbla/lb_/_ and
Abcg2™™ mice could be explained in a straightforward manner
by the additive contribution of Abcbl and Abcg2 to the net efflux
at the BBB, and by the fact that the intrinsic efflux activities of
ABCBI1 and ABCG2 were each much larger than the remaining
(most likely passive) efflux activity at the BBB. The authors
concluded that there is no need to postulate a direct synergistic
interaction between ABCB1 and ABCG2. Although outside of
our expertise, it is likely that this kinetic model can also be applied
to the results obtained with the MDCKII-ABCB1/ABCG2 cells.

Our results for topotecan, sorafenib and sunitinib obtained in
the MDCKII-ABCB1/ABCG2 cell line depict a highly similar
qualitative pattern when compared with the corresponding brain
accumulation data derived from mouse experiments. This sug-
gests that the MDCKII-ABCB1/ABCG2 cell line is a useful in
vitro model to qualitatively mimic the effects of both transporters
on brain penetration across the BBB. However, making a direct
quantitative prediction for the brain accumulation in mice or in
humans based on our in vitro results will remain more compli-
cated. Possible limitations are mouse-human species differences
in substrate affinities, and the unknown absolute protein expres-
sion of ABCB1 and ABCG2 in the MDCKII cell line compared to
that in murine and human BBB. Only recently Kamiie and
coauthors developed a method for absolute quantification of
membrane transporter proteins in mice by liquid chromatogra-
phy-tandem mass spectrometry.”® Applying this approach to
MDCKII-ABCB1/ABCG2 cells and freshly isolated human
BCECs may allow a more quantitative comparison of transporter
expression. Furthermore, the MDCKII cell line, which is derived
from kidney tubular epithelium, may exhibit different character-
istics from BCEC:s, affecting the background permeability for test
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compounds. Nevertheless, in a study by Garberg et al.* comparing
several BBB in vitro models, including isolated primary BCECs,
several BBB cell lines, Caco-2 and MDCKII parental and -
ABCBI cells for their usefulness in discriminating between
compounds with passive diffusion and active efflux, best results
were obtained for primary BCECs and MDCKII-ABCB1 cells.
Furthermore, inulin permeability was found to be lowest in Caco-
2 and MDCKII cells followed by primary bovine BCEC:s. Still, in
comparison with mouse brain uptake data, the inulin perme-
ability in MDCKII cells was ~10 times higher. This study
demonstrated that high transporter expression and activity as
well as low paracellular permeability are crucial factors for a useful
BBB in vitro model.” In the past, many BBB cell lines, mainly of
animal origin, failed to form tight monolayers, or expressed drug
transporters only at low levels.>° >* Recently, human BBB cell
lines were developed which exhibit paracellular resistance close
to that of primary BCECs.**** However, despite the detected
expression of the relevant efflux transporters, transport activity
was only found for very good ABCB1 or ABCG2 substrates. For
this reason, isolated primary BCECs of different origin are often
still the preferred in vitro models to study efflux transport.
However, Garberg et al. concluded that a specific in vitro model
of the BBB is not needed when the main focus is the study of
permeability and brain distribution of ABCB1 substrate drugs. It
should be noted, though, that no substrates with high affinities to
ABCG2 were included in that study. Thus, by integrating
ABCG2 into the MDCKII-ABCBI1 cell line, we have increased
its application range for substrates of the human ABCG2, while
its barrier properties and ABCB1 activity remain preserved.
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© Ssupporting Information.  Supplemental Figure 1 depicting
comparison of inverse transport ratios with cellular accumulation of
sorafenib and sunitinib in MDCKII-ABCB1/ABCG2 cells. This mat-
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