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Abstract An in vitro blood-brain barrier (BBB) model is
critical for enabling rapid screening of the BBB perme-
ability of the drugs targeting on the central nervous system.
Though many models have been developed, their repro-
ducibility and renewability remain a challenge. Further-
more, drug transport data from many of the models do not
correlate well with the data for in vivo BBB drug transport.
Induced-pluripotent stem cell (iPSC) technology provides
reproducible cell resources for in vitro BBB modeling.
Here, we generated a human in vitro BBB model by
differentiating the human iPSC (hiPSC) line GM25256 into
brain endothelial-type cells. The model displayed BBB
characteristics including tight junction proteins (ZO-1,
claudin-5, and occludin) and endothelial markers (von
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Willebrand factor and Ulex), as well as high trans-
endothelial electrical resistance (TEER) (1560 Q.cm® =+
230 Q.cm?) and y-GTPase activity. Co-culture with
primary rat astrocytes significantly increased the TEER
of the model (2970 Q.cm® to 4185 Q.cm?). RNAseq
analysis confirmed the expression of key BBB-related
genes in the hiPSC-derived endothelial cells in comparison
with primary human brain microvascular endothelial cells,
including P-glycoprotein (Pgp) and breast cancer resistant
protein (BCRP). Drug transport assays for nine CNS
compounds showed that the permeability of non-Pgp/
BCRP and Pgp/BCRP substrates across the model was
strongly correlated with rodent in situ brain perfusion data
for these compounds (R* = 0.982 and R> = 0.9973,
respectively), demonstrating the functionality of the drug
transporters in the model. Thus, this model may be used to
rapidly screen CNS compounds, to predict the in vivo BBB
permeability of these compounds and to study the biology
of the BBB.

Keywords Blood-brain barrier - Drug transport - Induced
pluripotent stem cell - Cell differentiation - Prediction of
in vivo permeability

Introduction

Evaluation of the BBB permeability of potential drug
molecules is important in the context of central nervous
system (CNS) drug discovery. Sufficient amounts of drug
molecules are needed to penetrate the BBB and reach
targets in CNS for effective treatment of CNS diseases. A
variety of BBB modeling methodologies for assessing and
predicting CNS drug penetration have been developed
[1, 2]. Combinations of in silico prediction, cell-culture
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models, and animal in vivo studies are commonly used for
CNS drug candidate selection [3, 4]. Among these, cell-
based models serve as a crucial tool for transporter-
substrate confirmation, permeability testing and prediction,
and efflux ratio estimation. Significant efforts have been
devoted to establishing an ideal cellular model that is easily
scalable, predictable and consistent, and resembles in vivo
BBB characteristics [2, 5-7]. Many in vitro cellular models
have been developed based on primary brain endothelial
cells or immortalized cell lines [6, 7]. However, the
endothelial monolayer of many models is not well sealed
by tight junctions, leading to low trans-endothelial electri-
cal resistance (TEER), paracellular leakage, and/or loses
functional gene expression and cellular polarity of the
original brain endothelial cells during culture and passage.
Thus, those models may not predict in vivo CNS drug BBB
permeability well. For human in vitro BBB models, the
availability of primary human cells and relevant ethical
issues restrict their application, particularly by pharmaceu-
tical companies for large-scale drug screening. For animal
in vitro BBB models, species differences and resource
demands limit their application in drug discovery [6].
The introduction of human induced pluripotent stem cell
(hiPSC) technology has provided an unprecedented tool for
regenerative medicine and disease modeling [§8—10]. Sev-
eral reports have shown that iPSC-derived endothelial cells
(ECs) can supply scalable, renewable, and unlimited
human-relevant resources for in vitro modeling [11, 12].
HiPSC-derived in vitro BBB models developed from the
hiPSC line IMR90-4 by Lippmann and colleagues show
highest TEER (3000 Q.cm? — 5300 Q.cm?) in the presence
of retinoic acid (RA), pericytes, and neural progenitor cells
[11, 13]; while another stem cell-derived model has a low
TEER (100 Q.cm? — 180 Q.cm?) [14]. Recently, a human
amniotic fluid stem cell-derived in vitro BBB model was
established with an average TEER of ~500 Q.cm?” and the
addition of human astrocyte-conditioned media or RA
increased it to 1090 Q.cm” and 1528 Q.cm?, respectively
[15]. The model has been used to study antibody-triggered
receptor-mediated transcytosis [15]. Katt and colleagues
established an in vitro BBB model from the BC1 iPSC line
and the TEER values reached 1780 Q.cm® — 1920 Q.cm®
[16]. Many of the in vitro models have been tested and
analyzed for drug permeability properties but have not
been compared with in situ brain perfusion data from
animal studies. In this report, the hiPSC line GM25256 was
differentiated into human endothelial-type cells using a
protocol modified from Lippmann er al. [11, 13]. After
optimization and evaluation of the BBB characteristics of
the differentiated EC cells, co-cultures with primary rat
glial cells resulted in a robust human in vitro BBB model.
We performed drug transport assays for nine typical
clinical drugs using this model and compared the results

with rodent in situ brain perfusion data for those drugs. Our
results showed that the in vitro results from our model are
highly predictable of the in vivo BBB permeability of the
compounds.

Materials and Methods
Chemicals and Materials

Cell culture plates and transwell inserts (24-well format, 1
pm or 0.4 um pore size) were from Millipore Inc. (Bedford,
MA). Cell culture reagents were from Life Technology
(Carlsbad, CA). Chemicals were from Sigma (St. Louis,
MO) unless otherwise indicated. The human iPSC line
GM25256 was obtained from the National Institute of
General Medical Sciences Human Genetic Cell Repository
at Coriell Institute for Medical Research (Camden, NJ) and
was generated from skin fibroblasts (male, 30 years old at
sampling). Primary human brain microvascular endothelial
cells (HBMECSs) were from ScienCell (Carlsbad, CA) and
maintained in the EndoGRO™-MV Complete Medium Kit
supplemented with 1 ng/mL fibroblast growth factor 2
(Millipore, Burlington, MA).

Cell Culture and Differentiation

Human iPSC GM25256 cells were maintained on Matrigel
(Fisher Scientific, Hampton, NH) in mTeSR1 medium
(StemCell Technologies, Vancouver, Canada), passaged by
Accutase (StemCell Technologies), and mechanically dis-
sociated to lift the cells from culture dishes/flasks. HiPSC
cells were counted using Nucleocounter (ChemoMetec,
Ronkonkoma, NY). Cells were differentiated using a
protocol modified from Lippmann er al. [11, 13]. After
culture for 6 days in unconditioned medium [Dulbecco’s
Modified Eagle Medium (DMEM)/Ham’s F-12, Life
Technologies, Carlsbad, CA] containing 20% Knockout
Serum Replacement (KOSR) (Life Technologies), 1%
minimum essential medium Non-Essential Amino Acid
Solution (Life Technologies), 1% L-glutamine (Life Tech-
nologies), and 0.836 pumol/L B-mercaptoethanol (Sigma),
the culture medium was switched to endothelial medium
[(EM; Human Endothelial-Serum-free Medium (SFM),
Life Technologies)] supplemented with 1% platelet-poor
derived serum (PDS) (Biomedical Technologies,
Stoughton, MA) and 20 ng/mL basic fibroblast growth
factor (bFGF; Life Technologies) with 20 pmol/LL RA
(Sigma) and 1.3 pmol/L hydrocortisone (Sigma). The
medium was changed every other day, and after 13 days in
EM, the differentiated ECs were passaged using Versene
and mechanical dissociation and plated onto 24-well
Transwell culture inserts coated with 400 pg/mL collagen
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(Sigma-Aldrich, St. Louis, MO) and 100 pg/mL fibronectin
(Life Technologies) overnight. The cells were cultured on
the inserts for up to 3 days in EM—1% PDS medium
(including Human Endothelial-SFM, 1% PDS, 20 ng/mL
bFGF, 20 umol/L RA, and 1.3 pmol/L hydrocortisone) in
the presence of rat glial co-culture (see below). Alternately,
the differentiated ECs were placed on 96-well plates
(Corning, MA) coated with 400 pg/mL collagen IV and
100 pg/mL  fibronectin for immunocytochemistry
experiments.

Animals

The use of animals in this study was conducted in
accordance with the GlaxoSmithKline (GSK) Policy on
the Care, Welfare and Treatment of Laboratory Animals
and had been reviewed and approved by the Institutional
Animal Care and Use Committee at the GSK R&D China,
Shanghai. The neonatal Sprague—Dawley rat pups (post-
natal days O — 2) were housed under standard environmen-
tal conditions (ambient temperature 21°C, humidity 60%,
12 h:12 h light/dark cycle) with ad libitum access to food
and water. Rat primary glial cells were generated and
cerebral capillary depletion were carried out as described
below.

Primary Rat Cortical Astroglial Culture

The primary rat cortical astroglial cell cultures were
prepared following a published protocol [17]. Briefly, the
brain of each postnatal rats was removed and cortical
regions were dissected. After removal of the meninges, the
hemispheres were cut into small pieces and digested with
0.25% Trypsin-EDTA (Life Technologies, CA). The cell
suspension was filtered through a 40-pum cell strainer (BD
Bioscience, Franklin Lakes, NJ) and centrifuged at 4°C for
5 min at 200 x g. The supernatant was discarded and the
cell pellet re-suspended in DMEM with 10% fetal bovine
serum, 1% GlutaMAX-1, and 1% PenStrep (all from Life
Technologies). Then the cells were diluted in complete
medium to the required density for seeding in T-175 flasks
coated with 50 pg/mL poly-D-lysine (Millipore, Boston,
MA) for 1 h at 37°C. The medium was changed every 3—4
days until day 7, when the flasks were shaken at 200 rpm in
a CO, incubator for 2 h to remove the oligodendrocytes.
The supernatant was discarded and the cells were re-plated
into 24-well plate coated with poly-D-lysine at 1 x 10°
cells/well. Cells were ready to use at 48-96 h after seeding.

Cerebral Capillary Depletion

The cerebral capillaries from rat brain were prepared
following Triguero’s protocol [18]. Three rats were used in
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the capillary depletion. Briefly, rats were euthanized with
isoflurane, the brain was removed, and one hemisphere was
homogenized with a Dounce tissue-grinder (20 strokes) in
500 pL Dulbecco’s phosphate-buffered saline (DPBS; Life
Technologies) with a protease inhibitor cocktail (Sigma, St.
Louis, MO). Dextran (1 mL of 26%) was added with the
protease inhibitor cocktail (Sigma, St. Louis, MO), and the
final dextran concentration reached at least 13%. The
homogenate was then vortexed and homogenized again (3
strokes), and an aliquot of 500 pL was kept as a negative
control. The rest of the homogenate was centrifuged at
5400 x g at 4°C for 15 min; the supernatant was removed
and kept as another control. The pellet (capillary fraction)
was suspended in 0.5 mL DPBS with protease inhibitor
cocktail (Sigma, St. Louis, MO). The pellets and the
whole-brain homogenates were sonicated and then used for
assays.

Immunocytochemistry and Confocal Microscopy

The cells were washed once with DPBS and fixed in 4%
paraformaldehyde (ThermoFisher, Waltham, MA) in
DPBS for 30 min. After three washes with DPBS, the
cells were permeabilized and blocked with 0.1% Triton
X-100 in blocking buffer (ThermoFisher, Pittsburgh, PA)
for 1 h. All antibody solutions (Table S1) were prepared in
blocking buffer. Cells were incubated at 4°C with 10 pg/
mL primary antibody overnight. After three washes with
DPBS, the cells were incubated for 1 h with 4 pg/mL
secondary antibody (Life Technologies). The cells were
washed three times in DPBS and incubated with 300 nmol/
L DAPI (Life Technologies) in DPBS for 10 min, followed
by three DPBS washes and visualization. All immunocy-
tochemistry was performed on cells after two days of
culture on 96-well plates. Images were captured with a
20x or 40x objective lens on a Zeiss LSM 710 confocal
microscope (Leica-microsystems, Thornwood, NY).

Cell Imaging

Images of cells stained with primary and secondary
antibodies were captured and quantified using a Cellomics
ArrayScan VTI 700 (ThermoFisher, Pittsburgh, PA).
Negative controls were cells stained with secondary
antibody only.

v-Glutamyl Transpeptidase (y-GTPase) Activity
Assay

v-GTPase activity assays were conducted on iPSC-derived
endothelial cells, isolated rat cerebral microvessels, and
brain homogenates using a y-GTPase activity kit (Sigma).
Three passages of iPSC-derived endothelial cells were used
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in the assay. Rat cerebral microvessels were isolated from
three rats as described above. The isolated vessels and
brains were mixed from three rats individually in the
assays. The amounts of protein in the samples were
quantified using a BCA Protein Assay kit (ThermoFisher,
Pittsburgh, PA). Equal amounts of proteins from each
sample were used for the y-GTPase assays, following
manufacturer’s instructions.

Trans-endothelial Electrical Resistance
Measurement

The TEERs of the cell monolayers of the in vitrro BBB
model were measured using Millicell ERS-2 Voltohmme-
ter (Millipore, Burlington, MA). The resistance of a blank
culture transwell coated with collagen IV and fibronectin
was measured and subtracted from each experimental
value. The resulting value was multiplied by the total
membrane surface area to obtain the TEER value in Q-cm?.
TEER values were measured for all drug transport assay
wells and for different passages following the manufac-
turer’s guide as described (http://www.emdmillipore.com/
CA/en/product/Millicell-ERS-2-Voltohmmeter, MM _NF-
MERS00002). Leaking wells were eliminated from the
analysis.

Drug Transport Assays

Drug transport studies were performed as described
previously [19, 20]. All the transwells for drug transport
assays were prepared under optimized conditions with rat
glial co-culture. In brief, the transport of test compounds
(0.6 pmol/L) was measured in one (apical-to-basolateral)
or two (apical-to-basolateral and basolateral-to-apical)
directions in the presence or absence of a transporter
inhibitor. The transport medium was DMEM supplemented
with 4500 mg/L D-glucose, 4 mmol/L L-glutamine, and 25
mmol/L. HEPES but without sodium pyruvate and phenol
red, pH 7.4. The incubation time was 90 min. Lucifer
Yellow (LY) (Promega Inc., Madison, WI) was used as a
paracellular marker to monitor the integrity of the iPSC-
derived endothelial monolayer. LY was added to the top
chamber of the transwell at a final concentration of 100
nmol/L. The assays were conducted following manufac-
turer’s instructions. Monolayers with permeability to LY >
50 nm/s were considered leaky and excluded from further
analysis. The exact permeability (Pexae) to LY and test
compounds was determined using the equation we
described previously [20]. Drug transport assays were
carried out using three independent differentiation passages
of iPSC-derived endothelial cells. The P.y,. (nm/s) for
each test drug was calculated as follows:

- & Jdi (Vb+Vr)Cr(t)
Pexact = ((7VD —I—VR)At) { 1 ((VDCD (t) +VrCr (t))}
x 10

where Vp and Vg are donor and receiver well volumes in
mL, respectively; A is the membrane surface area in cm?; t
is transport time in seconds; Cgr(t) and Cp(t) are the
measured mass spectrometric response or concentration of
test compound in the receiver and donor wells at time t (90
min), respectively [20].

Analysis of Drug Compounds in Biological Samples

LY was quantified using a Spectramax Gemini cytofluo-
rimeter (Molecular Devices, Silicon Valley, CA) with
excitation at 430 nm and emission at 540 nm. Quantifica-
tion of other compounds was carried out using Waters
Acquity™ ultra performance liquid chromatography
(UPLC) (Milford, MA) coupled with an Applied BioSys-
tems API4000 Qtrap tandem mass spectrometry system
(UPLC-MS/MS; Foster City, CA). The chromatographic
separation was achieved on a Waters Acquity UPLC™
BEH C18 analytical column (50 x 2.1 mm, 1.7 mm) at
40°C, using a gradient of aqueous (A: 1 mmol/L ammonia
acetate in water) and organic [B: CH3CN-CH;0H (4:1,
v/v)] mobile phases at 500 pL/min. The elution gradient
was: 0 min at 25% B; 0—1.4 min ramped to 90% B; 1.4 min
— 1.8 min maintained at 90% B; 1.8—1.85 min down to 25%
B; and 1.85-2.5 min held at 25% B. The run-time for each
compound was 2.5 min. Detection by tandem MS in
positive electrospray ionization mode was based on
precursor ion transitions to the strongest intensity produc-
tion under optimized mass spectrometric settings. The
multiple reaction monitoring transitions used for quantita-
tive analysis were as follow: m/z 280.1 —234.9 for doxepin;
438.3—171.0 for fluphenazine; 325.7—262.1 for citalo-
pram; 267.2—145.1 for atenolol; 327.2—192.5 for cloza-
pine; 253.1—117.3 for cimetidine; 384.1—-230.8 for
prazosin; 411.3—191.0 for risperidone; and 300.6—184.0
for metoclopramide (for MS transitions, see Table 1).

RNA-seq and Data Analysis

Total RNA was extracted from cells with TRIzol (Invit-
rogen, Carlsbad, CA) and all RNA integrity number values
were > 8.2. RNA-Seq libraries were synthesized with 1 pg
RNA following the Illumina TruSeq mRNA sample
preparation v2 protocol (Illumina, San Diego, CA). The
library was quantified using a Qubit 2.0 fluorimeter
(Invitrogen). Sequencing was carried out using a 2 X
150-bp paired-end configuration. Image analysis and base
calling were conducted by the HiSeq Control Software
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Table 1 MS transitions

Compound Name MRM DP CE CXP Dwell Time (ms)
SB243213 429.2/228.2 103 36 10 50
(Internal standard, Pos)

Caffeine 195.2/138.0 50 20 10 50
Doxepin 280.1/234.9 81 25 10 50
Fluphenazine 438.3/171 100 35 10 50
Citalopram 325.7/262.1 90 28 10 50
Atenolol 267.2/145.1 75 37 10 50
Clozapine 327.2/192.5 105 61 10 50
Cimetidine 253.1 —»117.3 62 21 10 50
Prazosin 384.1 /230.8 90 58 10 50
Risperidone 411.3/191.0 92 42 10 50
Metoclopramide 300.6/184.0 73 43 10 50

MRM: Multiple Reaction Monitoring; DP: Declustering Potential; CE: Collision Energy; CXP: Collision

Cell Exit Potential.

(HCS) 4+ OLB + GAPipeline - 1.6 (Illumina, San Diego,
CA) on the HiSeq instrument.

Cryopreservation of hiPSC-derived Endothelial
Cells

Freshly-differentiated ECs were cryopreserved following a
published protocol [21] with minor modifications during
the freezing and recovery of cells. The freezing medium
contained 10% dimethyl sulfoxide (DMSO) and 30% FBS
(Life Technologies —Thermo Fisher Scientific., CA) in EC
medium. The recovered cells were grown under optimized
conditions as described above and examined for the EC
marker Ulex and the tight junction marker ZO-1. The
in vitro BBB model composed of recovered cells co-
cultured with primary rat glial cells was assessed for TEER
values and Lucifer Yellow permeability.

Statistical Analysis

All values are presented as mean £ SD, and P-values were
assessed by unpaired, two-tailed, Student’s 7 test, using
Prism version 7 (GraphPad Software, La Jolla, CA) unless
otherwise indicated. P < 0.05 was considered statistically
significant. Exact passages and n values are shown in the
figure legends.

Results

Differentiation and Characterization of Human
iPSC Line GM25256 into Endothelial Cells

The hiPSC GM25256 cells were first characterized by
immunofluorescence staining for pluripotency-associated
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markers, such as OCT4 and TRAI1-60 (Fig. SIA, B).
Imaging analysis showed that 99.52 + 0.09% of the cells
were OCT4 positive, and 82.81 + 8.8% were TRA1-60
positive (Fig. SIC). The GM25256 cells were then
differentiated in unconditioned medium (UM) for 6 days,
matured in EM for 13 days, purified by sub-culturing on a
collagen IV- and fibronectin-coated surface. The progres-
sion of the differentiation process and morphology of the
cells are shown in Fig. IA and B. The characteristic
features of iPSC differentiation into ECs included the
formation of tight junctions and the expression of EC
markers, i.e., von Willebrand factor (VWF) and Ulex
europeas agglutinin I (Fig. 1C). The tight-junction markers
Z0-1, claudin-5, and occludin, were nicely expressed in the
monolayer of hiPSC-derived ECs and co-localized to cell-
cell junctions (Fig. 1D). Ulex and VWF were positive in
the ECs (Fig. 1C). The positive expression of tight-junction
and endothelial markers confirmed the endothelial nature
of the cells differentiated from hiPSC GM?25256 -cells.
Thus, enriched hiPSC-derived ECs were successfully
generated by the modified protocol [11, 13]. In addition
to EC and tight junction markers, the cells also expressed
receptors and transporters found on brain endothelial cells,
including transferrin receptor (TfR), insulin-like growth
factor-1 receptor (IGF1R), low density lipoprotein recep-
tor-related protein 1 (LRP1), solute carrier (SLC) family 3
member 2/CD98 heavy chain (SLC3A2/CD98hc),
SLC2Al/glucose transporter-1 (GLUT-1), ABCB1/P-gly-
coprotein (Pgp), ABCCl/multidrug resistant protein-1
(MRP1), and ABCG2/breast cancer resistant protein
(BCRP) (Figs. 1IE and 2A-C). The hiPSC line was
differentiated into EC cells for > 20 passages. The
phenotype and the expression of EC biomarkers were
generally consistent with low inter-passage variation if the
protocol was strictly followed. It should also be noted that
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ITesR1I 6D UM I 13D UM I 3D EM and evaluate

B mTeSR D2

Fig. 1 Differentiation and characterization of hiPSC-derived
endothelial cells (ECs). A Schematic of the differentiation process.
B Phase-contrast images of hiPSC cells at different differentiation
stages, including 2 days in mTeSR, after 5 days in unconditioned
medium culture, after 2 days in EM culture, and after 2 days of sub-
culturing. C Expression of EC markers VWF (green) and Ulex

phenotype

EM Day13+2

Occludin

(green). D Expression of tight-junction markers ZO-1 (TJP1) (green),
claudin-5 (CLDN-5) (green), and occludin (OCLN) (red). E Expres-
sion of receptors and transporters IGF-1R (green), GLUT-1 (red),
CD98hc (red), LRP1 (red), and transferrin receptor (TfR) (green).
Scale bar, 100 um for B, C, D, and E.
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Fig. 2 Expression of drug transporters, drug transport assays, and y-
GTPase in hiPSC-derived in vitro BBB model. Drug transporters were
expressed in hiPSC-derived ECs. A Pgp (green), B MRP1 (green),
and C BCRP (green). Scale bar, 100 pm for A, B, and C. D Inhibition
of efflux transporter by GF120918 (three passages, n = 6/passage).
The permeability of Loperamide (a Pgp substrate) across the in vitro
BBB model showed a significantly increased in the presence of the
Pgp inhibitor GF120918 (from apical to basolateral, A to B;
*##%P < (0.001, unpaired two-tailed r-test). The directional pumping
was also significantly decreased in the presence of GF120918 (from
basolateral to apical, B to A; *P < 0.05, unpaired two-tailed #-test).

the differentiation of the cells in EM was 13 days in our
modified protocol (Fig. 4A) as compared to 2 days in
Lippmann et al. [11, 13] and 10 days in Ribecco-
Lutkiewicz et al. [15]. Different iPSC lines may have
different biological properties so that the differentiation
protocols need to be modified to obtain the best results for
the iPSC lines used.

v-Glutamyl Transpeptidase Activity in hiPSC-
derived Endothelial Cells

One of the characteristics of cerebral microvascular and
capillary endothelial cells is that they produce highly active
metabolic enzymes known as the metabolic barrier of the
BBB, such as alkaline phosphatase, y-glutamyl transpep-
tidase (y-GTPase), and cholinesterase, among others
[22, 23]. These enzymes may play a role in detoxifying
or modifying drugs/neurotoxic agents that enter the BBB
cells. We measured the level of y-GTPase in hiPSC-
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E Activity of y-glutamyl transpeptidase (y-GTPase) to evaluate the
metabolic enzyme in hiPSC-derived ECs in comparison with rat
cerebral capillaries and whole-brain homogenates. Cerebral capillar-
ies (pellet fraction) were isolated from rat brains as a positive control
using a published protocol, and the whole-brain homogenates were
also used as a control. y-GTPase was highly active in the pellet of rat
cerebral capillaries (****P < 0.0001, unpaired, two-tailed #-test; n =
6). The activity of y-GTPase was significantly higher in hiPSC-
derived ECs than in rat brain homogenates, but lower than in rat
cerebral capillaries (¥****P < 0.0001, unpaired, two-tailed #-test; n =

6).

derived ECs using a y-GTPase activity kit. Rat brain
homogenates and isolated cerebral capillaries (pellet) were
mixed individually from three rats and used as controls in
each of the assays. Three passages of hiPSC-derived ECs
were used in the assays. The number of hiPSC-derived ECs
could be counted and correlated with the levels of 7-
GTPase activity, but it was difficult to count the number of
cells in rat brain tissue and capillary fractions. Thus, equal
amounts of protein from rat brain homogenates, cerebral
capillaries, and iPSC-derived ECs were used in the assays
for comparison. The activity of y-GTPase was significantly
higher in the cerebral capillary (pellet) fraction than in the
brain homogenates. The activity of the enzyme in hiPSC-
derived ECs was significantly higher than in the brain
homogenates, but significantly lower than in the brain
capillaries (Fig. 2E; n = 6; P < 0.0001, unpaired, two-tailed
t-test). This also confirmed the brain endothelial nature of
the hiPSC-derived cells although their y-GTPase activity
was lower than that of rat brain capillaries.
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RNA-seq Analysis

HBMECs derived from human brain cortex were obtained
from ScienCells Research Laboratories (Carlsbad, CA).
The cells were characterized by ScienCells as expressing
BBB biomarkers. HBMECs and hiPSC-derived ECs were
harvested and RNA samples were extracted for RNA-seq
analysis as described above. The quality of RNA-seq data
was evaluated by FastQC as the phred score, base
composition, k-mer content, and 5’ and 3’ bias. Using the
gene annotation of ENSEMBL (GRCH38.p10), counts per
gene were quantified using a tool implemented in the R
SubRead package. The counts were normalized using a
quantile normalization method implemented in the edgeR
package. The log2-transformed median values were calcu-
lated to indicate the overall expression levels of cells. The
differential expression was analyzed using DESeq2 and
then all of the differentially-expressed genes were selected
at a cutoff of adjusted P value <0.01. The gene expression
pattern of marker genes was visualized for their expression
status in different cell types. BBB-related genes as
described in the literature [24], including ATP-binding
cassette transporters, SLC transporters, adherens and
junctions proteins, receptors, and enzymes were analyzed
between hiPSC-derived ECs and HBMECs. Many of the
key BBB genes, such as ABCB1/Pgp, ABCCI/MRP-1,
TJP1 (ZO-1), ABCC4/MRP-4, and ABCG2/BCRP, were
correlated very well between HBMECs and iPSC-derived
ECs (Fig. 3). This analysis showed that the patterns of the
key BBB genes expressed in hiPSC-derived ECs were
similar to those of HBMECs.

Optimization of the hiPSC-derived in vitro BBB
Model

A high TEER value is a hallmark of the in vivo BBB and
represents its integrity and the biophysical barrier [6]. Most
of the in vitro BBB models have low TEER values and the
paracellular space of the endothelial monolayer is not
tightly sealed compared with in vivo BBB conditions [6].
Our in vitro BBB model and its TEER value were
optimized under different conditions, such as sub-culture
in different conditions, culture time (24 h to 96 h), cell
density (1 to 8 x 10° cells/insert), and different medium
components (1% PDS, 5% KOSR, RA, and hydrocorti-
sone) with or without rat primary astroglial co-culture, and
the pore size of tissue culture inserts (Fig. 4A-F). The
primary astroglial cells generated for this study were
characterized by immunofluorescence staining and con-
firmed to be positive for neuron-specific class III B-tubulin
(Tujl) (Fig. S1I) and astrocyte-related markers including
GFAP and s100p (Fig. S1G, H). Imaging analysis showed
that GFAP-, S100B-, and Tuj1-positive cells were 67.40 +
11.3%, 84.46 £ 11.65%, and 2.65 + 1.31%, respectively
(Fig. S1J). This confirmed that most of the primary cell
cultures were astroglial cells. Two compounds were tested
to enhance the BBB properties and further optimize the
protocol. RA was added into the medium to enhance the
TEER value as described [11]. The TEER was significantly
increased in the presence of RA (20 pumol/L) (Fig. 4B;
three passages, n = 4/passage; P <0.0001, unpaired two-
tailed z-test) as reported [11]. We also added hydrocorti-
sone (1.3 pmol/L) to enhance the barrier properties of the
model [25-27]. Hydrocortisone alone did not have a
significant effect on TEER, but when RA and
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Fig. 4 Optimization of the in vitro BBB model. A—E Optimization of
timing, subculture medium, cell density, time, and insert pore size to
optimize the TEER value in the human iPSC-derived model. B Effects
of retinoic acid (RA; 20 pmol/L) and hydrocortisone (H; 1.3 pmol/L)
on TEER. C Effects of rat glial co-culture on TEER in the presence of
retinoic acid (20 pmol/L) and hydrocortisone (1.3 pmol/L). D Effects
of 1% PDS, the number of seeding cells, and timing on TEER in the
presence of retinoic acid, hydrocortisone, and rat glial co-culture.
E Effect of pore size of culture inserts (0.4 pm and 1.0 pm) and

hydrocortisone were added together, the TEER was
significantly enhanced (Fig. 4B; three passages, n =
4/passage; P < 0.001, P < 0.0001, unpaired, two-tailed -
test). Thus, the combination of RA and hydrocortisone was
used in our modified protocol to enhance the TEER and
biophysical barrier properties of the model. Two culture
medium conditions containing 1% PDS (Fig. 4D) and 5%
KOSR (data not shown) after sub-culture were each tested
for their effects on TEER. Other conditions, including 1 x
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timing on TEER. F Permeability of Lucifer yellow (LY) across the
model with or without rat astroglial cell co-culture. G Permeability of
Lucifer yellow remained stable when the TEER threshold was
between 1000 (without glial co-culture) and 4000 (with glial co-
culture) Q.cm?. All the data were from 3 batches of differentiated
cells. Error bars represent SD (****P <(0.0001, ***P <0.001,
*P < 0.05, unpaired, two-tailed t-test). For G, the data were obtained
from three batches of differentiated cells and one dot represents one
transwell.

105, 2 x10°, 4 x10°, and 8 x 10° cells/insert, and the
timing (24 h to 72 h) post-subculture, were also tested,
separately and in combination, to optimize the conditions
for TEER (Fig. 4D). Those conditions (RA, hydrocorti-
sone, bFGF, 1% PDS, and 4 x10° cells/insert) were
sufficient to reach the highest TEER values in the absence
of rat glial co-culture (Fig. 4C; three passages, n =
6/passage) at 1560 Q.cm” + 230 Q.cm”. To induce and
enhance the BBB properties of the model, co-culture with
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primary rat glial cells was tested in addition to the
conditions described above. TEER values significantly
increased to 2970 Q.cm” + 363 Q.cm? with glial co-culture
(Fig.4C; three passages, n = 7/passage; P <0.0001,
unpaired, two-tailed z-test). Thus, co-culture with rat glial
cells significantly increased the biophysical barrier prop-
erties of hiPSC-derived cells in the in vitro BBB model.
The numbers of cells at 1 x 105, 2 x 105, 4 x 105, and 8 x
103 cells/insert and the timing were tested under glial co-
culture conditions and in the presence of RA and hydro-
cortisone (Fig. 4D), and 2 to 8 x 10° cells/insert yielded
similar TEER values at 72 h and the maximum TEER
reached was 4185 Q-cm? (n = 3). The condition of 4 x 10°
cells/insert was selected for subsequent drug transport
experiments. The pore size of the inserts (0.4 pum or 1.0
pm) did not affect the TEER value (Fig. 4E), and 1 pm
pore size inserts were used in subsequent experiments. For
all the conditions tested, the TEER values were highest at
72 h post-subculture and then started to decline at 96 h. All
of the subsequent assays used 72-h transwell models. All of
the transwell models were measured for TEER, and leaky
transwells were eliminated from analysis.

To further evaluate the integrity of the in vitro BBB
monolayer at the functional level, LY permeability was
measured across the model. LY is a small negatively-
charged molecule (MW: 444.3 g/mol) and is commonly
used to confirm the monolayer barrier integrity of in vitro
cell models. In our standard transwell assay, the perme-
ability of LY was 21.6 nm/s £ 23.23 nm/s for ECs in the
absence of rat glial co-culture, and 4.94 nm/s £ 4.28 nm/s
in the presence of the co-culture (Fig. 4F; P < 0.05; 3
passages, 6 replicates/passage). The variations of the TEER
of the in vitro BBB monolayer were measured during LY
permeability assays as the medium was changed to
transport assay buffer. The TEER varied from 898 Q-cm?®
to 4185 Q-cmz; however, the permeability to LY remained
constant at 0.66 nm/s to 9.2 nm/s despite the TEER
variations (Fig. 4G). When the TEER was within this range
(< 50 nm/s), the permeability of small molecules across the
model remained relatively consistent. This indicated that
established monolayers with TEER values > 500 Q-cm?
may be good enough for testing the permeability of small
molecule compounds [28].

The optimized conditions for the iPSC-derived in vitro
BBB model included the following: 4 x 10° cells/insert, 1
pm pore size insert, and medium containing 1% PDS, 20
ng/mL bFGF, 20 pmol/L RA, and 1.3 pmol/L hydrocor-
tisone. All the transwells were co-cultured with rat glial
cells and used at 72 h. The above optimized conditions
were used for all subsequent drug transport assays using
freshly-differentiated cells. All the transwells were mea-
sured for TEER and LY permeability after the transport
assays. If any transwell was leaky or the LY permeability

was > 50 nm/s, the transwells were eliminated from
analysis.

Cryopreservation of hiPSC-derived Endothelial
Cells

Differentiation of iPSC cells into ECs took about three
weeks in our case. Thus, it took 3—4 weeks to complete one
in vitro BBB model study. Therefore, cryopreservation of
differentiated ECs would be advantageous for large-scale
studies or drug screening in industrial settings. In this way,
a large quantity of ECs can be differentiated, cryopre-
served, and recovered for in vitro BBB model assays when
required. A published protocol [22] describes a freezing
medium [10 % DMSO and 30 % fetal bovine serum in EC
medium] for the cryopreservation of differentiated ECs
with high recovery rates and similar BBB characteristics.
This protocol was applied with minor modifications during
freezing and recovery of our iPSC-derived ECs. The
recovered cells were positive for the EC marker Ulex and
the tight-junction marker ZO-1 (Fig. 5A). The TEER of the
in vitro BBB model constituted from the recovered cells
reached ~ 2000 Q.cm? at 48 h and maintained this value at
72 h and 96 h after seeding the cells. Figure 5B shows the
TEER results for cryopreserved/recovered ECs at 72 h after
seeding on the in vitro BBB model (three passages, n =
8/passage). The permeability of LY across the model was
~20 nm/s (Fig. 5C; three passages, n = 8/passage). The
TEER values of the transwell models constituted from
cryopreserved /recovered cells were lower than those from
freshly-differentiated cells, possibly due to the cryopreser-
vation medium and the freezing procedure. The mechanism
is unknown, but one of potential factors is that the
cryopreservation medium contains 10% DMSO which is
known to be toxic to cultured blood cells and vascular ECs
and reduces cell proliferation [29, 30]. Since the TEER
values were > 500 Q.cm? and LY permeability was <50
nm/s, the model constituted from cryopreserved/recovered
ECs was acceptable for testing the BBB permeability of
CNS compounds.

Drug transport assays across the hiPSC-derived
in vitro BBB model

The biological properties and the expression of drug
transporters for the in vitro BBB model were characterized
and the culture conditions were optimized as described
above. The functionality of drug efflux transporters in the
in vitro BBB model was then assessed in the transwell two-
chamber model by examining the transport of loperamide,
a typical Pgp substrate (three passages, n = 6/passage). The
permeability of loperamide from the apical-to-basolateral
direction (A to B) was determined to be P.,,o = 232 nm/s
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Fig. 5 Characterization of cryopreserved iPSC-derived endothelial
cells. A Immunocytochemical staining of biomarkers in cryopre-
served iPSC-derived ECs: ZO-1 (red), Ulex (green), and DAPI (blue).
Scale bar, 100 um. B The TEER reached ~2000 Q.cm? at 48 h after
seeding cryopreserved ECs. The TEER was maintained at ~2000
Q.cm® at 72 and 96 h post-seeding. Data for 72 h post-seeding is

4 12.2 nm/s (Fig. 2D). In the presence of the Pgp inhibitor
GF120918 (3 umol/L), the permeability to loperamide was
significantly enhanced and the P.,,. increased to 384 nm/s
4 43.4 nm/s (165.5%1) (Fig. 2D). Thus, the presence of a
Pgp inhibitor significantly inhibited the Pgp-mediated drug
efflux (P <0.001, unpaired, two-tailed z-test). Pgp also
mediated the directional pumping of loperamide from the
basolateral side to the apical side in the in vitro BBB model
(B to A; 257.92 nm/s £ 25.94 nm/s), and the directional
pumping of loperamide from B to A was significantly
decreased in the presence of 3 pmol/L GF120918 (Fig. 2D;
181.54 nm/s &+ 24.55 nm/s; P < 0.05, unpaired, two-tailed
t-test). These results demonstrated the functional Pgp-
mediated efflux and directional pumping activity in the
iPSC-derived in vitro BBB model.

Permeability Measurements for Small Molecule
Drugs Across the hiPSC-derived in vitro BBB Model

To evaluate our hiPSC-derived BBB model for screening
new CNS therapeutic agents, we chose 9 drugs with diverse
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shown (average + SD; three passages, n = 8/passage). C Permeability
of Lucifer Yellow across the in vitro BBB model composed of
cryopreserved ECs. Three passages of the cells (n = 8/passage) were
used in the experiments. The permeability of Lucifer Yellow was
~20 nm/s for the three passages at 72 h post-seeding and there was
no statistical difference between them.

physicochemical and transport properties and available
in situ rodent brain perfusion data, and examined the
permeability of these compounds across our model
(Table 2 and Fig. 6). Two groups of drugs were tested,
non-Pgp substrates (including passively-diffusing drugs
and weak Pgp/BCRP substrates, doxepin, clozapine,
fluphenazine, atenolol, and cimetidine) and Pgp/BCRP
substrates (risperidone, citalopram, prazosin, and metoclo-
pramide) (Table 2). Atenolol is a passive hydrophilic drug
of low BBB penetration in vivo (P, in situ = 2.3 nm/s)
[31-33] and showed similar penetration across our in vitro
model (Pey.oe = 11 nm/s). Doxepin and clozapine, which
are lipophilic small molecules with passive diffusion
properties, exhibited high BBB penetration in vivo (P,
in situ brain perfusion = 2436 nm/s and 2512 nm/s,
respectively) and also showed high penetration across our
in vitro model (Pgy,o; = 448 nm/s and 415 nm/s) (Table 2).
It should be noted that the in vivo BBB penetration of these
compounds was ~ 5-fold—6-fold higher than in our in vitro
model [doxepin: P, in situ brain perfusion = 2436 nm/s vs
our in Vvitro Peue = 448 nm/s (~5-fold difference);



Y. Li et al.: In vitro Model to Predict in vivo Drug BBB Permeability 1007
Table 2 Properties of compounds used in drug transport assays
Compound Pgp/BCRP P, in sini® (nm/s)/ Animal species Rank Pexact in hiPSC-derived MW (Da) LogP
contribution order in vitro model (nm/s) (<5)
(n=4
Doxepin Passive lipophilic 2436/Adult male Sprague-Dawley rats [32] High 448 £ 22 279 4.08
Clozapine Passive diffusion 2512/Adult male Sprague-Dawley rats [32] High 415 £ 30 326 3.67
Risperidone Strong Pgp (10)* 944/Adult male Sprague-Dawley rats [32]  High 560 £+ 9.79 410 3.27
Fluphenazine Weak Pgp (1.27) * 820/Adult male Sprague-Dawley rats [32] Medium 149 £ 15 437 44
Citalopram Moderate Pgp (3.13)* 654/Adult male Sprague-Dawley rats [32] Medium 463 £+ 10 324 3.58
Prazosin Pgp/BCRP (5.2)* 11.3/Mice [31] Medium 343 + 23.71 383 1.93
Metoclopramide Strong Pgp (6.6)* 139/Adult male Sprague-Dawley rats [32] Medium 323 4+ 14.01 299 2.18
Atenolol Passive hydrophilic 2.3/Mice [31] Low 11+£5 266 0.57
Cimetidine Pgp/BCRP (+) 2.1/Mice [31] Low 9.4 + 0.838 252 0.44

#P, in situ data searched from publications of animal studies of in situ brain perfusion.

*Brain distributions of the drug in Pgp/BCRP knockout vs wild-type animals [38, 39].

MW and Log P of all drugs were obtained from the DrugBank database.
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Fig. 6 Characterization of drug permeability in the hiPSC-derived
in vitro BBB model. All transport studies performed across the
in vitro BBB model used an optimized condition with rat primary
glial co-culture. Correlations between the permeability coefficients of
the drugs tested across the in vitro BBB model [Pexae (nm/s)] and the
apparent permeability coefficients of the same drugs measured in
rodent models P, by in situ brain perfusion (nm/s) (Table 2). Three
passages of iPSC-derived ECs were used in the experiments (n =
6/passage). A Linear coefficient of correlation R* = 0.9973 for the Pgp

clozapine: P, in situ brain perfusion = 2512 nm/s vs our
in vitro Pu,e = 415 nm/s (~6-fold difference)]. One
potential reason is that the drugs may adsorb or accumulate
in cerebral vessels in the in situ brain perfusion samples,
and the vascular-associated drugs may be accounted for
during the measurement; while in the in vitro BBB model
testing, the drugs measured were purely passed through the
in vitro model. The lower permeability across human the
iPSC-derived model found for the drugs (such as clozapine
and doxepin) with high passive permeability of in situ brain
permeability was also likely due to the culture medium of
the in vitro model in which the components of the medium
(such as the levels of proteins) were different from the
blood components, and an unstirred water layer may also

B Non-Pgp substrates
3000+
R?=0.982 !
Clozapine

— 4 Doxepin
L

£ 20004

£

=

@

£ 1000

o Fluphenazine

0 Aten?\ol Cimetidi:\e

0 100 200 300 400 500
Pexact (nm/s)

substrate drugs risperidone, citalopram, prazosin, and metoclo-
pramide (Prism XY correlation analysis Y = 3.4*%X — 945; where X
is the Pey, obtained from our assay result) (Table 2). B Linear
coefficient of correlation R> = 0.982 for the non-Pgp substrates
(including passive-diffusion drugs and weak Pgp/BCRP substrate
drugs) clozapine, doxepin, fluphenazine, altenolol, and cimetidine
(Prism XY correlation analysis Y = 5.8%*X — 35.37; where X is the
Pexace Obtained from our assay result) (Table 2).

reduce the permeability of the compounds across the model
[34]. Similar results have been reported for clozapine and
doxepin across a rat primary brain endothelial in vitro BBB
model and the MDCKII-MDRI1 cell line [33]. Cimetidine is
hydrophilic and fluphenazine is lipophilic, and they are
weak substrates of Pgp or/and BCRP. They have limited
brain uptake in vivo and have lower Py, values in vitro
(Pexact = 9.4 nm/s and 149 nm/s, respectively). For non-Pgp
substrate drugs (including those with passive diffusion
characteristics or weak Pgp/BCRP substrates), the results
from the in vitro-in vivo correlation provided a high linear
coefficient of correlation (R* = 0.982; Fig. 6B and Table 2)
which was calculated using the Prism XY correlation
analysis formula Y = 5.8¥X — 35.37 (where X is the Pey,q
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obtained from our assays). The iPSC-derived in vitro BBB
model is thus highly predictive for in vivo BBB perme-
ability of drugs with predominant passive diffusion char-
acteristics or weak Pgp/BCRP substrates using this
formula. For Pgp/BCRP substrates (prazosin, risperidone,
citalopram, and metoclopramide), the in vitro transport
results also correlated well with rodent in situ brain
perfusion data for these drugs (Fig. 6A; three passages, n =
4/passage) (Table 2). The in vitro-in vivo correlation
provided a high linear coefficient of correlation (R*> =
0.9973) using another Prism XY correlation analysis
formula (Y = 3.4*X — 945; where X is the Py, obtained
from our assays). It should be noted that human data of
in vivo BBB permeability of those compounds is not
available for comparison with our in vitro BBB model. The
development of CNS drugs is usually tested for BBB
permeability in animals. The fact that our in vitro model
can predict BBB permeability of the above groups of the
drugs in animal in sifu brain perfusion experiments
provides a quick and valuable option for determining the
developability of the compounds. Thus, new CNS com-
pounds in development may be tested in this model to
evaluate their in vivo BBB permeability.

Discussion

The main interfaces between the CNS and the peripheral
circulation are the BBB and the blood-cerebrospinal fluid
barrier. Brain microvascular endothelial cells constitute the
tight junction proteins expressed in the BBB, polarized
efflux and SLC transporters, and metabolic enzymes
govern the biophysical, transport, and metabolic barrier
functions of the in vivo BBB. The combination of physical,
biochemical and metabolic barrier functions entails that the
in vivo BBB characteristics and properties are quite distinct
and difficult to mimic in vitro. Furthermore, the limited
availability of human primary brain endothelial cells does
not allow the use of in vitro human BBB models for large-
scale drug discovery studies and screening efforts. Human
iPSC lines can be differentiated to generate ECs with good
barrier properties and to generate other types of cells, such
as astrocytes, pericytes, and neural precursor cells for
human in vitro BBB modeling. Thus, hiPSC-derived ECs
and other types of cells provide renewable and scalable
sources for in vitro BBB modeling, drug discovery, and
screening. In our work, the hiPSC line GM25256 generated
from skin fibroblasts was differentiated into ECs using a
modified protocol from which an in vitro human BBB
model was constituted. Those cells showed BBB structural
and functional properties, most importantly well-organized
tight junctions at the structural and morphological level,
including the expression of the tight junction markers ZO-
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1, claudin-5, and occludin. At the functional level, the
barrier integrity was represented by high TEER values and
low paracellular permeability to LY. In fact, the TEER of
this hiPSC-derived model system reached 1560 + 230
Q.cm? in the presence of RA and hydrocortisone without
rat glial co-culture. Lippmann and colleagues reported that
RA substantially increases the expression of vascular
endothelial cadherin in differentiated ECs before passage
and purification [11]. Mizee and colleagues showed that
RA induces BBB development during embryogenesis [35].
Galla’s group reported that hydrocortisone enhances the
TEER of pig and mouse in vitro BBB models and the effect
is not species-specific [26, 27]. Hydrocortisone modulates
the tight junction formation for cell-cell contact, which is
accompanied by modulation of the cytoskeleton and
changes in the mechanical properties of the cells [27].
However, in our hiPSC-derived model, hydrocortisone did
not enhance the TEER by itself but rather the combination
of hydrocortisone and RA significantly induced a higher
TEER than each alone. Thus, the combination of hydro-
cortisone and RA significantly increased the integrity or
biophysical barrier properties of this human model. This
combination remains to be tested in other models. Fur-
thermore, in the presence of rat primary glial co-culture,
the TEER value of our model increased further to 2970
Q.cm’ + 363 Q.cm® The highest TEER value of our
in vitro model with glial co-culture reached 4185 Q.cm?.
The glial co-culture thus strongly enhanced the integrity
and biophysical barrier property of the in vitro BBB
monolayer, which is consistent with previous studies
indicating an important role of glial cells in BBB properties
[14, 28]. It should be emphasized that the use of primary
human cells generated from aborted fetuses is a sensitive
ethical issue for pharmaceutical companies. Primary fetal
human glial cells were thus not tested for co-culture in our
model but instead primary rat astroglial cells were used.
One functional parameter of BBB integrity is paracellular
permeability, which can be determined by LY assay. We
found that the TEER value dropped when the culture
medium of the in vitro BBB model was switched to a
transport buffer for drug transport assays. This has also
been reported in other studies [15, 28]. During transport
assays for small molecules, the TEER values of our in vitro
model were generally maintained above 1000 Q.cm?, and
glial co-culture models were used for all the transport
assays. The low permeability to LY (<50 nm/s) validated
the integrity of the biophysical barrier and low paracellular
permeability of the in vitro BBB model assays at the
functional level, particular with glial co-culture.

One of the most important aspects of in vitro BBB
models is whether they can mimic the in vivo situation and
predict the in vivo BBB permeability properties of drug
candidates. Many of the published in vitro BBB models
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constituted from primary or iPSC-derived ECs appear to
have less predictability for the in vivo BBB permeability to
CNS drug or have tested few drugs [11, 13—15]. It is thus
essential to validate the in vitro BBB models with known
CNS drug molecules in comparison with the in vivo BBB
permeability of those drugs. We have demonstrated that
our hiPSC-derived BBB model is predictive for the in vivo
BBB permeability of CNS compounds with passive
diffusion properties or are weak Pgp/BCRP substrates by
using a correlation analysis formula as described above.
Furthermore, the model is also predictive for the in vivo
BBB permeability of strong Pgp/BCRP substrates by using
a different correlation analysis formula. These results
demonstrate good biophysical barrier properties and drug
transport barrier functionality of the model, respectively.
Typically, the first-line screening for new CNS drug
candidates is carried out using cell models based on
MDCK-MDRI1/Pgp and/or MDCK-BCRP. If the com-
pounds are not Pgp/BCRP substrates or weak Pgp/BCRP
substrates measured in these cell systems, those com-
pounds are selected for further development, and our iPSC-
based human model is useful for testing their BBB
permeability and predicting the in vivo CNS penetration
of those compounds. The CNS permeability of strong Pgp/
BCRP substrates can also be evaluated in this model but by
using a different correlation analysis formula as described
above. Thus, this model will benefit CNS drug develop-
ment/screening, particularly in industrial settings.

It is known that none of the existing in vitro BBB
models can perfectly mimic all the features and functions
of the in vivo BBB or neurovascular unit. As reported in
other studies [11], Pgp was also expressed and functional in
our model, and the presence of the Pgp inhibitor GF120918
inhibited Pgp-mediated drug efflux and directional pump-
ing. According to published data, glial co-culture induces
the polarity of BBB cells and/or increases the expression
and function of efflux transporters, such as Pgp and BCRP
[11, 36, 37]. However, in our model, the co-culture with rat
glial cells did not significantly increase the expression of
Pgp/BCRP, but did significantly enhance the TEER and
integrity of the model.

In summary, the human iPSC line GM25256 can be
differentiated into endothelial cells by using a modified and
optimized protocol, which provides scalable and renewable
human cells for in vitro BBB modeling. Co-culture with
primary rat astroglial cells significantly enhances the TEER
and biophysical barrier properties of the in vitro BBB
model. Cryopreservation and recovery of hiPSC-derived
ACs allow large-scale study/screening of CNS drugs in the
industrial setting. Particularly, this hiPSC-derived in vitro
BBB model can be applied to rapidly screen CNS drug
candidate molecules, and to predict the in vivo CNS
permeability of both Pgp/BCRP substrates and non-Pgp/

BCRP substrates by using two different correlation analysis
formulae.
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