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ABSTRACT
Purpose We characterized three canine P-gp (cP-gp) defi-
cient MDCKII cell lines. Their relevance for identifying efflux
transporter substrates and predicting limitation of brain pen-
etration were evaluated. In addition, we discuss how com-
pound selection can be done in drug discovery by using these
cell systems.
Method hMDR1, hBCRP-transfected, and non-transfected
MDCKII ZFN cells (all with knock-down of endogenous cP-
gp) were used for measuring permeability and efflux ratios for
substrates. The compounds were also tested in MDR1_Caco-
2 and BCRP_Caco-2, each with a double knock-out of
BCRP/MRP2 or MDR1/MRP2 transporters respectively.
Efflux results were compared between the MDCK and
Caco-2 models. Furthermore, in vitroMDR1_ZFN efflux data
were correlated with in vivo unbound drug brain-to-plasma
partition coefficient (Kp,uu).
Results MDR1 and BCRP substrates are correctly classified
and robust transporter affinities with control substrates are
shown. Cell passage mildly influenced mRNA levels of trans-
fected transporters, but the transporter activity was proven
stable for several years. TheMDCK and Caco-2 models were
in high consensus classifying same efflux substrates. Approx.
80% of enlisted substances were correctly predicted with the
MDR1_ZFN model for brain penetration.

Conclusion cP-gp deficient MDCKII ZFN models are reli-
able tools to identify MDR1 and BCRP substrates and useful
for predicting efflux liability for brain penetration.
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ABBREVIATIONS
ABC ATP-binding cassette
API Active pharmaceutical ingredient
BCRP Breast cancer resistance protein
CNS Central nervous system
cP-gp Canine P-glycoprotein
Cpm Count per minute
CT Cycle threshold
DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulfoxide
DPBS Dulbecco’s phosphate buffered saline
EDTA Ethylenediaminetetraacetic acid
EMA European medicines agency
ER Efflux ratio
FBS Fetal bovine serum
FDA U.S. Food and drug administration
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HBSS Hank’s balanced salt solution
MDCK Madin-Darby canine kidney
MDR Multidrug resistance
mRNA Messenger RNA
MRP Multidrug resistance associated protein
NEA Non-essential amino acids
NER Net efflux ratio
OATP Organic anion-transporting polypeptide
OCT Organic cation transporter
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Papp Apparent permeability coefficient
RT-PCR Reverse transcription-polymerase chain reaction
P-gp P-glycoprotein
WT Wild type
ZFN Zinc finger nuclease

INTRODUCTION

In vitro permeability and transport assays are routinely con-
ducted in pharmaceutical industry to screen and select the
most promising drug candidates for clinical development.
Cell lines used for such purpose are required to express
specific efflux transporters that enable investigation of
transporter-mediated drug-drug interactions (DDIs),
according to the guideline of the U.S. Food and Drug
Administration (FDA) [1]. For that, epithelial cell lines
such as Caco-2 and Madin-Darby Canine Kidney
(MDCK) cells represent two major cell models widely
used for predicting human absorption. Due to compara-
ble classes of efflux transporters expressed across physio-
logical barriers, including P-glycoprotein (P-gp, also
known as multidrug resistance protein 1(MDR1)), breast
cancer resistance protein (BCRP), and multidrug
resistance-associated proteins (MRPs), Caco-2 and
MDCK cells have been used for assessment of DDI liabil-
ity and applications of predicting transporter-regulated
impediment of the blood-brain barrier [2, 3].

Caco-2 cells were derived from human colon adenocarci-
noma, which can grow into a confluent and polarized mono-
layer under expression of tight junction proteins, such as ZO-
1, claudin, occludin etc. In contrast to the dog-origin MDCK
cells, Caco-2 cells possess a wide range of functional human
transporter proteins. Besides common efflux transporters (i.e.,
hMDR1, hBCRP, hMRP2), uptake transporters such as
OATP, OCT, SLC21A and SLC22A are also expressed in
Caco-2 cells to function in drug absorption and distribution
[4]. Caco-2 cells require extensive time in culture (normally
~21 days) to reach full differentiation and expression of trans-
porters, therefore it has been often restricted to their low-
throughput applications, i.e., for late stage drug candidate
characterization. In addition, due to variable expression of
transporters in Caco-2 subpopulations, it is difficult to attri-
bute a distinct property of a compound, e.g. efflux, to a de-
fined transporter type. For that reason, it is possible to genet-
ically knock out pairs of eff lux transporters, e.g.,
MDR1/BCRP, MDR1/MRP2 or BCRP/MRP2, to keep
one prominent transporter in Caco-2 for substrate identifica-
tion. Conveniently, these Caco-2 models are already available
from a commercial vendor [5] and therefore provide easy
access for our study.

Despite its non-human origin, the MDCK cell line is how-
ever advantageous due to its shorter cultivation time, its high

proliferation rate, its predictability of human intestinal ab-
sorption as well as brain exposure. Therefore, MDCK cells
are a preferred choice for setting up permeability and efflux
transporter assays. So far, two sub-types of MDCK cells have
been made available from its parental strain NBL-2, namely
type I and type II MDCK cells (MDCKI and MDCKII).
MDCKI cells were isolated with lower passage parental
MDCK cells and characteristic of high transepithelial electri-
cal resistance (TEER) values (>4000 Ω•cm2), while MDCKII
cells were obtained from higher passageMDCK cells and with
instead lower TEER values (<300 Ω•cm2) [6]. Despite both
stains were reported in literature, MDCKII cells are however
considered as a prominent choice in most efflux transporter
studies [6].

Recently, different MDCK cell lines have been reported in
literature for the prediction of brain penetration, including
MDCKI-MDR1 from the National Institutes of Health
(NIH) and MDCKII-MDR1 from Netherlands Cancer
Institute (NKI; Borst cell line) [7, 8], human MDCKII-LE-
BCRP and mouse MDCKII-mBcrp [9], LLC-PK1-MDR1
and MDCK-MDR1 [10]. MDCK-MDR1 was reported as a
superior cell model for the quantitative prediction of brain
disposition [10], and the NIHMDCKI-MDR1 was previous-
ly suggested to predict the brain penetration better than the
Borst cell line. Expression levels of transfected transporters
and endogenous P-gp activity from selected MDCK models
remain to be important factors affecting the eventual data
quality.

It is important to note that the MDCK cells described in
this work were derived from the Borst cell lines [11]. As men-
tioned above, one obstacle that hampers the usefulness of
MDCK cells as an in vitro screening tool in predicting the
contribution of efflux transporters into compound exposure
and disposition has been the endogenous expression of cP-
gp. As cP-gp can confound permeability and efflux studies if
it remains functional, the data generated with these cell lines
can lead to underestimated evaluation for passive permeabil-
ity or exaggerated efflux activity for transfected transporters.
As a result, false negative or false positive results likely con-
found data interpretation for source cell lines, such as the
Borst or NIH cell models.

Based on those cells, new MDCK cell lines have been gen-
erated using genetic modification in order to circumvent the
influence of endogenous efflux transporters in cellular studies.
In literature, Simoff et al. generated a MDCKII cell line with
complete knock-out of MDR1 by using CRISPR-Cas9 gene-
editing technology [12], and Karlgren et al. further character-
ized these cells with transfected hMDR1 in drug efflux studies
[13]. Chen et al. from Genentech Inc. adopted a similar
CRISPR-Cas9 approach and validated cP-gp-free MDCKI
cells with overexpression of human P-gp (hP-gp) in permeabil-
ity and efflux substrate studies [14]. Prior to these experi-
ments, the elimination of endogenous cP-gp was also achieved

Pharm Res (2020) 37: 194194 Page 2 of 16



by using zinc finger nuclease (ZFNs) technology [11]. ZFNs
are sequence-specific zinc finger nucleases (ZFNs) fused with
the restriction enzyme FokI. Once ZFNs bind to specific ge-
nomic DNA sequence (i.e., cP-gp), dimerization of FokI is
initiated for genome modification. With ZFN transfection,
cP-gp “knock-down” experiments were performed by
Gartzke et al. [11], based on three cell lines originally from
the Netherlands Cancer Research Center, including wild type
MDCKII and MDCKII cells transfected with hMDR1
(ABCB1) or hBCRP(ABCG2). Following mRNA expression
analysis of ABC transporters and functional permeability and
efflux assays, these transfected cell lines, namely WT_ZFN,
MDR1_ZFN, and BCRP_ZFN have demonstrated drastic
knock-down activities from cP-gp [11].

In this report, we aim to evaluate the suitability and reli-
ability of genetically modified MDCKII ZFN cell models in
order to strengthen the scientific basis on how compound
selection can be achieved for drug discovery in industry.
Numerous transporter substrates were used to characterize
permeability and efflux transport properties of the model cell
lines, and data variability and robustness was further investi-
gated regarding cell passage, and long-term cultivation fac-
tors. Two double knock-out Caco-2 cell lines, including a
paired deletion of BCRP/MRP2 or MDR1/MRP2 respec-
tively, were also applied for the substrate identification. As a
result, compound permeability and efflux transport results
were compared between MDCKII ZFN and double knock-
out Caco-2 models. Moreover, a correlation of compound
properties was performed in between in vitro MDCKII ZFN
data and in vivomouse data, and we explored if cP-gp deficient
MDCKII ZFN models could be useful in predicting efflux
transporter-dependent brain penetration. Our results led to
a proposed screening process for compound characterization
in discovery and development. We developed a decision tree
for the use of key efflux parameters for compound selection.

MATERIALS AND METHODS

Materials

Unless stated otherwise, all test compounds (substrates and
inhibitors) were obtained internally from AbbVie chemical
substance management system (Ludwigshafen, Germany).
Commercially available compounds were purchased form
Sigma-Aldrich (Taufkirchen, Germany). Radiolabeled probe
substrates, including [3H]-quinidine and [3H]-prazosin, were
ordered from American Radiolabelled Chemicals Inc.
(Missouri, US). Scintillation gel Ultima Gold XR was
obtained from PerkinElmer (Rodgau, Germany). Three
MDCKII ZFN cell lines used for this study were all available
from the internal cell bank in AbbVie Germany. Double
knock-out MDR1_Caco-2 and BCRP_Caco-2 cell lines were

ordered from Merck Millipore, Germany. Cell culture
reagents, e.g., DPBS, trypsin/EDTA, DMEMmedium, sodi-
um pyruvate, L-Glutamine, non-essential amino acids and
penicillin-streptomycin solution, were all purchased from
Thermo Fisher Scientific (St.Leon-Rot, Germany). Fetal bo-
vine serum was obtained from BioChrom GmbH (Berlin,
Germany). All plasticwares were internally available in
AbbVie Germany.

Cell Culture

All studied cell lines were cultivated in 75 cm2 cell culture
flasks at 37°C with 5% CO2, and passaged every 5–7 days
with DMEM medium, supplemented with 10% FBS, 1%
NEA, 1% sodium pyruvate, 1%L-Glutamine. For subculture,
cells were rinsed with DPBS once and further incubated in
DPBS for 10–15 min, subsequently replaced with 2 mL of
trypsin/EDTA solution for 10min at 37°C to detach the cells.
Thereafter, trypsin was deactivated by adding 10 mL of me-
dium and cells were harvested by centrifugation at 300 g for
5 min. For cP-gp-deficient MDCKII ZFN cell lines (with
transfection of hMDR1 or hBCRP transporter) and wild-
type MDCKII ZFN cells (without recombinant efflux trans-
porter expression), cell culture was maintained with a passage
number of 25–50. In parallel, two Caco-2 double knock-out
cell lines with paired deletion of BCRP/MRP2, MDR1/
MRP2 respectively were maintained in the same DMEMme-
dium above but with 1% penicillin-streptomycin.

In transport studies, all cell lines were seeded into 1 μm
Millicell® 96-well transwell plate (Merck Millipore,
Germany), comprising the insert plate and the feeder plate.
The insert well was seeded with 100 μL cell suspension con-
taining 40,000 cells. The feeder tray was filled with 28 mL of
medium. For assay usage, MDCKII cell monolayers were
maintained for 5 days, while Caco-2 monolayers were grown
for 21 days with media change every 2 days. All transwell
plates received fresh media change one day before the experi-
ments to prevent cell starvation.

Quantitative Real-Time PCR

In order to evaluate cell passage effect on the transporter gene
expression, lower and higher passaged MDR1_ZFN (Passage
23 and 35), BCRP_ZFN (Passage 19 and 33) and WT_ZFN
cells (Passage 16 and 33) were used for RNA extraction. Total
RNA was isolated from MDCKII ZFN cells, using RNeasy®
Mini Kit from Qiagen (Hilden, Germany) according to the
manufacturers protocol. The concentration and purity of
RNA was determined at 260/280 nm with a NanoDrop™
2000 spectrophotometer from Thermo Fisher Scientific
(Wilmington, Germany). Total RNA (~1 μg) was reverse-
transcribed into cDNA using Transcriptor First Stand
cDNA Synthesis Kit from Roche Diagnostics (Mannheim,
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Germany). The quantitative Real-Time PCR (qRT-PCR)
was performed with specific primers for hMDR1 (Forward:
5 ′ - CCGAACACATTGGAAGGAA; Reverse : 5 ’ -
CTTTGCCATCAAGCAGCACA), hBCRP (Forward: 5′-
CAGGTCTGTTGGTCAATCTCACA; Reverse: 5′-
TCCATATCCTGGAATGCTGAAG). Fifty nanograms of
cDNA was amplified by using QuantiFast™ SYBR® Green
PCR kit from Qiagen (Hilden, Germany). SYBR Green dye
intercalates double-stranded DNA, which is quantifiable by
the incremental fluorescence intensity of SYBR Green at
Ex/Emwavelengths of 488/522 nm. Non-specific signals dur-
ing PCR, i.e., from primer DNA, were controlled, after con-
tinuous reheating was applied to PCR products for detection
of non-specific peak in the melting curve. As a control gene,
GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) was
measured along with all mRNA samples prepared for qRT-
PCR. For quantification of the relative mRNA expression
level, ΔΔCt was calculated after normalization of Ct (Cycle
Threshold) value of a transporter gene against Ct of
GAPDH, using the following equation:

ΔΔCt ¼ 2− ΔCt Transporter geneð Þ−ΔCt GAPDHð Þ½ � ð1Þ

Permeability Study

Permeability assays were performed withMDCKII or Caco-2
cells in a similar fashion. Test compounds were prepared at
1 μM in transport buffer (HBSS buffer, pH 7.4) containing the
monolayer-integrity marker lucifer yellow (80 μM). The final
concentration of DMSO should be no more than 0.5% in
compound solution. Transporter inhibitors, including 5 μM
LY335979 (for MDR1), 2 μM KO143 (for BCRP), were ap-
plied with compounds for transporter substrate identification.
Before the assay, culture medium was removed, and the cells
were rinsed with transport buffer once. Compound solutions
were added to donor compartments, and transport buffer was
added to receiver compartments. The permeability was eval-
uated after 1 h, when samples were collected from both apical
and basolateral sides of transwell plates, and then mixed with
a quench solution (30% acetonitrile in water) before measure-
ment by LC-MS/MS. To determine compound apparent
permeability (Papp), the following equation was used:

Papp ¼ ΔQ

Δt⋅A
C1 þ C0

2

� � ð2Þ

whereΔQ is the amount of compound permeated through the
monolayer as determined by the concentration of compound
in the receiver well at the end of the experiment, Δt is the
incubation time (60 min), A is the filter surface area
(0.11 cm2), C1 is the measured concentration in the donor well
at the end of the experiment, C0 is the initial compound

concentration. Permeation velocity is expressed as apparent
permeability (Papp) with the unit of 10−6 cm/s.

The efflux ratio (ER) was obtained according to the follow-
ing equation:

ER ¼ Papp BA
Papp AB

ð3Þ

where Papp AB or Papp BA refers to the mean permeability of
three replicates in the direction of apical to basolateral (A-to-
B) or basolateral to apical (B-to-A), respectively. If one com-
pound acquires ER value ≥2, it is identified as corresponding
transporter substrate; If ER< 2, then it is not considered as
transporter substrate.

Subsequently, net efflux ratio (NER) was calculated with
the following equation:

NER ¼ ER trans f ectedð Þ
ER wild typeð Þ

ð4Þ

where ER(transfected) is the efflux ratio of MDCKII ZFN cell
lines transfected with hMDR1 or hBCRP transporter respec-
tively, ER(wild type) is the efflux ratio of wild type MDCKII
ZFN cells without transfected human transporter.

To assess IVIVC for transporter dependent brain
availability/impediment the ER in MDR1_ZFN cells of 46
reference substances were compared with the unbound parti-
tion coefficient (Kp,uu), which was calculated as following:

Kp;uu ¼ cb
cp
*
fub
fup

ð5Þ

Where cb
cp
is the brain to plasma ratio of the test substance in

mice, fub and fμp are the unbound fractions in brain tissue and
plasma, respectively.

Apparent Km-Vmax Transport Assay with Radiolabeled
Compounds

In addition to permeability studies, apparent Michaelis-Menten
constant (Km,app) and maximum net efflux ratio (NERmax) were
determined in cell models with 3H-labeled probe substances.
Quinidine and prazosin were applied to analyze MDR1- and
BCRP-dependent efflux transport. In details, stock substrates
were prepared in DMSO and further diluted with pH 7.4,
HBSS (with 1% 1 M HEPES, 0.2% 1 M NaOH).
Compounds were prepared at a maximal concentration of
100 μM. A two-fold dilution from each of those concentrations
was prepared. Lucifer yellow was added to a final concentration
at 80μMwithin these dilution series. T= 0 samples were directly
collected at this point from stock solutions. Over 1 h incubation
at 37°C, samples were collected every 30 min and mixed with
scintillation liquid before measurement of radioactivity (counts
per minute, Cpm) on a MicroBeta Plate Counter from
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PerkinElmer (Rodgau, Germany). Samples for Lucifer yellow
were also collected at the end of the assays and measured in a
TECAN Infinite F200 microplate reader (Männedorf,
Switzerland) for evaluation of tight junctions.

For calculation of Km,app, NER-1 was plotted logarithmi-
cally against the concentration of a substrate as following. The
fitting of the curve was carried out in GraphPad Prism 5 by
using the following equation:

NER ¼ Minimumþ Maximum−Minimum

1þ x
Km

� �h ð6Þ

where NER is the efflux ratio of MDCKII ZFN cells recom-
binantly expressing a respective efflux transporter, normalized
with non-transfected MDCKII ZFN control cells (WT_ZFN),
“Minimum” is the curve plateau equivalent to fully saturated
substrate transport, “Maximum” is the curve plateau equiva-
lent to maximal substrate transport, “X” is the concentration
of a substrate and “h” is the hill slope of the fitted curve. The
apparent Km value is determined by the substrate concentra-
tion (μM) which correlates with half of the maximum NER-1
value (termed NERmax as “Vmax”) at y-axis of the fitted curve.

Data Analysis

Unless stated otherwise, each experiment was performed with
triplicates, and repeated for three times. Mean values from
three experiments were used for final data analysis.

RESULTS

Substrate Identification for Efflux Transporters

In order to comprehensively characterize the newly generated
cP-gp-reduced MDCKII cell lines, 27 known MDR1 and
BCRP substrates were investigated for their efflux activities,
by determining the ER of the cell lines overexpressing
hMDR1 and hBCRP (MDR1_ZFN and BCRP_ZFN, re-
spectively), as well as in the none-transfected control “wild
type” cells (WT_ZFN). Net efflux ratios (NERs) were deter-
mined by normalizing the observed ER of the transfected
model with the ER of the wild type model (Table I).

Except for diltiazem and sulfasalazine, 25 of 27 compounds
were correctly identified as MDR1 and/or BCRP substrates
from two MDCKII ZFN cell lines, when compared to the
WT_ZFN model. Twenty one compounds exhibited ER >2
in the MDR1_ZFN cell line. In NER analysis, these 21 com-
pounds also retained NER >2, which were therefore identi-
fied as MDR1 substrates. In the BCRP_ZFN cell line, 13
compounds exhibited ER values >2. Twelve out of these 13
compounds acquired NER >2, thus determined as BCRP

substrates. On the other hand, five compounds including fex-
ofenadine, indinavir, irinotecan, saquinavir and vinblastine,
were observed with background efflux in WT_ZFN cell line.
However, a majority of all compounds (22 of 27) did not
exhibit efflux transport in the wild type MDCKII cells, which
indicated that cP-gp activity was drastically reduced.

Although diltiazem was previously reported as a MDR1
substrate in human P-gp transfected LLC-PK1 model [15],
such transporter-mediated efflux was not evident in MDR1-
MDCKII cells [16]. A low ER= 0.7 was previously reported
for diltiazem [17], similar to our data shown here. In addition,
the efflux of sulfasalazine, known as a BCRP substrate, was
only found significant in Caco-2 (ER = 88) but not in MDR-
MDCK cells (ER = 1.3), according to Wang et al. [18].

In analysis of NER, 21 out of 22 compounds previously
reported in the literature as MDR1 substrates were successfully
validated as such, with NER >2 displayed for MDR1 transport-
er. Similar for reported BCRP substrates, 12 out of 13 com-
pounds were identified, with NER >2 values again. All these
demonstrate that NER analysis was generally in line with the
outcome of ER analysis, suggesting both parameters can enable
interchangeable assessment for efflux transporter substrates and
preclude a residual efflux influence from WT_ZFN cells.

In Table II, NERs of 16 identified substrates, including
8 MDR1 substrates, 3 BCRP substrates and 5 compounds with
affinity for both transporters, were further evaluated with or
without treatment of MDR1 and BCRP inhibitors (LY335979
andKO143 respectively), in order to demonstrate if the observed
efflux could be effectively inhibited in MDR1_ZFN and
BCRP_ZFN cell lines. As a result, the NER values of all
8 MDR1 substrates (carvedilol, fexofenadine, indinavir, lopera-
mide, lopinavir, nelfinavir, quinidine, verapamil) could be clearly
reduced by LY335979. This was contrasted by their negative
efflux outcome individually shown in BCRP_ZFN cells with or
without KO143 inhibitor. Also, the same goes for dantrolene,
nitrofurantoin and rosuvastatin, that treatment with KO143 led
to a clear decrease of theirNERs in BCRP_ZFN cells, compared
to their no apparent efflux inMDR1_ZFNcells with andwithout
LY335979. Moreover, cimetidine, glyburide, imatinib, irinote-
can and prazosin were subject to the inhibition of both
LY335979 and KO143 and the compound NERs could be
largely reduced, suggesting their dual affinities with MDR1 and
BCRP transporters.

In order to further characterize the transport capacity of
MDCKII ZFN cells, the kinetic parameters for MDR1 or
BCRP-mediated efflux activity (Km,app and NERmax) were
determined in MDR1_ZFN and BCRP_ZFN cells (Fig. 1).
Quinidine (MDR1 substrate) and prazosin (BCRP-selective
substrate) were used as two reference compounds. Their
ERs were measured in dependence of the concentrations used
in the MDR1_ZFN and BCRP_ZFN cells. Normally, the
acquired ER and NER are constant (ERunsat and NERunsat,
respectively) if transporter-mediated efflux is not saturated
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[19]. Saturated transporters would consequently lead to ER
or NER value close to 1, mainly because the apical-to-
basolateral and basolateral-to-apical fluxes would be dominat-
ed by passive permeability. In order to determine Km,app,
NER can be plotted against the substrate concentration and
fitted using a 4-parameter sigmoidal fit, where the inversion
point of the fitted curves marks the Km,app.

Quinidine was incubated in MDR1_ZFN and WT_ZFN
cells at concentrations between 1.56–100 μM. The
concentration-dependent transporter efflux inMDR1_ZFN cells
was clearly shown, and MDR1-mediated quinidine transport
could be saturated by increasing its concentrations. In
WT_ZFN cells, however, quinidine was not actively transported
and no ER ≥2 was obtained, suggesting that functional cP-gp
activity was not prominent in the wild type cells. By plotting the
NER against the substrate concentration, the NERmax was cal-
culated to be 20.4 and the Km,app was 11.5 μM. Treatment of
LY335979 (5 μM) exerted 95% of inhibition of the ER of quin-
idine at 1.56 μM in MDR1_ZFN cells. The inhibitory outcome

was similar with the one when MDR1_ZFN cells were treated
with 100μMquinidine, indicating that the quinidine efflux could
be fully saturated at 100 μM.

Similarly, prazosin was tested as a BCRP-selective substrate
and its serial concentrations from 1.56 to 100 μM were applied
in both BCRP_ZFN andWT_ZFN cells. Again, saturable efflux
could be observed for prazosin in BCRP_ZFN cells, where ER
values decreased over the increasing concentrations. WT_ZFN
cells showed overall negligible efflux of prazosin (ER ≤1.1), indi-
cating of their absent efflux for prazosin. With the NER and
substrate concentration plot, NERmax of 8.0 and Km,app of
9.6 μMwere calculated. Inhibition with 2 μMKO143 eliminat-
ed 90% of BCRP-mediated efflux for prazosin at 1.56 μM.

Cell-Passage Effect on Transporter Expression
and Efflux Activity

It was reported that human gene-transfected MDCK cells
may undergo loss of the cDNA over long-term culture, and

Table I Summary of Efflux Ratios
(ERs) and Net Efflux Ratios (NERs)
from 27 Substrate Compounds
Evaluated in hMDR1 and
hBCRP-Transfected, Wild Type
MDCKII ZFN Cell Lines.

Compound ER NER Identified as substrate of Known in literature as
substrate of

MDR1 BCRP WT MDR1 BCRP

Amprenavir 43.9 1 1.3 33.8 0.8 MDR1 MDR1

Carvedilol 3.5 0.6 0.7 5 0.9 MDR1 MDR1

Cetirizine 5.5 0.9 1 5.5 0.9 MDR1 MDR1

Cimetidine 2.6 5.4 0.4 6 12.6 MDR1, BCRP MDR1, BCRP

Dantrolene 0.5 15.1 0.4 1.3 37.8 BCRP BCRP

Diltiazem 0.7 0.7 0.6 1.2 1.2 an.d. MDR1

Fexofenadine 5.4 0.9 2.3 2.3 0.4 MDR1 MDR1

Flavopiridol 1.2 12.3 0.7 1.7 17.6 BCRP BCRP

Gefitinib 2.2 4.4 0.7 3.1 6.3 MDR1, BCRP MDR1, BCRP

Glyburide 13.5 36 1.1 12.3 32.7 MDR1, BCRP MDR1, BCRP

Imatinib 9.8 8.2 0.7 14 11.7 MDR1, BCRP MDR1, BCRP

Indinavir 92.2 2.2 3.2 28.8 0.7 MDR1 MDR1

Irinotecan 42.1 12.4 2.8 15 4.4 MDR1, BCRP MDR1, BCRP

Loperamide 26.8 1.1 0.9 29.8 1.2 MDR1 MDR1

Lopinavir 73.1 0.8 0.8 91.4 1 MDR1 MDR1

Mitoxantrone 19.7 14 1.2 16.4 11.7 MDR1, BCRP MDR1, BCRP

Naratriptan 12.8 1.3 1.4 9.1 0.9 MDR1 MDR1

Nelfinavir 82 1.1 0.9 91.1 1.2 MDR1 MDR1

Nitrofurantoin 0.2 3 0.2 1 15 BCRP BCRP

Prazosin 3 10.9 0.7 4.3 15.6 MDR1, BCRP MDR1, BCRP

Quinidine 29.1 0.7 0.9 32.3 0.8 MDR1 MDR1

Rosuvastatin 1.2 2.5 0.7 1.7 3.6 BCRP BCRP

Saquinavir 57 1.7 9.4 6.1 0.2 MDR1 MDR1

SN-38 14.7 28.2 0.6 24.5 47 MDR1, BCRP MDR1, BCRP

Sulfasalazine 0.7 1.4 1.1 0.6 1.3 an.d. BCRP

Verapamil 4.1 1.9 1 4.1 1.9 MDR1 MDR1

Vinblastine 312 1.9 9.5 32.8 0.2 MDR1 MDR1

a n.d. not determined
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Table II NERs of MDR1 and
BCRP Substrates with or without
Treatment of Selective Inhibitors for
hMDR1 and hBCRP-Transfected
MDCKII ZFN Cell Lines.
LY335979 and KO143 are
Inhibitors for hMDR1 and hBCRP
Transporters Respectively.

Compound MDR1
substrate

BCRP
substrate

NER

MDR1_ZFN MDR1_ZFN +
LY335979

BCRP_ZFN BCRP_ZFN +
KO143

Carvedilol ✓ – 5 0.7 0.9 1.1

Fexofenadine ✓ – 2.3 0.7 0.4 0.5

Indinavir ✓ – 28.8 2.3 0.7 0.5

Loperamide ✓ – 29.8 2.3 1.2 1.0

Lopinavir ✓ – 91.4 2.4 1.0 0.8

Nelfinavir ✓ – 91.1 6.8 1.2 0.8

Quinidine ✓ – 32.3 1.9 0.8 0.7

Verapamil ✓ – 4.1 1 1.9 0.9

Dantrolene – ✓ 1.3 1.0 37.8 1

Nitrofurantoin – ✓ 1.0 1.0 15 1.5

Rosuvastatin – ✓ 1.7 1.1 3.6 1

Cimetidine ✓ ✓ 6 3.5 12.6 2.3

Glyburide ✓ ✓ 11.9 1.6 31.7 2.9

Imatinib ✓ ✓ 14 1.3 11.7 1

Irinotecan ✓ ✓ 14.9 3.5 4.4 0.7

Prazosin ✓ ✓ 4.3 3.1 15.6 0.6

Fig. 1 Quinidine and prazosin studied with different concentrations inMDR1_ZFN, BCRP_ZFN andWT_ZFN cell lines. ERs fromMDR1_ZFN andWT_ZFN
and their comparison over the increasing quinidine (a) or prazosin (c) concentrations. NERs were calculated with respective ERs, and the curve fitting was
obtained by plotting the NERs against quinidine (b) or prazosin (d) concentrations for Km,app and NERmax. As controls, LY335979 and KO143 inhibitors were
used to evaluate MDR1 or BCRP-mediated transport for quinidine and prazosin, respectively
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transporter expression was associated with cell passage num-
ber [20]. Higher passage cells were assumed to have a lower
level of gene expression than lower passage cells, because cell
division may exert a “diluting” effect for transfected genes in
cell population [20]. In order to characterize these cellular
properties, we assessed the passage-dependent effects on trans-
fected hMDR1 and hBCRP efflux activities.

In Fig. 2a and b, relative mRNA expression was assessed with
qRT-PCR, and the comparison was drawn among
MDR1_ZFN, BCRP_ZFN and WT_ZFN cells for the trans-
fected hMDR1 and hBCRP genes. As expected, hMDR1 gene
was dominantly expressed in MDR1_ZFN cells but found negli-
gible in BCRP_ZFN andWT_ZFN cells. Same goes to hBCRP,
whose expression was much higher in BCRP_ZFN cells, com-
pared to MDR1_ZFN or WT_ZFN cells. At mRNA expression
levels, ΔΔCt of hMDR1-transfected MDCKII ZFN cells was
0.95 for Passage 23, compared to ΔΔCt = 1.33 for Passage 35.
Additionally,ΔΔCt of hBCRP-transfectedMDCKII ZFN cells at
Passage 19 was 0.11, compared to ΔΔCt = 0.20 at Passage 33.
That indicates that transfected gene expression from MDCKII
ZFN cell models underwent incremental change over continuous
cell proliferation, however, such difference remains small and
is not distinguished by an order of magnitude. Furthermore,
transporter efficiency was also investigated with dependence of
cell passage numbers. In Fig. 2c, LY335979 successfully blocked
efflux activity of MDR1_ZFN cells, confirming the role of
hMDR1 in efflux of quinidine. Quinidine was studied for
MDR1-mediated efflux in MDR1_ZFN cells at Passage 22, 28,
29, 30 and 33, and their ERs were varied by the passages.
However, the maximal ER variation was seen less than 2-fold
in between passage 22 and 29. In Fig. 2d, KO143 completely
inhibited BCRP_ZFN, indicating hBCRP was responsible for
the efflux of prazosin. ERs of prazosin were evaluated with de-
pendence of cell passages, and passage 18 and 26 showed approx.
2.4-fold, the biggest difference among all passages. With all that,
cell-passage dependent effect was shown to mildly affect mRNA
expression levels of transfected hMDR1 and hBCRP transporter
genes as well as to lead to limited variations of their efflux trans-
port activities. However, it is important to mention that neither
hMDR1 nor hBCRP transporter showed the diminishing of ef-
flux activity over continuous passaging of the respectiveMDCKII
ZFNmodel, as quinidine and prazosinwere all identified as efflux
substrates as accounted with ERs> 2 throughout. In addition,
due to these findings, the numbers of cell passages used in our
screening assays were limited within 25–50 to avoid stronger
changes in the functional efflux activity. This additional measure
ensures stable assessment of efflux liability, as well as cellular
permeability.

Long-Term Stability of Efflux Transporter Activity

The consistent functionalities of transfected efflux transporter
proteins are important for MDCKII ZFN cell models

to reliably assess their interactions with new drug candidates.
For that reason, ERs of quinidine (MDR1) and prazosin
(BCRP) have been routinely measured in periodic assays for
the past few years in order to assess the influence of assay con-
ditions (i.e., cell batches, storage, passages, cultivation) and
to control the validity of individual permeability and efflux trans-
port assays. In Fig. 3, the long-term efflux results are presented to
articulate the ER values obtained for the quality control sub-
strates in MDCKII ZFN models. For MDR1_ZFN assays
(2015–2020), the mean quinidine ER was 19.38 ± 7.5; For
BCRP_ZFN assays (2013–2019), the mean prazosin ER was
6.8 ± 2.3. Respectively, quinidine and prazosin exhibited ER ≥
10 and ER ≥ 4 in most of MDR1 or BCRP-dependent assays,
indicating that MDR1 and BCRP transporter expression and
functionality were consistently maintained throughout several
years of MDCKII ZFN assay applications. ER ≥ 10 or ER ≥ 4
value was therefore used as our quinidine or prazosin qualifier to
approve validity of assays for our models. On the other hand,
prazosin and quinidine were also counter-measured in
MDR1_ZFN and BCRP_ZFN respectively, where the ER of
prazosin was mostly between 2 to 4 and the ER of quinidine was
generally below 2. Because prazosin was previously identified as
an MDR1 substrate, so the efflux level was expected. Overall, it
suggests that hMDR1 and hBCRP-transfected MDCKII ZFN
cell lines are reliable models to maintain a long-term stability for
efflux transporter activities, and suitable tools to perform indus-
trial drug screening activities.

Comparison Between the Caco-2 and MDCKII ZFN
Models

The merit of transfecting MDCKII cells with human trans-
porter genes, while leaving cP-gp drastically knocked down,
provides a solution to address the model shortcoming upon
the species difference, as heterogeneous MDCK wild type cell
lines could be varying on transporter expression, thus
being misleading for the human situation [21]. The Caco-2
model is well-known for its useful permeability-based predic-
tion for human absorption, thus serves as a valuable reference
model to compare the performance of hMDR1 and hBCRP-
transfected MDCKII ZFN cells . For that reason,
MDR1_Caco-2 and BCRP_Caco-2 cell lines were generated
via a double knock-out of BCRP/MRP2 and MDR1/MRP2
transporters respectively. Each Caco-2 model contains one
prominent efflux transporter (MDR1 or BCRP) to explore
the association of a substrate compound with a defined
transporter.

In Fig. 4, selected reference compounds were evaluated in the
genetically modified Caco-2 and MDCKII ZFN cells. Here,
metoprolol was included as a negative control for its passive
transport property. Its ERs were ubiquitously at ≤1 in all Caco-
2 and MDCKII ZFN cell lines shown in Fig. 4a and b.
Amprenavir and vinblastine exhibited ER values >2 in both
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MDR1_Caco-2 and MDR1_ZFN MDCKII cells, as com-
pared to ER <2 seen in BCRP_Caco-2 and BCRP_ZFN
MDCKII cells. These two compounds were both identified as
MDR1 substrates. On the contrary, dantrolene was classified as
a substrate in BCRP_Caco-2 and BCRP_ZFN MDCKII, but
not in the MDR1_Caco-2 and MDR1_ZFN MDCKII cells.
The ER of dantrolene in BCRP_Caco-2 was 5-fold higher than
in BCRP_ZFN MDCKII cells. Additionally, cimetidine and
nitrofurantoin were identified as BCRP substrates in both
BCRP_Caco-2 and BCRP_ZFN MDCKII. Fexofenadine
was however not identified as such (ER <2), even though its
ERs were comparable in the BCRP-dependent Caco-2 and
MDCKII ZFN cells.

Different outcomes were observed for rosuvastatin and sulfa-
salazine when tested in the two different cell systems. In
MDR1_Caco-2 and BCRP_Caco-2, rosuvastatin showed con-
sistently higher efflux activity (ER= 27.8 and 24, respectively), as
compared to the lower ERs in MDR1_ZFN and BCRP_ZFN
MDCKII (ER= 1.2 and 2.5, respectively). Thus, rosuvastatin
could be identified as a dual substrate for both MDR1 and
BCRP in the Caco-2 models, while only a substrate in the
BCRP_ZFN MDCKII. In addition, ERs of sulfasalazine in
MDR1_Caco-2 (ER = 4.5) and BCRP_Caco-2 (ER = 298)
were higher than in MDR1_ZFN (ER= 0.7) and BCRP_ZFN
(ER= 1.4) MDCK II cells, showing approx. 6 and 213-fold
differences respectively. Here, the fact that sulfasalazine was

Fig. 2 mRNA expression and efflux activity of transfected human transporters in MDCK ZFN cells with different passage numbers. With WT_ZFN cells as a
control, lower and higher passages of MDR1_ZFN and BCRP_ZFN cells were evaluated and compared over relative mRNA expression of hMDR1 (a) and
hBCRP (b) with qRT-PCR. ERs of quinidine (c) or prazosin (d) were compared across different passage numbers of MDR1_ZFN cells or BCRP_ZFN cells
respectively. Co-treatment of LY335979 or KO143 was applied with the respective cell line as negative control

Fig. 3 Long-term assay overview for ERs of quinidine and prazosin measured inMDR1_ZFN and BCRP_ZFN cell models. The qualifier values are ER= 10 and
ER= 4 for quinidine and prazosin respectively, where an assay is considered valid if the acquired ER is above the qualifier. ER= 2 is a general ER cut-off value used
for identification of efflux transporter substrates
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not identified as a substrate ofMDR1 or BCRP in ourMDCKII
ZFN models was also confirmed in the NIH MDR-MDCK
cells, where neither MDR1 nor BCRP were reportedly respon-
sible for mediating efflux of sulfasalazine [18].

In summary, a majority of MDR1 and BCRP substrates
could be identified in both “knock-out” Caco-2 and “knock-in”
MDCKII ZFN cells.MDR1 or BCRP-mediated efflux transport
was found with a good degree of agreement in between the
transporter-dependent Caco-2 and MDCKII ZFN cell models.

Robust Predictability for Brain Penetration

The unbound brain to plasma partition coefficient Kp,uu is an
important value to assess in vivo brain availability and imped-
iment. Through our internal validation, a substance permeat-
ing across the blood-brain barrier in vivo is generally consid-
ered as brain penetrant if Kp,uu ≥ 0.33. Here, we used internal
and external Kp,uu data of 46 reference compounds from
mouse studies and correlated them with their ERs from
MDR1_ZFN MDCKII assays. Results were summarized in
Table III, and the correlation between the in vitro and in vivo
data was subsequently performed as in Fig. 5. The plot was
divided into four quadrants by using the benchmark values of
Kp,uu = 0.33 and ER = 2. In detail, true positive and true
negative brain penetration were classified into the quadrants
by Kp,uu ≥ 0.33, ER< 2, and Kp,uu < 0.33, ER ≥ 2, respec-
tively. In contrast, the quadrants with Kp,uu < 0.33, ER< 2
andKp,uu ≥ 0.33, ER ≥ 2 represented the false positive and the
false negative results, respectively. Using MDR1_ZFNmodel,
a total 16 compounds were predicted for true positive brain
penetration, while 21 compounds were predicted true nega-
tives. In the end, total 37 out of 46 compounds (or 80%) were
predicted for their brain penetration outcome, displaying a
high predictability from the MDR1_ZFN MDCKII model.

DISCUSSION

This study characterized and validated cP-gp-deficient
MDCKII cells, which were previously generated with zinc

finger nucleases and transfection of hMDR1 and hBCRP
[11]. We demonstrated that these models were reliable to
identify substrate compounds for respective transporters, as
described in Table I. Overall, 25 out of 27 compounds were
identified asMDR1 and/or BCRP substrates in theMDCKII
ZFN cells, in agreement with the literature.

For WT_ZFNMDCKII, 5MDR1 substrates out of 27 test
compounds, including fexofenadine, indinavir, irinotecan,
saquinavir and vinblastine, exhibited ER >2, suggesting that
the background cP-gp transporter or other undesignated
transporters remained active. This was however in line with
Gartzke et al. [11], who reported that cP-gp expression was
drastically reduced but not fully eliminated in the MDCKII
ZFNmodels. After all, a majority of MDR1 substrates (~ total
16 of 27) did not show efflux activity in WT_ZFN MDCKII
cells, such cP-gp activity was therefore regarded as back-
ground effect. Moreover, for indinavir, its ER in WT_ZFN
was 3.2 as compared to 2.3 in BCRP_ZFN. It further dem-
onstrated the necessity of using NER as the additional param-
eter to cancel background effect of cP-gp or other undesignat-
ed transporters, otherwise false classification of transporters
will be generated from measured transporter activity.

In cases of diltiazem and sulfasalazine, the two
compounds were not classified as efflux substrates in our two
MDCKII ZFN models, based on the calculated ER and NER
values (all less than 2). Diltiazem and sulfasalazine were previous-
ly known for their heterogenous efflux profiles in MDCKII
models, despite they were previously reported as MDR1 and
BCRP substrates in other models [15, 18]. Their displayed ER
<2 values in our MDR1_ZFN or BCRP_ZFN were in line with
other MDCK cell studies [17, 18]. Further, MDR1 and BCRP-
mediated efflux properties inMDCKII ZFN cells were evaluated
in LY335979 and KO143 inhibition studies (Table II), using 16
substrates selected from Table I. These substrates, with known
affinities for either one or two transporters (MDR1 and BCRP)
in MDCKII ZFN cells, were again confirmed according to the
acquired NERs. Moreover, efflux transport kinetic studies of
quinidine and prazosin were performed with a concentration
dependence, and their Km,app values were determined in order
to characterize MDR1 and BCRP-mediated transport

Fig. 4 Comparison of ERs for a selection of reference compounds measured in double knock-out Caco-2 and transfected MDCKII ZFN cells. In (a) and (b), the
asterisk (*) indicates the ERs of a compound were distinguished by a difference of ≥ 1 order of magnitude between the Caco-2 and MDCKII ZFN models
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respectively. The Km,app of quinidine was 11.5 μM, and the
Km,app for prazosin was 9.6 μM. In literature, quinidine was
previously reported with Km,app = 13 μM in MDCKII-MDR1
cells [22], which is consistent with our result. In literature, the
Km,app data of prazosin was limited in MDCK studies, while
Km,app = 22 μM was reported in BCRP-expressing Caco-2
[23]. That indicates that the efflux transport of prazosin in
Caco-2 cells is saturated at higher concentrations compared to
BCRP-transfected MDCKII ZFN cells, likely due to the com-
peting affinities fromMDR1 and BCRP transporters in Caco-2.

Different strains of MDCK cells have been commonly seen in
literature. For example, MDCKI and MDCKII were both de-
rived from a parental cell line NBL-2, but isolated from low and
high passage strains respectively [6]. Due to their cell line hetero-
genicity as well as culture conditions, the variability could be
expected in the outcome of cell permeability assays [21]. In par-
ticular, long-time passaging of MDCK cells was found to alter
cellular chromosome content, therefore the necessity for charac-
terizing any drift of MDCK cells in culture was suggested [24].
Expression levels of efflux transporters were reported with de-
pendence of cell passage [20, 25]. With ascending cell passage,
transporter efficiency could be varied between lower and higher
passaged cells, as the mRNA levels of transfected human trans-
porter genes may be diminishing during the overexpression [20].
Therefore, we used lower and higher cell passages to investigate
their influence on mRNA expression and efflux activities of indi-
vidual transporters in MDCKII ZFN models. In our results, the
mRNA level of hMDR1 or hBCRP from its each transfected
MDCKII ZFN model was mildly enhanced at a higher passage,
compared to a lower passage. ERs of quinidine and prazosin
demonstrated a similar pattern of efflux transport activities from
MDR1_ZFN and BCRP_ZFN models respectively, where the
efflux activities were varied by cell passages applied. However, in
our experience, the influence of cell passages on the displayed
variability did not reach a point with diminishing efflux activities,
which were commonly seen in recombinant cell models. More
importantly, years of routine measurements of quality control
substrates in permeability and efflux transport assays have sub-
stantiated the robustness and reliability of the MDCKII ZFN
models.

Table III Data Summary for the Unbound Drug Brain to Plasma Partition
Coefficient Kp,uu In Vivo and the ERs of MDR1_ZFN Cells from 46 Reference
Compounds.

Compound Kp, uu ER (MDR1_ZFN)

Amprenavir 0.09 43.9

Bupropion* 1.29 0.50

Caffeine* 0.46 0.40

Carbamazepine* 0.27 0.87

Cetirizine 0.01 5.5

Chlorpromazine* 0.49 2.40

Cimetidine 0.02 2.6

Citalopram* 0.68 1.90

Clozapine* 1.01 1.12

Cyclobenzaprine* 1.62 0.90

Desloratadine 0.13 22.00

Digoxin 0.0038a 3.40

Diphenhydramine* 1.58 0.60

Doxorubicin 0.000005b 13.20

Eletriptan 0.06c 22.20

Fexofenadine 0.04 5.4

Fluvoxamine* 1.32 3.52

Haloperidol* 1.06 0.80

Hydroxyzine* 0.86 0.60

Indinavir 0.14 92.2

Ivermectin 0.00035d 0.50

Lamotrigine* 0.64 0.60

Loperamide 0.02 26.8

Loratadine 0.63 0.70

Metoclopramide* 0.52 1.30

Naratriptan 0.17c 12.8

Nelfinavir 0.05 82

Nortriptyline* 1.63 0.90

Paclitaxel 0.07e 53.50

Paroxetine* 0.86 1.21

Phenytoin* 0.28 0.70

Prazosin 0.23 3

Quinidine 0.05f 29.1

Ranitidine 0.02 0.59

Risperidone* 0.25 6.12

Ritonavir 0.67 47.60

Rizatriptan 0.11c 2.50

Saquinavir 0.57 73.40

Selegiline* 1.30 0.60

Sulpiride* 0.06 2.47

Sumatriptan 0.07c 2.02

Tripolidine 1.75 0.80

Venlafaxine* 0.98 0.70

Verapamil 0.13g 4.1

Table III (continued)

Compound Kp, uu ER (MDR1_ZFN)

Vinblastine 0.09d 312

Zolmitriptan 0.02c 1.80

*Active pharmaceutical ingredients (APIs) with CNS related indications (ex-
cluding triptans as they primarily target the brain capillary vascular system)
a-h Each value calculated based on the literature data in [34], [35], [36], [37],
[38], [39] and [40] respectively
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Compared to MDCK cells, Caco-2 cells express relevant
uptake and efflux transporters as in human gastrointestinal
tract. Drug transport across Caco-2 cell monolayers was found
to correlate well with in vivo bioavailability and absorption [26].
Especially, permeability of passive transport drugs in Caco-2
was reportedly comparable with human jejunum [27].
However, due to its different cell subpopulations, Caco-2
monolayer has variable expression of transporters, which may
lead to uptake or efflux mechanistic interplay and subsequently
under- or overpredict human situation [28]. Alternatively, se-
lective inhibitors are used to ascertain the identity of responsible
transporter, but off-target inhibition would factor in permeabil-
ity assays and lead to false results [18]. Here, we used ZFN-
mediated genetic knock-out Caco-2 models to assess MDR1 or
BCRP-dependent substrate efflux transport.

Overall, most selected substrates were correctly categorized
by both the double knock-out Caco-2 and MDCKII ZFN
models. The two cell systems demonstrated good agreement
over substrate identification, by using ER= 2 as the cutoff for
eff lux transport. In detail , we demonstrated that
MDR1_Caco-2 and MDR1_ZFN MDCKII displayed simi-
lar efflux levels for metoprolol or dantrolene (both ER<2) and
amprenavir or vinblastine (both ER >2). However, rosuvasta-
tin and sulfasalazine were only determined as a MDR1 sub-
strate in MDR1_Caco-2, but not in MDR1_ZFN MDCKII.
On the other hand, both BCRP_Caco-2 and BCRP_ZFN
MDCKII were able to identify the metoprolol, amprenavir,
fexofenadine, vinblastine with ER <2, and the cimetidine,
dantrolene, nitrofurantoin, rosuvastatin with ER >2.
Sulfasalazine was again determined as a BCRP substrate only
in the Caco-2, but not in the MDCKII ZFN.

Indeed, discrepancy was observed in cases of rosuvastatin and
sulfasalazine, for each inconsistent efflux properties between the
double knock-out Caco-2 and MDCKII ZFN models. In our
result, rosuvastatin was classified as a dual efflux substrate to both
MDR1 and BCRP transporters in the knock-out Caco-2,

compared to only a BCRP substrate in BCRP_ZFN MDCKII.
These distinct efflux outcome was previously found in rosuvasta-
tin studies with knock-down Caco-2 cells [29] and transfected
MDCK cells [30]. In addition, sulfasalazine was classified as both
MDR1 and BCRP substrate in the double knock-out Caco-2,
but none in the MDCKII ZFN models. This was in agreement
with a previous studywith theNIHMDR-MDCKmodel, where
efflux of sulfasalazine was also not mediated by either MDR1 or
BCRP transporter [18].Here, the inconsistentmodel predictabil-
ity was presumably due to the lack of basolateral uptake trans-
porters in MDCK cells, when compared to Caco-2 cells [31].
After all, the uptake of a substrate at the basolateral side of
MDCK cells could be possibly “delayed”, and subsequently lead
to ineffective efflux outcome. By contrast, Caco-2 cells express
multiple transporters at both the apical and basolateral surfaces,
and therefore are capable of active efflux of a “non-MDR1” or
“non-BCRP” substrate [32]. In addition, passive diffusion prop-
erties of compounds could be another limiting factor for success-
ful identification of efflux substrates. For example, sulfasalazine
has a poor transcellular permeability at Papp < 1× 10−6 cm/s for
basolateral to apical as well as apical to basolateral directions in
WT_ZFN cells. From the efflux-screening standpoint, poor cell
penetration-mediated permeability could be a contributor of false
negative result. Together, it highlights the importance of utilizing
both Caco-2 andMDCKmodels during efflux and permeability
assays to balance different model predictabilities and understand
better “outlier” effects from efflux substrates.

One reliable quantitative assessment of compounds in
brain penetration can be obtained by using the unbound
brain to plasma partition coefficient Kp,uu. Using both internal
and external Kp,uu dataset from 46 substances, the in vitro to
in vivo correlation was applied against their respective ERs
obtained in MDR1_ZFN MDCKII cells. The in vitro
MDCK result qualified approx. 80% of total reference sub-
stances (both true positive and true negative) with correct pre-
diction of the brain penetration in vivo. The remaining 20% of
test compounds were otherwise not predicted in the brain
availability by the MDR1_ZFN model, and potential reasons
could be a slow concentration equilibration of compounds
in vivo (false positive), limited brain tissue interaction (false pos-
itive), involvement of other efflux transporters like BCRP or
MRP1–6 (false positive), specific brain uptake mechanism
(false negative), or species differences (human vs. rodent; false
positive and false negative). Previously, the Borst MDCKII-
MDR1 cell line was compared with the NIHMDCKI-MDR1
over individual predictability for brain penetration [8]. The
NIH model was reported with approx. 80% prediction rate
and exceeded the Borst model at approx. 60% prediction rate,
owing to higher abundancy of humanMDR1 expressed in the
NIH cells. Although the MDR1_ZFN cells were derived from
Borst cells, the abundancy of hMDR1 is higher compared to
the original cell line [33], implicating the comparably higher
predictive power. However, the set of test substances was

Fig. 5 Correlation between Kp,uu and ER data for reference substances
provided in Table III. Kp,uu = 0.33 is used as a cutoff for identification of a brain
penetrant, and ER= 2 as a cutoff for efflux transport
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different, as well as that the predictability might alter for dif-
ferent substance classes. Therefore, continuous verification is
necessary to maintain high reliability. In Table III, 20 active
pharmaceutical ingredients (APIs) were highlighted, which
have known CNS-related indications in human. 90% of them
were predicted for brain availability by using ER and Kp,uu

cut-off values. Exceptions were mainly covered by either of
these two parameters in use or distinct substance properties.
For example, carbamazepine and phenytoin, two antiepileptic

drugs, had a negative but borderline Kp,uu outcome (<0.33),
while their ER< 1 values indicated positive brain availability.
No brain penetration was predicted for the dopamine D2
receptor antagonist sulpiride in vitro and in vivo. Its suitability
for the treatment of schizophrenia can be ascribed to the pos-
sibility of high dose regimes up to 1000 mg/d and the brain
uptake mechanism via OCTs [41]. In addition, with Kp,uu =
0.25 and ER= 6.12 risperidone was predicted for a low brain
availability, as reported in literature, where the brain entry of

Fig. 6 A screening procedure for characterization and identification of efflux transporter substrates. MDCKII ZFN cells are used as primary models for
permeability and efflux transport assessment. Substrates with negative efflux liabilities are subject to counter-screening in additional systems, such as double
knock-out Caco-2 cells

Pharm Res (2020) 37: 194 Page 13 of 16 194



risperidone was limited by P-gp in vivo [42]. Although risper-
idone is subject to efflux, it can be taken as an example, where
efflux liability is not limiting its applicability as a CNS drug in
general. However, a P-gp related risk must be considered.

Besides a therapeutic aspect, CNS-related side effects can
be also in scope for the prediction of brain penetration. One
example is H1-antihistamines when focusing on their indica-
tion as antiallergic drugs, where their central sedative proper-
ties are mostly undesirable. Here, more sedative 1st genera-
tion representatives including hydroxyzine, diphenhydramine
and tripolidine could be predicted through ER and Kp,uu for
the CNS entry, however, both parameters also identified less
sedative 2nd generation APIs, such as desloratadine, fexofe-
nadine and cetirizine. Despite the 2nd generation derivative
loratadine was identified as brain-available, it has an im-
proved CNS side-effect profile, because it can be considered
as a prodrug of the more potent and less brain-available
desloratadine. All of these demonstrate that the identification
of compounds for potential CNS treatment as well as for CNS
related side effects and DDIs constitute integral parts of assess-
ments for candidate selection in pharmaceutical drug devel-
opment, which can be successfully addressed by in vitro ER
screening using MDR1_ZFN cells combined with additional
in vivo assessment such as Kp,uu.

Lastly, a screening method is outlined in Fig. 6 to provide
an assay guideline for robust identification of efflux transport-
er substrates. In detail, MDCKII ZFN cell lines serve as pri-
mary models for evaluating drug candidates. Based on ac-
quired ER values, compounds identified as substrates of either
MDR1 or BCRP with a cutoff of ER ≥ 2 and NER ≥ 2 are
investigated further to acquire kinetic parameters (i.e., Km,
Vmax) in a concentration-dependent experiment. The intrinsic
kinetic parameters are used for setting up a PBPK model for
drug candidates to understand the role of efflux in absorption,
distribution and elimination processes. Compounds that are
not identified as efflux substrates but indicated with efflux
liability, i.e., a low intrinsic passive permeability (Papp < 1 ×
10−6 cm/s), should be further counter-screened in additional
test systems, such as double knock-out Caco-2 models. If a
candidate compound does not show efflux activity in Caco-2
either, efflux transport may not be considered relevant for oral
absorption, distribution and elimination processes.

CONCLUSION

The newly generated MDR1_ZFN and BCRP_ZFN
MDCKII cell models have knock-down functional expression
of endogenous cP-gp and were found reliable in identifying
MDR1 and BCRP substrates in this study. Efflux ratio (ER)
and next efflux ratio (NER) were two important parameters
that would enable robust classification of efflux transporters,
and with a cutoff of ER= 2/NER= 2, the predictability of

MDCKII ZFN models was overall consistent with relevant
literature data. By assessing kinetic parameters in the
MDCKII ZFN models, test substrates showed relatively good
affinities with hMDR1 and hBCRP transporters, which was in
line with literature reports. Cell passage showed mild influ-
ence on mRNA levels of efflux transporters as well as their
functional activities in the MDCKII ZFN models. However,
the ER variability could be controlled via routine applications
of quality control substrates in permeability and efflux trans-
port assays.

Sporadically, the MDCKII ZFN cells may classify efflux
substrates inconsistently, due to potential species differences
from expressed uptake or efflux transporters, when compared
to human gastrointestinal models. Double knock-out Caco-2
models were herein introduced as references to counter-screen
substrates from MDCKII ZFN studies. A majority of MDR1
and BCRP substrates were successfully identified with the
models of two species, at the levels of hMDR1 and hBCRP-
mediated efflux transport. The discrepancy exhibited by
MDR1_ZFN and BCRP_ZFN MDCKII cells was overall
limited as compared to the Caco-2 models, and the result
was comparable with the literature.

In prediction of brain penetration, MDR1_ZFNMDCKII
model could serve as a useful tool to accurately correlate its
ERs with in vivo Kp,uu data. Eighty percent of all test com-
pounds could be correctly predicted for their outcome in brain
exposure.

Considering all these findings, we conclude that
MDR1_ZFN and BCRP_ZFN MDCKII models can pro-
duce robust results for permeability and efflux transporter
assays, adequately identify MDR1 and BCRP substrates,
and more importantly serve as useful tools for prediction of
brain penetration.
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